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. — Review of the solid-state devices employed in elementary-particle physics.

More than fifteen years ago a silicon active target made of five detectors
was employed on a CERN beam to investigate coherent interactions of =-
mesons on the Si nucleus [1]. That was probably the first time that a solid-
state device was used as an active target in the beam of a large accelerator.
Some years afterwards the same technique was adopted in another coherent-
production experiment carried out at higher energies at the accelerator of
Serpukhov [2].

In both experiments the active target consisted of a telescope of surface
barrier, totally depleted silicon detectors, aligned along the beam axis at small
mutual distances.

The configuration of an active target used in the coherent-production experi-
ment is shown in fig. 1.1. The target used in the Serpukhov experiment con-
sisted of ten 200 um thick detectors with an active area of 3.5 cm? each.

A device of the type shown in fig. 1.1 has a high space resolution in the
beam direction. It allows the measurement of the longitudinalionization density
as a function of the position and, therefore, the pattern of the charged multiplicity

TR

Fig. 1.1. — Silicon active target to investigate coherent processes on the Si nucleus.
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can be reconstructed. The detectors where a large energy release occurs as a
consequence of a nucleus recoil or of a nucleus break-up can be identified.
An example of event reconstructed from the ionization density along the target
is shown in fig. 1.2.
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Fig. 1.2. — Coherent event reconstructed from a target of the type shown in fig. 1.1.

Signal processing associated with an active target aims at measuring the
energy released along the telescope. This requires an accurate measurement
of the charge made available by each detector.

A target similar to that of fig. 1.1 was employed in the first FRAMM
experiment to measure the lifetime of short-lived particles [3-5].

The target employed in the FRAMM I experiment was actually designed
to meagure lifetimes of charmed particles in the (10-12-10-12) 5 range.

It consisted of forty silicon detectors 300 pm thick and with 1.5 em? active
surface. As any telescope intended for lifetime measurements it had, as com-
pared to the configurations adopted for coherent production, the additional
constraint of a very thin air gap between the detectors, 200 um or less. This
requirement comes from the need of keeping the probability of decays occurring
in the air gaps as small ag possible. A FRAMM event is shown in fig. 1.3. The
energies measured in the various detectors are displayed detector after detector.

The unit adopted for the energy scale is the most probable value of the
Landau distribution of one minimum-ionizing particle crossing the given detector
thickness, ~ 81 keV in the actual case. So, the diagram of fig. 1.3 can be con-
sidered presented in units of charged multiplicity. The event corresponding
to the multiplicity pattern of fig. 1.3 is shown in the same figure. A high-
energy photon beam was employed. The first detectors, that the photon crosses
without interacting, do not produce output signals and what appears in the
charged-multiplicity axis is the energy equivalent of the electronic noise.

The production detector is identified by a large energy release due to the
nucleus recoil. Two minimum-ionizing particles are produced and a multi-
plicity » = 2 is measured in some detectors following the one where production
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Fig. 1.3. - FRAMM event, production and decay (a)), ionization pattern along the
telescope (b)).

took place. If, as expected, the two produced particles decay within the tele-
scope, the decays give rise to multiplicity variations that are recorded by the
silicon detectors.

The described technique of lifetime measurement was substantially improved
for the FRAMM II data taking. The first target suffered from accuracy limi-
tations in the energy measurement due to some extent to the electronies and
to a larger extent to the faet that the technology employed in detector manu-
facturing was not adequate for the purpose. In order to meet the requirement
of a close spacing between them, a substantial increase in the detector capac-
itance had to be accepted.

A remarkable improvement in the performances was achieved by using
detectors manufactured according to the planar process introduced by KEMMER
and shown schematically in fig. 1.4 [6, 7]. The detector shown in fig. 1.4 is
based upon ion implantation of the junection and of the rear ohmie contact
and SiO, passivation.

As a next step, for shorter-lifetime measurements the device of fig. 1.5
was developed [8-10].

The device of fig. 1.5 is obtained from a body of high-purity »-type ger-
manium, on the upper face of which p-type strips are implanted. A 300 pm
layer on the lower face, obtained by diffusing and drifting lithium, and the Al
metallization realize the ohmic contact. When reverse bias is applied between
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the strips and the lower Al plane, the body is depleted of free charge and each
strip defines a detector with the section of germanium body underneath.

The device as a whole can be thought of as a sequence of equal detectors
with no physical separation in between.

Al
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n* implantation
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Fig. 1.4. — Silicon detector realized with the planar process.

The beam incidence is parallel to the strip plane. Therefore, the transversal
dimensions must be large enough to cover the beam section. In the actual case,
the detfector thickness is 5 mm and its width 2 cm. The longitudinal dimension
is limited to a fraction of radiation length, to avoid excessive beam contamina-
tion from et, e~ pairs.

The germanium bulk detector, like the silicon telescope, implements the
twofold function of active target and of detector of the resulting physical
event. In the sketch of fig. 1.5, a photon enters the bulk detector, a photo-
production occurs with nucleus recoil and creation of minimum-ionizing particles.
The ionization density produced in the detector is sensed, as a function of the
position along the axis, by the strips.

The germanium bulk detector of fig. 1.5 has the advantage over the silicon
telescope of fig. 1.1 of a higher spatial resolution along the beam, (50--100) um
v8. 200 pm. Such a gain in granularity results from the factor-two-higher
specific energy loss in germanium than in silicon, from the absence of air gaps

+

p
/
‘x D
~ -
D —
HP Ge n
%n*’

Fig. 1.5. — Ge bulk detector.



6 E. GATTI and P. F. MANFREDI

between the detection cells and from a more favourable charge transfer to
the readout electronics resulting from the lower capacitance of the pick-up
electrodes.

The actual FRAMM target combines the properties of the Ge bulk detector
and of the Si telescope, as shown in fig. 1.6a) [11]. Figure 1.6b) shows an event
detected in the composite target.
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Fig. 1.6. — a) FRAMM composite active target using a Ge bulk detector followed by
a silicon telescope. b) Event detected in the target.

Another application of a telescope of solid-state detectors is the evaluation
of charged multiplicity of minimum-ionizing particles. The multiplicity is
determined from the total energy released in the telescope. Its segmented
structure allows the monitoring of the energy deposited in the individual cells,
thereby reducing false multiplicity attributions that may arise from secondary
interactions in the detectors. A real-time trigger based upon the difference in
multiplicities sensed by two telescopes T, and T, has been realized as shown
in fig. 1.7 [12,13]. From the multiplicity variation between T, and T,, a
possible decay occurring in the gap between them can be detected. Such a
prineiple is employed to trigger on charm decays in the WA 71 experiment.
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Fig. 1.7. — Real-time trigger based upon two telescopes T; and T,.

A gilicon position-sensitive device, the microstrip detector, is already being
used in several experiments and extensive use of it is being planned for the
future experiments at LEP, at the FNAL Tevatron and collider and else-
where [8, 14-21].

The structure of a microstrip plane, developed with the same technology
of the detector of fig. 1.4, is shown in fig. 1.8.

The structure is similar, to some extent, to the Ge bulk detector; the micro-
strip plane is much thinner, (200--300) pm, and is intended for beam incidence
almost orthogonal to the strip plane. The position along the z-axis where a
track crosses the detector is sensed by that particular strip which collects the
charge carriers.

Values of the pitch as small as 20 um have already been realized; the lower
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Fig. 1.8. — Microstrip plane.
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limitation to the pitch rather than from the detector technology is set by other
considerations.

First, considerations of physical nature, according to which, reducing the
pitch below a certain limit would be meaningless, for the charge cloud being
collected has its own natural width determined by charge diffusion and charge
repulsion effects. The importance of these effects can, however, be attenuated
by some kind of coarse interpolation.

If the microstrip detector operates in a strong magnetic field, degradation
on the space resolution has also to be expected. Experimental investigation
about the limits to the achievable spatial resolution with microstrip detectors
or arrays of them has been recently carried on [22]. Feasibility of r.m.s. inac-
curacies down to 3 to 5 um, depending on the readout method, has been demon-
strated.

A second consideration about the lower limit to the piteh reflects the engi-
neering difficulty in fanning out the signal lines from the detector to the readout
electronics. An example of what the fanning-out printed-circuit board looks
like is shown in fig. 1.9. The microstrip detector of fig. 1.9 has a 50 um pitch.

The present interest for microstrip detectors in elementary-particle physies

Fig. 1.9. — Printed-circuit board used to fan out the signals from the strips to the
readout electronics. (Courtesy of CERN.)
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is connected with the possibility of realizing a vertex detector based upon
microstrip planes.

An example of this kind of application is shown in fig. 1.10, where an active
target made of silicon detectors is associated with a microstrip vertex detector.
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Fig. 1.10. — Silicon active target and microstrip vertex detector of FNAL E687.

The system is intended for investigation about charm and beauty decays,
to be performed at the Fermilab Tevatron within the E687 experimental
set-up [23, 24]. Several vertex detectors based upon microstrip planes are
presently being designed for collider experiments.

An example of barrel-shaped vertex detector intended for one of LEP
experiments is illustrated in fig. 1.11 [25, 26].
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Fig. 1.11. ~ Barrel-shaped vertex detector employing microstrips.
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Other silicon devices for position sensing and tracking applications deserve
attention. One of them is the two-dimensional CCD [27, 28]. Such a device
allows accurate position sensing in two co-ordinates, has an excellent two-track
resolution and presents the advantage of a built-in analog readout. Using a
CCD with cells of 22 xX22 pm?® pixel size, resolutions of 4.3 and 6.1 pm r.m.s.
in two orthogonal directions were achieved.

The second device, the silicon drift chamber, is of very recent realization and
is presently undergoing tests on the beam [29, 30]. Based upon a novel charge
transport scheme, the silicon drift chamber allows accurate position sensing,
yet requiring a limited number of readout channels, 1 or 2 per em for a resolution
of 4 to 8§ pmr.m.s.

The principle of the silicon drift chamber is shown in fig. 1.12.

Fig. 1.12. — Silicon drift chamber.

The drift chamber is a fully depleted silicon detector with the space charge
of the donors providing a potential well for the electrons. The electrons are
so confined in the middle plane of the detector, parallel to its upper and lower
surfaces. The confinement of the electrons is shown in fig. 1.12, where the holes
created by the ionizing track drift towards the upper and lower p* electrodes,
while the electrons are confined in the middle plane. The electrons have now
to drift towards a collecting electrode. Drifting is obtained with a uniform
electric field parallel to the wafer surfaces. Such a field is provided for, by
keeping the corresponding pt strips of the upper and lower arrays at voltages
that are negative with respect to the collecting anode and scaled down of a
suitable quantity from one strip to the next one. The drift field determines
a uniform motion of the primary electrons towards a low-capacitance n*
collecting electrode implanted on one side of the wafer as last electrode of
one of the arrays of pt+ field electrodes of fig. 1.12.

The surface of electron potential energy in the drift region of the detector
for two different values of the voltage difference between two contiguous
electrodes is shown in fig. 1.13.
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Fig. 1.13. — Potential energy of the electrons in the drift region: a) voltage difference
between two contiguous p* strips 7.5 V, b) voltage difference between two contiguous

pt strips 15V,

The configuration of the potential surface near the collecting anode is shown

in fig. 1.14.

Primary electrons due to a ionizing particle crossing the detector drift
and diffuse before reaching the anode. The current pulse at the anode, which
is shielded by the arrays of field electrodes, has a Gaussian shape nearly equal
to the Gaussian space distributions of the electrons as they reach the anode.

Employed as a position-sensitive or tracking device the silicon drift chamber
implies a measurement of the drift time, or interval elapsing between a trigger
event in close time relationship with the radiation crossing the detector and
a machine time defined on the bunch of electrons at the anode.
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Fig. 1.14. - Potential energy of electrons in the anode region AR.

In these applications the silicon drift chambers have as a limitation a poor
double-track resolution and ambiguities in the attribution of pulses to multiple
triggers that may occur during a drift time interval.

The silicon drift chambers can be also employed for energy measurements
and assembled into telescopes to sample the specific energy losses in the beam
direction. For these applications they feature a very good energy resolution
because the charge created by the ionizing radiation is made available at the
output on a low-capacitance electrode.

Silicon is opening his way also in calorimetry [31-33].

Prototypes of calorimeters where the sampling cells are made of silicon
detectors are presently being investigated and the results produced so far are
well encouraging.

The main task of the present paper is to discuss the problems associated with
the solid-state devices reviewed so far.

In some situations, accurate measurements of the energy released in the
detectors are required, like in the case of the reconstruction of the ionization
dengity along the beam, or in the charged-multiplicity evaluation, or in silicon
calorimetry applications.

In some other cases it has to be distinguished whether an output signal
can be safely attributed to a ionizing radiation crossing to the detector or
whether it is an artifact determined by the electronic noise. This distinction
has to be made in connection with microstrip detectors employed in the strip-
by-strip readout mode or with CCDs, where a time slot may or may not contain
the information of a particle detected. Other devices may require different
kinds of measurements, like, for instance, time measurements in the case of
silicon drift chambers.
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Regardless of the type of signal processing required, however, the relative
importance of detector signal, electronic noise and noise associated with the
signalitself determines the accuracy with which the information can be extracted
from the signal available at the output of the linear-amplifier system.

In order to introduce the concepts of signal and noise, it will be assumed
that a beam of minimum-ionizing particles with a very narrow momentum
distribution crosses a thin solid-state detector. The spectrum of the charge
of the current pulses at the detector output looks like curve b) of fig. 1.15.
The following effects contribute to the line broadening.

They are

I) Landau fluctuations in the energy deposited in the detector,

IT) statistics in the process of charge creation in the detector for events
corresponding to the same energy release,

III) stochastic noise in the preamplifier.

Effect II) is of negligible importance, compared to I) and III) in high-
energy physics where the energies deposited in the detectors are small, and
where the Landau fluctuations dominate the statistics of the charge appearing
at the detector output. The contribution of the electronie noise to the spectral
line width can be disentangled from the curve b) of fig. 1.15 by injecting at the
preamplifier input charge pulses and accumulating the resulting spectrum when
the beam is off. The noise line is represented by the shaded peak in fig. 1.15.
In this example the contribution of the electronic noise to the total width of
the Landau distribution is large, as a result of a poor signal-to-noise ratio
determined by the big capacitance of the detector employed.

Generally speaking, the relative importance of Landau fluctuations and
electronic noise in determining the final line broadening is related to the fol-
lowing considerations.

At low multiplicities, the effect of noise may be dominant. It has to be
pointed out, indeed, that the solid-state detectors have no built-in charge
multiplication, that is, the output charge is equal to the one made available
by the primary ionization process. Such a charge is determined by the specific
energy loss, about 270 eV/um in silicon and 550 eV/um in germanium for
minimum-ionizing particles, and by the depth of the depleted region in the
detecting devices.

With the exception of the germanium bulk detector and of silicon detectors
for some calorimetric applications, the practical depletion depths range from
about 10 um in the case of CCDs to about 400 pm in microstrip detectors and
telescope layers. Thicker detectors are not used because they would be too
slow and, in the case of the microstrip devices, they would present too much
material either on the beam or on the tracks emerging from a vertex.

The charge created by one minimum-ionizing particle can be estimated
to be in the range 103 to 3-10¢ electrons.
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Fig. 1.15. — Landau distribution of the energies released by minimum-ionizing par-
ticles in a thin silicon detector (b)) and noise line (a)). Noise linewidth ENC 4600 e~
FWHM, Si 40 keV.

The extent to which the electronic noise affects the accuraey in the charge
measurement depends on the detector capacitance and on the time available
for the measurement of the single events.

As the radiation multiplicity increases, Landau fluctuations become the
dominant source of line broadening and the relative importance of the electronic
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noise is accordingly reduced. Recently, attention has been conveyed on the
investigation about the specific energy losses of minimum-ionizing particles
in thin silicon layers [34-37]. Corrections of the classical Landau-Vavilov
relation have been suggested.

The limitations in the use of solid-state detecting devices coming from the
fluctuations in the energy released will not be discussed in this paper, which
is entirely oriented to the instrumental limitations [38]. Among them, as
already pointed out, the electronic noise assumes a great importance. Energy
measurements with any of the detecting devices presented so far imply the
measurement of a charge delivered by a capacitive source with the best possible
accuracy compatible with the noise in the amplifying system. The problem
is schematically introduced in fig. 1.16, where O is the detector capacitance
and e, the total r.m.s. noise referred to the input of the amplifier system.

amplifier
system

o=

(ed)

Fig. 1.16. — Basic diagram of a charge-meaguring system.

The effect of the preamplifier noise can be deseribed by saying that an infinitely
narrow probability density function of detector charge would appear, at the
amplifier output, as a Gaussian distribution with variance ¢20%. The quantity
(e2,02)t is called equivalent noise charge referred to the amplifier input; it is
represented with the symbol ENC and usually expressed in r.m.s. electrons.
The effect of the amplifier noise on the performances of some of the devices
considered in this section will be illustrated by a few examples.

In an active target of the type shown in fig. 1.1, the electronic noise may
mask a signal variation occurring from one detector to the next one, thereby
giving a false attribution of the point at which a multiplicity change ocecurs.

The electronic noise affects the accuracy in the position identification made
with a detector of the type of fig. 1.5 in a similar way.

In the case of a microstrip plane, the need of achieving an adequately small
electronic noise is clarified by fig. 1.17. In this example, it is assumed that the
microstrip detector is read out by a system which has one channel on every
strip, each channel consisting of an amplifier and a discriminator. The two
spectra shown in fig. 1.17 are the noise line and the one-particle Landau distribu-
tion, whose low-energy edge is determined to a large extent again by the elec-
tronic noise. It is evident from fig. 1.17 that, if the ENC is not suitably small
in comparison to the ¢,-Q, separation, the overlap between the noise line
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and the Landau spectrum makes the choice of the diseriminator threshold
@, critical. In other words, it becomes impossible to find a value of @, which
ensures in the meantime a low probability of spurious hits and a high detection
efficiency. It can be shown, for instance, that, putting the requirements of less

4

no.of counts

@ O @, charge

Fig. 1.17. — Effect of electric noise on the microstrip readout.

than 0.19, probability of spurious hits and less than 0.19, inefficiency and
taking into account a possible charge division between adjacent strips, the
ENC must satisfy the relationship

(1.1) ENCx450d electrons r.m.s.,

with d detector thickness in units of 100 um [39]. So, for instance, a 200 pm
strip detector requires an amplifier with less than 900 electrons r.m.s.

If in a microstrip detector the position is read out by some kind of inter-
polation method, like, for instance, charge division, the considerations about
the effects of the noise are different, though the achievement of a high resolution
in the position evaluation still requires that the preamplifier noise be kept
as small as possible.

Silicon drift chambers employed in energy measurements are subject to
the same considerations made with reference to figure 1.16, where now C, is
meant to be the eapacitance of the collecting anode, which, as already pointed
out, is considerably smaller than the output capacitance of a conventional
detector with the same thickness and active area.

‘When used as a position-sensitive or tracking device, the information pro-
cessing associated with it has the purpose of measuring with the best accuracy
the time taken by the electrons to drift to the collecting anode with reference
to a trigger signal.

Typical drift times to achieve the best resolution are 2.5 ps per 5 mm drift,
ag determined by a 135 V/em drift field.

Silicon drift chambers have been tested with up to 2500 V/em drift field
and corresponding drift times of 140 ns per 5 mm drift with a factor 4 loss in
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resolution. If a pulse processor matched to the shorter pulses were employed,
the degradation in resolution would be only 1.3.

A typical pulse processor for silicon drift chambers consists of a preamplifier
for low detector ecapacitance, of a quasi-Gaussian amplifier, 175 ns FWHM,
followed by a differentiator which delivers a bipolar shape very close to the
optimum zero-crossing timing response. Again the preamplifier noise represents
a dominant limitation in the achievable position resolution.

Since the solid-state detecting devices made their first appearance in
elementary-particle physics, the problem of designing low-noise electronics
capable of coping with the peculiar experimental situations had to be faced.
If it is true that the fundamentals of signal and noise theory for capacitive
sources were known since a long time and that they were extensively employed
in low-energy nuclear spectroscopy, it is also true that research and develop-
ment work was needed to transfer that knowledge into high-energy physies.

For instance, in fixed-target experiments, silicon devices of the telescope
type are employed at counting rates up to two orders of magnitude higher
than the rates met in nuclear spectroscopy. The effort directed to reduce the
noise at short processing times has extended the interest from the junction
field-effect transistor to alternative types of amplifying devices. Problems
related to very large detector capacitances and under the constraint of the
high counting rates had to be solved. The need of achieving outstanding baseline
stabilities at high counting rates without sacrificing the intrinsically poor signal-
to-noise ratio had to be satisfied. The growing number of detecting channels
in each experiment requires compact, low-noise circuitry in the front-end.
Hybrid preamplifiers are already of current use, while low-noise monolithic
design is being carried on, to solve the problems related to the signal extraction
from microstrip detectors of small pitch [40, 41].

Moreover, degradation in signal-to-noise ratio and counting rate perform-
ances due to the long connections between beam line and counting room must
be avoided.

To conclude, the instrumentation which extracts the information from solid-
state devices in elementary-particle physies must be thought about with a
number of constraints borne in mind.

The present paper, which aims at discussing the criteria of signal processing
for solid-state detectors in elementary-particle physics, willanalyse the solutions
that have to be adopted to achieve the best performances from the detecting
devices reviewed in this section.
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2. — Shape of the signals delivered by solid-state detectors.

The knowledge of the time dependence of the signals delivered by solid-
state radiation detectors is of great importance in the design of the processors
that have to operate on them. For this reason, the basic method to evaluate
such a time dependence will be presented here. Practical evaluation of current
shapes, instead, will be limited to the case of largest application importance,
that is, a P-N junction detector with planar geometry [1-4].

In the most general case, the evaluation of the output signal at a given
electrode of a semiconductor detector requires [5, 6]

a) the knowledge of the initial distributions of electrons and holes;

b) the evaluation of the law of motion for electrons and holes in the elec-
tric field determined by the electrode biasing and by the space charge of the
doping atoms; the space charge of the carriers created by the ionizing events
can be neglected in the case of minimum-ionizing particles;

¢) the evaluation of the contribution of every element of charge in motion
through a weighting vector E_(P) which depends on the detector geometry,
on the electrical network to which the detector is connected as well as on the
velocity u of the charge element under consideration.

These three points will now be discussed in reverse order.

6) Weighting field E_(P). A system of n electrodes connected to a lumped,
linear reciprocal electric network will be considered (fig. 2.1).
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Fig. 2.1. — System of electrodes 1,...,m,...,n, embedded into a lumped, linear,
reciprocal network.

The evaluation of the voltage signal v,(t) determined by a charge element
¢ on & generic electrode m can be done by applying between m and ground a
current generator delivering a §-impulse and by calculating in the detector
volume the weighting electric field E_ (P,?) due to this generator alone
(fig. 2.2).

The desired voltage signal v,(t) is given, by virtue of reciprocity theorems,

)

Fig. 2.2. — Evaluation of the voltage signal (a)) and of the current signal (b)) at the
electrode m.
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by

@.1) onlt) = — ¢ f E, (P, t— 7)Xu(P(z))dr,

where the symbol X denotes the scalar product.

In eq. (2.1) u is the velocity of the charge element ¢ at the point P at the
instant z, as determined by the true electric field acting on that element of
charge.

To calculate, instead, the current signal 4,(¢) induced by the element of
charge ¢, in a conductor shorteircuiting the electrode m to ground, a voltage
generator delivering a d-impulse must be applied between this electrode and
ground and the weighting electric field E_,(P, t) in the detector volume and due
to this generator alone has to be evaluated.

The desired induced current i,(f), by virtue of reciprocity theorems, is
given by

(2.2) in() = — q|E

wi

(Pyt— 7)Xu[P(7)]dr,

where u[P(7)], like in the previous case, i3 the true velocity of the charge ele-
ment ¢ at the point P and at the instant . It has to be pointed out that delayed
contributions in the voltage v,, or in the current 4, are generally present. This
occurs when the E_, functions have a time dependence which differs from a
d-impulse because of the signals induced on the m electrode by the delayed
responses of all the other electrodes embedded in the network.

Only if all the other electrodes are grounded for the signals and neglecting
propagation delays, E_(P,t) can be written as

E (P, t) = —6(t)-grad V, = 6(1)-E_ ..., -

Under this hypothesis, the induced current 4,(t), according to (2.2), agsumes
the well-known expression
(2.3) in(f) = — ¢q-E,

wyistatic

(P) X u[P(#)],
where E__,...(P) is the stationary electric field evaluated by connecting the
electrode m to potential 1 and all the other electrodes to potential zero.

The general expressions (2.1) and (2.2) are useful in the analysis of detectors
with many electrodes not connected to ground, for ingtance microstrip detectors
with capacitive division or delay line readout.

b) Motion law. The law of motion for electrons and holes, which in the
most adequate form is expressed by u[P(f)], can be calculated in a relatively



PROCESSING THE SIGNALS FROM SOLID-STATE DETECTORS ETC. 23

10°

Ga As (electrons)

T III‘I_I'YI

carrier drift yelocity(cm/s)

105 |//l 11 lll|l 1 11 ll_!_Ll 1 ] Ly 1 It I 1 I 114
10° 10° 10° 10
electron field (Vfcm)

6

Fig. 2.3. — Carried drift velocity as a function of the electric field for GaAs, Ge and
Siat T= 300K: electrons, — — — holes.

easy way once the electron and hole mobilities, u, and p,, are known, as fune-
tions of the electric field. From the curves of fig. 2.3, that represent how the
carrier drift velocity depends on the electric field, it ean be inferred that
at room temperature in silicon the mobilities of both electron and hole have
to be considered constant up to an electric field of 4000 V/em [7]. Their
values are, respectively, u, = 1200 cm?/V-s and u, = 450 cm?/V-s.

a) Initial charge distribution. The relationships (2.1) and (2.2) give the
partial contributions to the induced voltage and current at time ¢ arising from
an elementary bunch of charge ¢ of the initial ionization track. The actual
shapes of v,(¢) and ¢,(!) are obtained by summing up all the elementary con-
tributions into which the initial track can be split.

As a particular case, a P-N junction with planar geometry will be considered
now (fig. 2.4). The detector will be assumed to consist of a heavily doped P+
region and of a lightly doped N region and the voltage applied larger than the
one required to fully deplete the N region.

Let N, be the concentration of donor atoms supposed to be constant
throughout the N region and let w be the detector thickness assumed to be equal
to that of the N region. The electric field inside the detector has the linear
dependence shown in fig. 2.4 starting from ¥, at # =0 and reaching E__

n
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Fig. 2.4. ~ Electric field inside the p-n junction.
at the junection, & = w:
N.
(2.4) B@) =L£20 4 By,

where ¢ is the dielectric constant and g the electron charge.
Considering a pair of carriers ¢, b at the point #,, the following motion equa-
tions can be written:

(2.5) %v = Uy ﬂ’—’ * + pp Bz for the hole,
£
(2.6) %;E = — U qﬂ) & — o Boin for the electron .
£

Integrating both equations with the initial conditions # = &, at ¢ = 0, the
following time dependences are obtained:

. & &€ ND
(2.7) xh"— - qND Em1n+ (w0+ QND ‘Emin)exp [ﬂhq & t]
for the hole, 0<i<t, ;

_ & & ¥
(2'8) we‘—‘_q.NDEmln+(x0+qNDEmln)exp[ ,ueq £ t]

for the electron, 0<i<t,.

In the previous relationships #, and ¢, are the collection times of, respectively,
holes and electrons.
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The velocities w, = da,/df and u, = dz,/d? for holes and electrons are

aN

€

N
(2.9) Up = Un (men‘|“ Dwo) €xp [th—;-)t],

(2.10) o= — th (Em,., + w) exp [— Heg %’t] :

The collection times ¢, and ?, of hole and electron can be calculated from (2.7)
and (2.8). They are

& In w + (S/QND) Emln

2.11 (S
( ) " M gN, @+ (a/qND)men’

e Tt (6aN) B
,u'eqND (e/qND)Emin

(2.12) t,

According to (2.3) and observing that in the simple geometric configuration
of the present detector |E_,. ..|=1/w and that the velocities u, and u,
have the same direction as E_,..., the following expressions can be written

for the currents induced by the motion of holes and electrons:

. N N
(2.13) () = %Hh (-Emln+ qua’o)eXP [MhQT])t] ’ 0<t<y,
(2.14) 1) = L (Bt q—lf—”mo)exp [— MNT”t], 0<t<t,,

with 4, (t) = 0 for #> ¢ and ¢,(f) = 0 for t>1,.
Time integration of (2.13) and (2.14) provides the charge induced on the
cathode by both carriers:

€ N. N
(2.15) Q= ;MJTD (—Emin + qTD wo) (exp [;”hq _8]2 t] - 1) ’

: _ ¢ o V1 — exp = g X2
(2'16) Qa_wND (Emin+ € '”0)(1 expl: lueq £ t])'

Introducing into (2.15) and (2.16) the collection times given by (2.11) and (2.12),
the total charges induced by the two carriers on the cathode are obtained:

w — &,
(2.17) Qngor =4 —— 1

&,
(2'18) Qe.tot ={ = .
w
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Fig. 2.5. — Shapes of current signals induced on the cathode by an electron-hole pair
created at x,. The columns a), b), ¢), correspond, respectively, to the values 0.75,
0.5, 0.25 of the &,/w ratio, while the rows 1, 2, 3 correspond, respectively, to the values
0.9, 0.5, 0.1 of the E_, /E,,, ratio.

The set of curves of fig. 2.5 represents the theoretical shapes of the induced
current signals for the combinations of three values of the «,/w ratio and three
values of the ratio E_ [E,,, where E_, = (¢N, /e)w is the smallest electric
field at the detector junction which guarantees the total depletion, that is
E, =0for B =F,. The calculations refer to a detector with w =
= 300 pm and N, =10** em3,

The diagrams of fig. 2.5 point out the importance of « over-depleting » the
detector, that is, of using a large E__[E_,, ratio in order to reduce the detector
collection times.

In some cases, for instance for the microstrip detectors, the motion of the
carriers and the resulting induced currents must be calculated taking into
account the diffusion along with the drift. The importance of the diffusion
can be evaluated by recalling that the average square deviation Ar? with respect

to the trajectory without diffusion during a time interval At is given by

erit

Ar?= 2DAt,
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where D is the diffusion coefficient of either type of carrier in silicon. The
values of 2D are 60 cm?/s (6 um?/ns) for the electrons and 22 em?/s (2.2 pm?/ns)

for the holes. Correspondingly, the squared time spread is A#z = 2D(At/u?)
and summing these variances, for a time-of-flight ¢,

£t
— dt
At} = 2Df;2.
0
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3. — Optimum least-square measurement of the charge released by a solid-state
detector.

3'1. Statement of the problem. — In this section the theory of the optimum
measurement of the charge delivered by a solid-state detector will be reviewed.
The loss in signal-to-noise ratio due to signal processing methods different from
the optimum one, but of more practical interest will be evaluated in sect. 4.

The problem of the optimum signal processing in the measurement of the
charge ¢ delivered by a detector of capacitance C, briefly outlined in the intro-
duction, can be presented as a search for a network which allows the best
least-square measurement of ¢ in the presence of the preamplifier noise. The
theory of the best least-square measurement will be introduced starting from
the model of fig. 3.1.

The detector is modelled as a current source, delivering in an indefinitely
short time a charge ¢}, proportional to the energy released, across the parallel
combination of the detector capacitance U} and of the preamplifier input capac-
itance C,. Although the actual preamplifier circuits differ from the simple
structure of fig. 3.1, the discussion based upon the voltage-sensitive configura-
tion leads to a more straightforward understanding of the processes involved
in the charge measurements and of the noise limitations.
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noiseless
preamplifier
gain A

signal

-I_ l processor
Q.G(t)T _l_CD -I-C; b, (w)+b,(w) J
. J

Tig. 3.1. — Analog processor for the measurement of the charge Q.

The final results, moreover, are to a large extent independent of the amplifier
configurations.

The noise sources in the whole system are accounted for by a series voltage
generator with spectral power density a(w) and by a parallel eurrent generator
with spectral power density b,(w) + by(w). While a(w) is a characteristic of
the preamplifier alone, the parallel noise has been split into two terms, b, (w)
including the preamplifier contributions and b,(w) describing the parallel noise
associated with the detector and with the bias circuitry of detector and pre-
amplifier. Incidentally, it has to be pointed out that, to describe a linear noisy
two-port network, a series and a parallel noise generators with their power
spectra 2y, (w) = a(w), Zw(w) = b(w) and with the cross-correlation terms
Za(w)y Zya(w) are generally required [1-3].

In the cases of interest in nuclear applications, however, the two generators
a(w) and b(w) can be considered uncorrelated and, therefore, only two spectral
power dengities will suffice to describe the preamplifier noise. Once the noise
is accounted for by the external generators, the preamplifier is represented as
a noiseless two-port.

The series voltage source generally consists of a white term a, and of a
term with a spectral power density of the type a,/|w|. The white noise accounts
for the shot noise in the collector current in bipolar transistors or for the thermal
noise in the channel of field-effect devices. The a,/|w| part of the series power
density is of negligible importance in bipolar transistors and silicon junction
field-effect transistors as long as their use is limited to elementary-particle
physics. The same might not be true for GaAs devices and is surely not true
for MOS field-effect transistors, for which the contribution due to the a,/|w]
term turns out to be the dominant limitation [4, 5].

The spectral power density b,(w) describes the shot noise associated with the
base current in a bipolar transistor or with the gate leakage current in a junction
field-effect transistor. In either case b, can be considered independent of w.

The spectral power density b,(w) includes contributions due to the shot
noise in the detector leakage current and to the thermal noise in the resistors
employed to bias the detector and to provide a d.c. return to the preamplifier
input current. These terms are independent of w.
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The noise associated with the dielectric losses, which would add to b, and b,
terms with a linear frequency dependence, is quantitatively of negligible impor-
tance in the applications covered by this paper.

The previous discussion leads to the conclusion that the 1/|w| noise in the
input spectrum is important only in one device, the MOS transistor, which
cannot be considered, strictly speaking, a true low-noise device. This consider-
ation, along with the remark that such a dependence would considerably
increase the mathematical difficulties, suggests that the optimum processing
be analysed in the case of white spectra for both series and parallel generators.
It will be accordingly assumed a(w) = @ independent of w and b;(w) + by(w) = b,
also independent of w. The effect of 1/jw| noise will be analysed separately,
by evaluating its contribution to the total noise in some particular cases.

A treatment which extends the discussion to a more general input spectrum
is available in the literature [6].

In the foregoing analysis the bilateral representation, w ranging between
— oo and + oo, will be adopted for the spectral power densities.

Two different methods will be followed to determine the best processing
of detector signals. One, which makes use of a time domain approach to syn-
thesize the optimum processor, is due to BALDINGER and FRANZEN [7]. The
other one, which extends to the nueclear case the theory of the matched filter
with a frequency domain approach, is due to RADEKA and KARLOVAC[8]. Both
methods deduce the optimum filter for a single pulse of given shape under
the hypothesis that the baseline to which the pulse is referred is known with
infinite accuracy. Such a situation is not realistic because the time available
for the baseline estimation is limited by the presence of other incoming signals.
After the presentation of the methods of Baldinger and Franzen and Radeka
and Karlovac, the problem related with the inaccuracies in the bageline esti-
mation will be considered.

32. Time domain approach to optimum processing. — As a preamble to the
time domain approach to optimum processing in the actual case, the following
particular situation will be considered. The information about a parameter .o/,
is carried by a signal consisting of two rectangular pulses of short width At,
with amplitudes «/, and a</;, occurring at a mutual time distance 7, as in
fig. 3.2. The time-dependent part S(¢) of the signals is represented by the two
rectangles of amplitudes 1 and «.

The signal is added to a noise which is assumed to be of ergodic nature
and band-limited white with an upper frequency limitation of the order of 1/A¢.

If the parameter <7, is determined from the first pulse of fig. 3.2, the signal-
to-noise ratio is .o7,/{vy>t, where (vi>t is the ensemble root-mean-square value
of the noise. If ./ is, instead, determined from the second rectangular pulse,
the signal-to-noise ratio is «./,/(v%>?, where the ensemble root-mean-square
value is the same as before owing to the hypothesis of ergodicity. In both
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=

N(t)

Fig. 3.2. — Best least-square meagurement of the parameter &, from a signal consisting
of two rectangular pulses in the presence of band-limited white noise.

cases a signal-to-noise ratio inferior to the optimum one is achieved, because
the full information carried by the signal is not utilized. To fully exploit the
information available in the signal, the most general linear processing which
consists in the weighted sum of the two pulses will be adopted. The time-
variant network which implements it is shown in fig. 3.3.

According to the block diagram of fig. 3.3, a weighting wave form, made of
two narrow rectangles of amplitudes 1 and § and synchronous with the two
rectangles that constitute the input signal, is triggered.

A Q N(t) J_

V
L !

v,
- 5(t) o ad, || apdt, !
trigger

cireuit f7 = gated
w, (1) ! s multiptier | integrator
JI«L‘J: —

weighting
—> wave form H ”
generator - reset
integrate command
command
Logic
—» signal
generator
L

Fig. 3.3. — Time-variant realization of the weighted sum.
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An analog multiplier implements the product of the input signal and of the
weighting funetion. The resulting wave form is applied to the input of the
gated integrator. At the end of the «integrate command » signal, the voltage
stored in the integrator is proportional to «7,(1 + «f). At the same instant the
noise is proportional to N(t) + SN (t 4 7). As the noise is almost white, its
autocorrelation function is a very narrow function in the time domain, which
means that the two values N(f), N(t + 7) can be considered uncorrelated.

The ergodic hypothesis ensures that the ensemble root-mean-square values
of N(t) and N(t + 7) are equal. Therefore, the signal-to-noise ratio is

&41(1 + ap)
@1 @+ Aol
Expression (3.1) considered as a function of § has a maximum for § = a.
The maximum signal-to-noise ratio achievable in the measurement of =7 is,
therefore,
(1 + g2

o !

which is a factor 1+ 2 better than the larger of the two signal-to-noise
ratios obtained with the information from a single pulse. The circuit of fig. 3.3
represents the time-variant version of the optimum processor, while the time-
invariant one is shown in fig. 3.4.

The measurement has to be carried out, in the circuit of fig. 3.4,at t =7
and the result obtained in this way, with § = «, corresponds to the best least-
square estimate of .7,. The linear processing discussed so far and imple-
mented by either solution 3.3 and 3.4 can be demonstrated to be the best one
with respect to any kind of processing [9].

o1 (t=1) - S(t-1)

1
A,
& S(t) 0 q n“_‘
” nwﬁ . et ]
Vy(t)
I‘—T—*‘_; delay v @ i

H(1+ap)
- LL
N(t) as,

—

B
Bty s(t) ap o,

—]

Fig. 3.4. — Time-invariant realization of the network implementing the weighted
sum of two pulses.
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The circuit of fig. 3.4 responds to a narrow rectangular pulse of unit ampli-
tude with the wave form v,(¢) of fig. 3.5. The function v,(¢) is the mirror image
of the weighting function w,(t) of fig. 3.5:

0,(t) = wr — 1) .

"

Fig. 3.5. — Response of the time-invariant processor of fig. 3.4 to a narrow rectangle
of unit amplitude.

1

T

In the optimum situation, § = a, v,(f) becomes the mirror image of the time-
dependent part 8(t) of the input signal

vs(t) = S(r—1).

The response v,(f) of the time-invariant processor of fig. 3.4 to the signal
</,8(t) can be interpreted as the convolution of /,8(f) and v,(f).

The previous considerations can be easily extended to the case in which
the information about a parameter 7, is carried by a continuous wave form
&/,8(¢) which can be considered as a sequence of samples of amplitudes
oy Ayy Wy ey 0y and of; has to be measured with the least-mean-square
error in the presence of band-limited white noise.

The optimum processor implements the weighted sum

N
oy > ok

k=1

Its time-invariant implementation has, as d-impulse response, the mirrer
image of 8(t)

v,(8) = S(z,—1).

The hypothesis of band-limited white noiseis instrumentalin making the solution
of the optimization problem so simple. If the noise is not white, then the
synthesis of the processor which implements the best least-square error measure-
ment has to be split into two steps. One is the synthesis of a filter, called
noise whitening, which converts the original noise spectrum into a white
one. The second step consists in applying the weighted-sum method to the
signal at the output of the noise-whitening filter.
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The previous considerations will now be applied to the actual case of the
nuclear-radiation detector of fig. 3.1. The signal at the preamplifier output
is a step of amplitude (Q/(C, + C,))4 and the noise power spectral density is
(see p. 21)

b
o 4o+ s

For instance, a network with transfer funetion

E_l_ S\/— (Cp+ C)
a A1 sVab(Op+ C)’

(3.3) Fofs) =

where s is the complex frequency, can transform the noise (3.2) into a white
one with spectral power density W.

The noise-whitening filter is, therefore, the cascade of a gain element and
of an approximate differentiator with time constant

(3.4) ro— V% (ot ).

The time constant 7, is called « noise corner » time constant and is the reciprocal
of that particular angular frequency o, at which the contributions from series
and parallel noise at the preamplifier input become equal.

As pointed out by (3. 4), the noise corner time constant is determined by
the preamplifier series noise, by the total parallel noise and by the total capaci-
tance at the preamplifier input.

At the output of the whitening filter the noise has a spectral density W
and the signal has the time dependence

Q W

(3.5) 0o 0, —exp[ tlr.)-1(¢ CD+ CxVW t)-1(¢)

shown in fig. 3.6a). It is worth pointing out, in passing, that the transfer
funection #_(s) is not univocally defined by the power spectrum (3.2) and that
the filter which has as output signal the mirror image of the response of fig. 3.6a)
would be a noise-whitening filter as well (fig. 3.6b)). At a first glance this second
filter looks to be physically unrealizable. However, if the response of fig. 3.6b)
is truncated to a finite 7,, and a delay equal to or larger than v, is introduced,
it becomes physically realizable.

Referring, for the sake of simplicity, to the response 3.64) and being the
noise at the filter output white, the optimum proeessor for the measurement
of @ can be determined with the already known procedure.
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Fig. 3.6. — Signals at the output of noise-whitening filters in response to a d-impulse
detector current of charge Q.

The signal is represented in fig. 3.6a) as a time sequence of equally spaced
rectangles, each of them having an amplitude proportional to Q.

In the case of an indefinitely long measurement time 7, the é-impulse
responses of the optimum processors, obtained extending to the continuum
case the procedure adopted for the discrete signals of fig. 3.2, are represented
in fig. 3.7a), b), respectively, for the whitening filters of fig. 3.6a), b).

1vs(t)

_.-[M——> -0

a)

0

———

t

Tvé(t)

\ b)

T —

Fig. 3.7. — d-impulse responses of the optimum processors: a) signal at the output
of the noise-whitening filter 3.6a), the § is supposed to be applied at t = — vyy; b) signal
at the output of the noise-whitening filter 3.6b).
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The response of the optimum processors to their corresponding input signals,
exponentially decaying or exponentially growing, is in either case the indefinite
cusp of fig. 3.8.

The measurement of @ requires the evaluation of the peak amplitude of
the cusp.

v, (t) 1 e /v
0,¢ 2 Kz, Cy+C; a

O oo e e e e e o v m ——

t

Fig. 3.8. — Response of the optimum processors to the exponentially decaying or
exponentially growing pulses at the output of the corresponding noise-whitening filters.

The optimum processors are determined by the time dependence of the
signals at the output of the related noise-whitening filters, that is, the processors
are matched to those signals. For this reason the theory being developed is
also called « matched filter » theory [10]. In order to complete it, the optimum
signal-to-noise ratio has now to be evaluated.

To do this, the peak amplitude of the cusp of fig. 3.8 will be calculated at
once. According to (3.5) the d-response of the optimum processor for the ex-
ponentially decaying signal is

(3.6) wi(t) = K exp [t/z.]-1(—1),

where K is an arbitrary constant having the dimension of a frequency. The
response of the optimum processor to the exponentially decaying signal is the
convolution of (3.5) and (3.6), that is,

©

Vp,o(t) = a]% —;Wi fexp [— ;9]-1(10) exp [t:—r"]-l(ro— tydr,,

—0

which is the cusp of fig. 3.8. The function v, (f) has a maximum at ¢ =0,
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whose value is

(3.7 Vo omax = £Q w rofexp [— 2 Ii’] d (T._°) _1 KQ W
\ = 5 G
0

OD + 01 c Te
The root-mean-gquare noigse at the output of the optimum processor can be
evaluated from the knowledge of the spectral power density W of the noise
at the input and from the transfer function of the optimum processor, which
is the Laplace transform of w,(?) in eq. (3.6):

J— . ¥ 1
(3.8) [(vi)]*:[ leW,(jw)Pdf] [ WfKZexp[ ]dt] [TcW]K.

In eq. (3.8) W,(s) is the Laplace transform of w,(¢) and Parseval’s theorem has
been used to pass from the integral on the frequency domain to the integral
in the time domain [11].

The hypothesis of ergodicity ensures that the time average of (3.8) coincides
with the ensemble average previously adopted in the evaluation of the signal-
to-noise ratio. The optimum signal-to-noise ratio, according to (3.7) and
(3.8), is

__ ¢ 1
&9 = (0o + GO (bt

3°3. Frequency domain approach to optimum processing. — An alternative
deduction of the matched-filter theory in the frequency domain will now be
presented. Let @ 8,(t) be the signal carrying the information about the pa-
rameter to be measured and let #"(w) be the spectral power density of the noise
associated with Q,8,(?).

The noise ig assumed again to be ergodic. The problem of the optimum
least-square measurement of the parameter ¢, can be stated in the following
way. Let H(s) be the a priori unknown transfer function of the network which
leads to the optimum measurement.

The signal at the output of this network can be written as an inverse Fourier
transform

3.10) olt) = 2 )8 o) expliondo,

where 8(w) is the Fourier transform of §,().
The r.m.s. noise at the output of the same network is

(3.11) (ot = (Rl = {2% wa)lH(fw)lzdw}*,
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where the ensemble average has been evaluated as a time average thanks to
the hypothesis of ergodicity. The unknown function H(s) must be determined
80 a8 to maximize the ratio between the value of the signal at the measure-
ment time 7, and the root-mean-square noise. As the optimization procedure
is more easily carried out on the square of this ratio, it can be said that the
desired H(s) is the one which makes the ratio

o { TH (jo)8i(w) exp [joTy] dw}2
(3.12) 92 — 5;. i

T (@) H(o)do

achieve its maximum value. The existence of an upper limit for (3.12),
which turns out to be the required maximum for a particular choice of H(s),
can be demonstrated by applying the Schwartz inequality. The Schwartz
inequality is recalled here. Let u,(w) and #4.(w) be two complex functions of
the real variable w. Then

(3.13)

f“x(w)uz(w) d.a).z <f|“1(w) 12 dmfl“z(w) |2 do .

In expression (3.13) the equality sign holds if

t(w) = K'uf(o),
where K' is a constant and * denotes the complex conjugate. If the Schwartz
inequality is applied to (3.12) by choosing

o) = Hjol i), o) = 1o expiond,

it can be written

IS

2m

{ f H(jo)S,(e) oxp [iwrM]dm}
- <

(3.13)
f N ()| H (joo) [ deo

{ qu(w)lH(iw)lzdw}{ f 'S‘("’)'zdw} .

2 «/V((D) Q2 S 2
<2 T2 - _ vt fl—l—(w—)ldw
% = o | A (w)

f A (@) |H (o) deo -
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Equation (3.13) is of general validity and it states that, passing a signal with
Fourier transform 8,(w) and a noise with spectral power density .4"(w) through
whatever linear network, the output signal-to-noise ratio cannot exceed the
integral over the whole frequency axis of the ratio between the energy density
of the signal and the power density of the noise.

Out of all the possible H(jw)’s the only one which makes g reach the limit

@ [ I8
(3.14) o f T ) do

i8 the one which satisfies the condition

%
H(jw)AN Ho) = K'jfi(?g) exp [— jwTy].

The limit itself is, therefore, the sought g _,. The transfer function H(s) of
the optimum network must, then, satisfy the relationship

. 8 .
(3.15) H(jw) = K’TE% exp [— jory] .

Equation (3.15) can be written by assuming for §,(¢) the signal shape 8 (f) =
=1(t)-exp[—1/z.], eq. (3.5), at the output of the noise-whitening filter. A point
at which the noise is white may not even exist in the actual charge-measuring
system, but reference to it can be made, though in a virtual way. By putting
8,y = 8_(t), & (w) =W, eq. (3.15) yields

W

7

(3.17) H(jo) = %

8y (w)exp [— jory].

Recalling the properties of the conjugate of the Fourier transform of a
real function, it can be concluded from (3.17) that, apart from a coefficient,
the d-impulse response of the optimum network following the noise-whitening
filter is

(3.18) 8 (Ty— 1) .

The same result as in the case of the time domain analysis is reached, that
is, the optimum processor responds to the d-impulse at the output of the noise-
whitening filter with the mirror image of the signal present at that point.

The optimum signal-to-noise ratio can be evaluated from (3.14) by assuming
as Q,8,(f) the signal (3.5) at the output of the noise-whitening filter, where
N (w) =W,
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By putting @,= (Q/(Cp + C)) VW/a, 8 (1) = 8,(t), (3.14) gives

w1 [ doo)é
o)l o=

o i
= (—ID—?F—Q V%V {;—V f exp [— 2t/z.] dt} .

The transformation of the integral from the frequency domain to the time
domain was made possible by Parseval’s theorem.
Evaluation of the integral in (3.19) gives

(3.19)  om=g

__9 1
= (Ot OF {dab)?’

(3.20)

which is the same result expressed by (3.9).

The optimum signal-to-noise ratio, according to (3.9) and (3.20), is propor-
tional to the charge available ¢ and inversely proportional to the square root
of the sum of the capacitances € and C, and to the fourth root of the product
of series and parallel spectral power densities.

3'4. Partial use of the information available at the output of the noise-whitening
filter. — The result expressed by eqgs. (3.9) and (3.20) refers to the case in which
the information available at the output of the noise-whitening filter is fully
exploited.

The need of working with a finite peaking time 7, suggests that only the
part of the signal S_(f) corresponding to 0<i< 7, is utilized, as in fig. 3.9.
The shaded area in fig. 3.9a) is the part of the signal utilized for the measure-
ment. The J-response of the optimum processor following the noise-whitening
filter is shown in fig. 3.9b), while the response of the whole system to the detector
current pulse is shown in fig. 3.9¢).

The truncated cusp allows the charge measurement to be done at a finite
time 7,; however, no reduction in the width of the output pulse is achieved.

The reduction in signal-to-noise ratio which results from truncation can be
obtained from (3.19) by limiting the integral between 0 and 7,:

TM } }
(3.21) Q 1 [fexp [— 2¢/7,] dt] = QOopt [1 — exp [_ 2 T_M]] .
[}

%= 0o+ C, va X

As pointed out by (3.21), the increase in g, which results from extending the
measurement time beyond 7, is very small. Increasing, for instance, 7, from
7, to infinite, only 89, is gained in signal-to-neise ratio.
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Fig. 3.9. — Use of a fraction of information contained in the signal: @) the shaded
area is the part utilized in the measurement, b) dJ-impulse response of the optimum
network, c¢) truncated cusp.

3°5. Matched-filter theory in the case of finite rate of arrival of events on
the detector. — The matched-filter theory developed so far has not been subjected
to any constraint in the pulse width. The signal at the output of the matched
filter has either an indefinitely long peaking time if g , must be achieved or
a finite peaking time in the case of a truncated cusp. Both signals have infinite
duration. The theory, in other words, was restricted to the consideration of
a single event to be measured and according to this hypothesis the measurement
of the peak amplitude of the cusp, which carries the information about @, was
referred to an indefinitely accurate baseline.
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In the actual case a sequence of pulse amplitudes has to be measured and,
therefore, a constraint on the maximum allowed duration of the pulse at the
processor output must be added. The problem of the optimum least-square
error measurement will, therefore, be restated by assuming that elementary
events delivering in the detector the charge @ occur in a random sequence
of finite rate.

The situation is depicted in fig. 3.10.

signal step V=ve) = C_g—f cA-Ht-t)
T

v
Vo K

tk-Z tk—i tk tk-ﬂ t

Fig. 3.10. — Stochastic straircase determined at the preamplifier output by the random
occurrence of detector pulses.

The stochastic staircase of fig. 3.10 represents the effect of the random super-
position of steps determined by the occurrence of the detector current pulses.
The evaluation of the charge associated with the event happening at t = %,
for ingtance, requires the best estimate of the difference v, — v;—,. The level
¥,— eXisting prior to the arrival of the event at { = ¢, represeunts, therefore, the
baseline to which the event to be measured is referred. To deal with the present
problem a simplifying hypothesis, which is frequently respected in the experi-
mental situations of elementary-particle physics, will be introduced. The hy-
pothesis is related with the property that, when the measurement time is short
compared with the noise corner time constant 7, given by (3.4), the parallel
noise becomes of minor importance. A treatment of the present problem without
this limiting hypothesis is available in the literature [12]. If only the series
noise is considered, the spectral noise density at the preamplifier outputis white
and, therefore, no additional whitening filter is needed.

This means that the problem of the best estimate of the v, — v,_, difference
has to be solved in the presence of white noise, whose spectral density, according
to fig. 3.1, is, at the preamplifier output, W= a.4® As shown in fig. 3.10, a time
interval (.-, tx) is available to estimate v,_, and a time interval (fx, fx,.) 1
available to estimate v,. Application of the previously developed matched-
filter theory to the measurement of the v,.; level in the presence of white noise
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gshows that the best processing is a pure integration in the (¢, ?;) interval.
The optimum signal-to-noise ratio is, according to (3.14),

ir

Vg P
(5.22) =22 | o] = Bt np.

te_1

According to (3.22) the root-mean-square noise at the output of the optimum
processor is

(3.23) <v;k>*=A[ @ ]*.

tk - tk-l

Similarly, the optimum processor to estimate v, in the presence of white noise
is a pure integrator acting in the (%, ¢,,) interval. It follows again from (3.14)

St

Ve L
.24 o= g | [8] = it

177

and for the noise at the output of the optimum processor

(3.25) hri= 4[]

tk+1 - tk
The signal-to-noise ratio in the measurement of the step amplitude can now
be evaluated as

Vp— Vg1

[(hey + Ohprdlt

(3.26) Oopt (Ve — Vp_y) =

Q
(Cp -+ Gi)[ll(tk+1_ ) + 1/(t— tea)Jtad )

It is important to point out that the optimum signal-to-noise ratio in the
meagsurement of the difference depends on the length of the empty intervals
available for the measurement before and after the event to be processed.
The network which implements the best processing for the v; — v,—, measure-
ment is characterized by a constant distribution of weights of negative polarity
between #,., and ¥, and by a constant distribution of weights of positive polarity
between ¢, and #.,,. Both distributions are shown in fig. 3.11 normalized to
unit area.

Figures 3.115) and d) show, respectively, the 4-response of the optimum
processor and the actual output signal, convolution of the wave form ) and of
the step under meagurement.
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Fig. 3.11. - Optimum processing for the estimation of a voltage step in the presence of
white noise: a) weight distribution, b) d-response of the optimum processor, ¢) step
under measurement, d) actual response of the optimum processor to the input step.

As the detector pulses are randomly distributed in time and their instants
of arrival unpredictable, the best processing based upon the exploitation of
the full empty intervals before and after each event is not of practical feasibility.
A good approximation consists of using equal time intervals v preceding and
following the event [12]. The total proecessing time 27 must be chosen for a
given event rate short enough to keep the pile-up probability small.

In the case in which processing intervals of equal duration are employed,
(8.26) simplifies into

Q

(3.27) o= ) = (oG Zaje
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It is interesting now to compare the optimum processing described in fig. 3.11
with the one which would suggest Baldinger and Franzen’s theory in the case
of white noise and with the exploitation of a finite step duration 7.

The corresponding wave forms are shown in fig. 3.12.

T
a) a4
o

Fig. 3.12. — Optimum processing of a step in white noise and finite measurement
time 7, according to the theory of Baldinger and Franzen: a) step under measurement,
b) d-response of the optimum processor, ¢) actual response of the optimum processor
to the input step.

The processor of fig. 3.12 can be considered as a particular case of the one
of fig. 3.11, in which the time interval #; — #,—, has become indefinitely long,
that is, when the free time available for baseline estimation before £, is infinite.
A time-invariant implementation of a processor measuring the amplitude of
the input step with a finite resolving time 27 is the circuit which responds to
the d-impulse excitation with the bipolar signal of fig. 3.13.

The bipolar weighting distribution implemented by the processor of fig. 3.13
has been recognized to be the optimum one when a free time 7 is available
before and after the edge of the incoming pulse [12].

The time-variant realization of the processing deseribed in fig. 3.13 is shown
in fig. 3.14 I).

The timing relationships are shown in fig. 3.14 II).

As shown in fig. 3.14 II), the d-impulse carrying the charge information
arrives at one of the multiplier inputs when the triangular wave form at the
other multiplier input has its maximum amplitude. The gated integrator per-
forms the operation

(3.28) Opﬁ g Afé(t— T)r(t) dt = CD?F g A =g 4
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;n

T

Fig. 3.13. —~ Processing the input step under the condition of finite resolving time 27:
a) input step, b) é-impulse response of the processor, ¢) actual response of the processor
to the input step.

having assumed as time origin the arrival instant of the radiation on the
detector.

The white noise at the input of the preamplifier, which, as will be discussed
exhaustively in the next section, can be represented in the time domain as a
random sequence of positive and negative §-impulses, becomes after differentia-
tion a random sequence of doublets. A. doublet arriving at the multiplier input
at a random instant ¢,, with 0 <, < 27, produces at the integrator output

Q4 04,
e '@ T, *C;
pure
differentiator

&
multiplier gated

integrator

Il

delay |t

AN

wave form
generator

L] trigger

Fig. 3.141) ~ Time-variant realization of the processor with bipolar weight distribu-
tion. Block diagram of the processor.
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@ _.,.
ot 1l oog, A

d)

2t

o+

r(t)
e) 1
T _.L- T =
t
Fig. 3.14II). — Time-variant realization of the processor with bipolar weight distribu-
tion. Wave forms in the various points: ) step at the preamplifier output with d-noise,
b) d-impulse at the differentiator output with doublet noise, ¢) same as b) after a
delay 7, d) integrator gating command, e) triangular multiplying wave form.

a step with an amplitude
2T

(3.29) f 8t — to)r(t)dt = (2, .
0

If now t, is varied between 0 and 27, #'({,) deseribes the bipolar function of
fig. 3.13b).

It is, therefore, possible to conclude that the time-variant processor of
fig. 3.14 I) has the same signal-to-noise ratio as the time-invariant one with
bipolar é-response of fig. 3.13. Such a conclusion relies upon the fact that
both produce the same output amplitude when the charge ¢ is delivered by
the detector and they are characterized by the same weighting funetion, coinecid-
ing with the d-response in the time-invariant case or #'(f) in the time-variant
one. Note that the output responses for the signal are different for the equivalent
time-variant and time-invariant processors, while the resolving times are
equal.

3'6. Optimum filter for an arbitrary pulse shape in white noise for a fized
estimation time of the baseline. — The problem of synthesizing the optimum
filter for an arbitrary input pulse shape in white noise and fixed baseline estima-
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tion time can be introduced. The case considered here refers, as in Baldinger
and Franzen’s approach, to a signal consisting of two narrow rectangles of
amplitudes .o/, and «.2/, in band-limited white noise (fig. 3.15a)).

a)
I LAY @H+8, [
Bk+‘| T
8 8, B, 8,

By ideal
noise-free
baseline

t ot t, t, t; te ten  tw -
— M
b)
. MB
0 t—t, t,—t, r ty=t,
--(1+/?)L T t

Fig. 3.15. — a) Signal consisting of two pulses in white noise, with fixed baseline
estimation time. b) Weighting function of the optimum processor.

The baseline is sampled at M equally spaced instants #,, %,, 5, ..., ty. As
the noise is supposed to be band-limited white, the noise samples taken at these
instants are uncorrelated. Let B,, B,, Bs, ..., By be the baseline samples referred
to an ideal, noise-free baseline. Let ¢,, t; be the instants at which the two pulses
occur and suppose these instants different from those at which the baseline
is sampled. It will be assumed that M is much larger than the number of
wave form samplings, two in this case.

The following weighted sum can be constructed, by referring the <7, 4 B,,
sy, + B, amplitudes to all the possible baseline evaluations:

(3.30) Sty + B)— B+ B3 [(ests + B) — B,).

i=1 §=1
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Equation (3.30) gives for the square amplitude of the signal
(3.31) 8 = M*(1 4 «f)* ;.

By labelling v, the noise amplitude at the instant ¢,, from (3.30) the following
expression can be written for the total noise vy ,:

M M
(3.32) o= Mv,— > v;+ fMv,— B 3 v;.
=1 i=1

The root-mean-square noise can be evaluated from (3.32) as

(3.33) Oy = (B2 + 1)(M2 + M) <5,

where (v%) is the ensemble average of the noise at the sampling instants.
The square of the signal-to-noise ratio, from (3.31) and (3.33), can be
written as

11+ af)?
3.34 2=
(8.34) 0= Ty [ + (1 -+ 1730
and it achieves g maximum for
(3 35) f=«.

The weighting function of the optimum processor is shown in fig. 3.15b).
The above outlined procedure can be extended to any input wave form.
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4. — Calculation of the signal-to-noise ratio for some practical analog processors.

4’1, Introductive remarks. — The analysis of the previous section is of fun-
damental nature, its purpose being that of clarifying the intrinsic limitations
that oceur in the meagurement of the charge delivered by a capacitive source.
The optimum processing realized by the indefinite-cusp response, the loss in
signal-to-noise ratio introduced by the truncated cusp and the constraint set
by finite empty intervals before and after the event to be processed have been
reviewed.

In practical applications of nuclear radiation detectors, however, networks
that respond to a d-impulse shaped detector current with signals different from
the cusp or the triangle are sometimes employed.

Additional constraints may in fact be present, requiring, for instance, a
rounded top in the d-response of the whole system to make the measurement
of the peak amplitude more precise or a flat-topped trapezoidal response to
reduce the ballistic errors [1, 2]. Cancellation of long tails following the signal
may require bipolar shaping [3].

For these reasons it is useful to introduce analytical methods to evaluate
the signal-to-noise ratio. The problem to be solved will be presented in the fol-
lowing way. In a given charge-measuring system, consisting of detector, pre-
amplifier and of the network which determines the signal-to-noise ratio, the
noise sources are specified through their power spectra, like in fig. 4.1. The
signal-to-noise ratio has to be evaluated. The network determining the signal-
to-noise ratio can be of either time-invariant or time-variant nature. In the
former case the signal-to-noise ratio can be evaluated using a frequency domain
approach or a time domain approach.

In the case of a network of time-variant nature, the time domain method
has necessarily to be adopted.

In the nuclear-electronics literature the network which determines the signal-
to-noise ratio is either referred to as a filter to emphasize its action in the fre-
quency domain or as a shaper to emphasize its behaviour in the time domain.

Q
Cote; A-1(2) [-é]‘?
network N
gain A determining
noiseless the ————
preamplifier signal-to-noise
ratio

Fig. 4.1. — Evaluation of the signal-to-noise ratio in a charge-measuring system.
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In the foregoing treatment the term shaper will be generally preferred, both
because more importance will be attributed to the time domain analysis and
because the term ghaper seems to be more appropriate when referred to time-
variant systems.

4°2. Time-invariant shapers. ~ When the network determining the signal-
to-noise ratio in fig. 4.1 is of time-invariant nature, its behaviour is deseribed
by the transfer function 7'(s). The transfer function 7T(s) is the Laplace trans-
form of the response of the shaper to an input signal », assumed equal to a
d-impulse. By definition of time-invariant shaper, such a response at a given
instant £ is a function of the difference ¢t — ¢, alone, ¢, being the instant at which
the input d-impulse is applied and is independent of the absolute time posi-
tion of ¢,.

4°2.1. Frequency domain noise caleculation. Returning to the pro-
cessor of fig. 4.1 and calling vs(f) the response to a detector current signal
represented by a J-impulse of unit coefficient, vs(f) can be written as

(4.1) v(t) = L1 [8 !

Gt oyt (s)]’

where #-1 denotes the inverse Laplace-transform operator. As v4(t) is zero
for ¢ < 0 and must return to zero at either a finite time or as ¢ — oo, it must
have at least one maximum or minimum depending on its polarity. Let
MAX [vs(t)] be the largest absolute value of these maxima and minima. It will
be assumed that the signal measurement is performed on this value. The signal
amplitude corresponding to the release of a charge @ in the detector will be,
therefore,

Q -MAX [vs(t)] -
The output root-mean-square noise [ﬁ]* can be evaluated according to the fre-
quency domain approach as [4-8]

©

— ] 1 b )
wo =] [roiiord] = [Eaf (ot i) ekl

The signal-to-noise ratio ¢ can, therefore, be expressed as

Q4
Cr + G,

MAX gt [T—Sl]

3 =

@

1 Az —————-———b T(iw)]2 dew *.
{% f (a+w2(CD +01)2)l (jo)| }

—
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The signal-to-noise ratio, as expressed by (4.3), does not provide a description
of the intrinsic noise behaviour of the processor, for it depends on a parameter,
Q, related to the incoming radiation.

The noise performances of a processor intended for capacitive sources are
usually expressed in terms of equivalent noise charge referred to the input,
ENC [7]. The equivalent noise charge is defined, according to (4.3), as that
value of @ which makes ¢ = 1. This means that the equivalent noise charge
is the value of charge which injected across the detector capacitance by a
d-like signal produces at the output of the analog processor a signal whose
amplitude equals the output root-mean-square noise. By applying the defini-
tion, eq. (4.3) yields

1 ( C C)? b T(j Zdw*
{2_7;](“( D—l_ 1)‘|’a?)l (7(0)' }

(4.4) ENC = r.m.s. coulomb.

o 2 [79]

As stated by (4.3), the evaluation of g requires the evaluation of the peak ampli-
tude of the d-response of the whole system and that of the noise integral at the
denominator.

A few examples will illustrate the method.

4°'2.1.1. Triangular shaping. In the case shown in fig. 4.2, T(s) has the
following expression:

T(s) = é— (1 — exp[— stul)?.

M

The numerator of (4.3) is equal to Q(4/(Cy + C)).

v ()

—_—
b

Cp+C;

|
!
i
1
|
1
1
|
|
|
1
0 T

N 21, 7

Fig. 4.2. - Triangular shaping with peaking time 7.
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The integral at the denominator is given by

©

I e

—
«©

o a sintxy 4b sintg 0Ty
_16rmf 2 dm+(on+0,)2’“f s (”_ 2 )
o

0

If the values of the two integrals (see appendix) are introduced into (4.5),
the following expression is found for the denominator of (4.3):

a 2 b i
. Aj2— 4 < .
9 rti ooy ]
The signal-to-noise ratio can now be evaluated from (4.3), thus obtaining

. Q
(4.7) = 2(a/tw) (Cp + C)* F (2/3)bral?

and the equivalent noise charge is
a 2 H

(4.8) ENC = |2 p (Cp+ 0))2+ 3 bty | r.m.s. coulomb.
M

4'2.1.2. RC-CR shaping. A transfer function of the network determining
the signal-to-noise ratio of the type

sty
T =T 1 e
leads to the following wvs(f):
A t
vo(t) = Gt 0, om exp [— ?/7u] .

The time dependence of vs(f) is shown in fig. 4.3. The peak of vs(f) oceurs at
¢t = 7,, and the peak value is (4/(Cy, + C))-1/e.

Tva(t)

1 1 H 1 1 A1
2ty 3ty 4Ty Sty STy TTh -+

o pem———————-

X

Fig. 4.3. — Response of the RC-OR filter to a J-impulse detector current.
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The integral at the denominator of (4.3) can be written as

=]

] o 2brl
Zaf*—M—zdw—{— u f -
0

A+ o 73) (Op+ 0,2

o

_ 2a % dw 4 (@ = ory)
—%;f(urwz)ﬂ 0+02’“ +w2 -

0

The value of both integrals is zn/4 (see appendix).
The signal-to-noise ratio for the RC-CR shaping is, therefore,

(2/e)Q
[(Cp+ Ci)* (a/ar) + bl

(4.9) 0=
and the equivalent noise charge is

3
(4.10) ENC = [(O’D + C’) —]— brM] r.m.s. coulomb .

4°2.2. Time domain noise calculation. The time domain noise cal-
culation will now be introduced.

The time domain approach is particularly straightforward in the case of
a time-invariant processor of the type shown in fig. 4.1, and for the noise
generators there considered. The time domain approach is based upon two
theorems. One, known as Carson’s theorem, states that an ergodic noise source
with bilateral power spectrum 4'(w) ean be considered as due to the super-
position in the time domain of randomly distributed events with Fourier trans-
form @(w) occurring at an average rate A [9,10]. The relationship between
H(w), Plw) and A is

(4.11) H(w) = A|P(w)]? .

So, for instance, white noise with bilateral spectrum d can be thought of as
the result of random occurrence of é-impulses of unit area with an average
rate A = d. If the noise has a zero mean value, the d-impulses will be randomly
positive and negative.

In the circuit of fig. 4.1 both series and parallel noise wave forms can be
considered, therefore, resulting from the random occurrence of §-impulses with
average rates a and b, respectively.

Once the noise generators are represented in this way, the output noise
can be evaluated by making use of Campbell’s theorem [9,11]. This theorem
states that a noise process resulting from the superposition of pulses of a fixed
shape ¢(#), randomly occurring in time with :an average rate A, has a root-
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mean-square value (v%) given by
—— 3 %
(4.12) [vg = [lf(ﬁ(t)dt] .

The evaluation of the signal-to-noise ratio on the basis of the time domain
approach proceeds in the following way [12-14].
The signal amplitude is ealculated, like in the previous case, as

Q- MAX[no(t)] = 5 3 5 AMAX £ [@]

For the noise evaluation, it can be observed that a 8 in the parallel generator
induces at the output the response vs(f). According to Campbell’s theorem,
the root-mean-square output contribution due to the parallel noise source is

-

(4.13) [b f ) dt]*.

-

The contribution due to the series noise has to be calculated as follows.

A j-impulse in the series generator induces at the output a signal whose Laplace
transform is

(4.14) A T(s) = s(Cp + C) Llve(t)] .

Bquation (4.14) states that a é-impulse in the series generator excites at the
output the response

(Cp + C)uy(t),

proportional to the time derivative of ws(f).
Utilizing Campbell’s theorem, it can be concluded that the series generator
contributes to the output root-mean-square noise with the term

; 3
(4.15) [a(on 4oy f [0 dt] .

Both expressions (4.13) and (4.15) can be written in a more useful fashion re-

membering that
A T(s)
—_— e §
v4(t) = R L [ ] .
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By putting f(¢) = £[T(s)/s] the previous relationship can be written as

A

=650

f(e).

Let now # = t/t, be a dimensionless variable, which represents the time nor-
malized to a reference interval 7. For instance, 7, might be the peaking time
of vs(t). Observing that dt = v, du, dvs/dt = (dve/du)-1/7, and that vs(u) =
= (4/(Cy, + 0))f(u), the total root-mean-square noise resulting from (4.13)
and (4.15) can be written as

(4.16) [ — 4 [—“— f[f’(u)Pdu TR ﬁf(u)]%du]*
: 5 T Fav + G, oy :

The two integrals in (4.16) are two numerical shape coefficients that can be
eagily calculated from the knowledge of ws(t). To clarify the time domain
method, some examples will be discussed.

4'2.2.1. Triangular shaping. From fig. 4.2 the following expression of ves(t)
can be obtained, with 7, = 7,: ve(u) = (4/(Cy + C))[1(u)-u— 2(u—1)-
A(w—1) + (u— 2)-1(uw— 2)].

The integrals in eq. (4.16) have the following values:

[ee]

_ﬁ‘z(u)du = -?3’ , f i (wytdu = 2.

—c0

The output root-mean-square noise is, therefore,

— a 2 1 !
(4.17) (o3 = 4 [2 ™ T3 m] '

The signal-to-noise ratio is

B Q
(4.18) ¢ = [2(a/Ty)(Cp + €)%+ (2/3) Tyl

and the equivalent noise charge is
a 2 )

(4.19) ENC = |2 - (Co+ C)2+ 3 Tu| TS, coulomb .
M

as already found, (4.8).
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4°'2.2.2. RC-CR shaping. According to fig. 4.3, putting v, = 7y, vs(u)
becomes (4/(Cp + C,))u exp [— u]-1(u). The two integrals in eq. (4.16) become

=4

J-fz(u) du = Ju? exp [— 2u]du = 71 )

0

f[f’(u)]zdu =f(1 —w)2exp [— 2u]du = i

The root-mean-square noise becomes, therefore,

4.9 Ol b ]*
(.20) (o3t = [ t T 0T

The signal-to-noise ratio and the equivalent noise charge are given, respec-
tively, by

(2/e)Q
4.21 =
(e.21) = [(CoF C0* (afr) T b’
(4.22) ENC = 5 [(GD 1+ 0,2 ;“- 1 brM]*r.m.s. coulomb .

a8 already found, (4.10).

4'2.2.3. Piecewise parabolic shaping. A piecewigse parabolic -response can
be obtained by multiplying the normalized function shown in fig. 4.4 by
A/(C, + C)). The way in which the piecewise parabolic shape is constructed
from its second derivative is shown in the same figure. The signal amplitude
is (@/(C, -+ C,))A. The root-mean-square output noise is, according to eq. (4.16),

[ = 4 [a%‘ f ' (u)Jedu + w—”}_"‘c—) ffz(mau]*.

The values of the two integrals are 8/3 and 14/15, respectively. The signal-to-
noise ratio is

Q
[a(Cp + C))?(8/3) (1/Tw) 4 b(14/15) T}

(4.23) 0=

and the equivalent noise charge is

(4.24) ENC = [a(o,, popdl it

3
3 7u T rM] r.m.s. coulomb .
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| 1 1 ! 1
0 05ty 7y 157, 2ty t

-

Fig. 4.4. — Normalized piecewise parabolic pulse and its first and second derivative,
w = /vy,

4°'2.2.4. Trapezoidal shaping. The trapezoidal response to a J-impulse
detector current is shown in fig. 4.5. The contribution to the output noise due
to the series noise source is equal to that of the triangular shaping with peaking

@ .
Cp +6;

K} i Su
oﬂ
1]

0

Fig. 4.5. - Trapezoidal shaping.
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time 7,,. The contribution due to the parallel noise becomes instead

S
(4.25) [} = (—fffc [@ 7+ ro)b] :

The signal-to-noise ratio o is given by

B Q
@ = [a(Cp + €2 (2/7w) + B((2/3) Tae + 7o)

(4.26)
and the equivalent noise charge is
2 2 o
(4.27) ENC = |a(Cp + C))? - +b 3 Tu+ To r.m.s. coulomb .
M

It can be taken advantage of the example of the trapezoidal shaping to make
a statement of general validity. A processing system will be considered, which

fyalt)
a)
vy, (OI(8)=1(t ~7)]
A
Co+e; \ Ve, (E-Ty) - 1{t— 1)
0 Ty '-'t—'P
Tvﬁ’b(t) o

v, () [1(8)=1(t —1,)]

r_ |

CD+CT \ |
|
)

— 'L‘o—n
[

V5o (t—rM—zo) . 1(t—rM—t0)

| |
s 4
0 Ty Lt —t>

Fig. 4.6. — Responses v;,(t) and vs,(t) to the d-impulse detector current. The two
responses have equal leading and trailing edges. The response of b) differs from that
of a) for a flat-topped region of duration z,.

is described by the v, (t) of fig. 4.6a) along with the system described by the
5,(t) of fig. 4.6b).

As shown in fig. 4.6, v, (?) and v,,(f) have the same leading and trailing
edges; the peak region of v, is replaced by a flat-topped region of duration
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Tp in 9,,(¢). As the derivatives of v, , and v;, are equal, the contribution from
the white geries noise is the same in both cases. The presence of the flat-topped
region in v,, enhances the effect of the parallel noise to the extent shown by
eq. (4.25) which compares the equivalent noise charge in the two cases:

(4.28) ENC:, = ENC._+ b, .

4'2.2.5, Bipolar shaping. Let vs(f) be the response of the analog processor
to a d-impulse detector current; it will be assumed that vs(f) has a finite width

Tvs(t)

a)

T v, (t)
b)

T 27
0 —
\/ t
Fig. 4.7. ~ Unipolar response to the dé-impulse detector current (a)) and bipolar re-
sponse obtained by delaying and reversing in polarity the previous one (b)).

T and that it is strietly unipolar, as shown in fig. 4.7a). Let v, () be the 4-
response obtained by applying to vs(f) the operator 1— exp [— $T'] which adds
to0 vs(f) a signal equal in shape to vs(f) but delayed of a time 7' and reversed in
polarity. The bipolar signal v, (¢) is shown in fig. 4.7b). Bipolar shaping is
sometimes employed in processors intended for high counting rates owing to
the following property. If the signal of fig. 4.7b) is passed through a transfer
function which has a zero at s = 0, typical of an a.c. coupled processor, the
tails of opposite sign determined by the positive and negative lobes cancel
each other for ¢ > 2T fairly well. As a consequence, the baseline shifts at high
counting rates, that are a serious limitation in a.c. coupled processors working
on unipolar signals, are almost eliminated with bipolar shaping.

As far as the signal-to-noise ratio goes, however, bipolar shaping is worse
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than the unipolar one. Time domain noise evaluation of cases a) and b) of
fig. 4.7 leads to the conclusion that both series and parallel contributions to
the output root-mean-square noise are increased of a factor 4/2 passing from
unipolar to bipolar shaping.

4'3. Contribution of the series 1/|w| noise to the output r.m.s. noise in some
particular cases. — Let ¢/|w| be the bilateral power spectral density of the series
noise whose contribution to the total root-mean-square oufput noise has to be
evaluated. As already pointed out, the calculation has to be made in the fre-
quency domain and only some cases of particular interest will be con-
sidered [15-18].

4'3.1. Triangular shaping. With reference to the shape shown in
fig. 4.2 and to the procedure followed to determine the effect of series and
parallel noise generators, the contribution due to the ¢f|w] term is given by

__ 164 ¢ sint (wrM/ 16A2 8ind ( wrM/Z
v} = Yory) =
27 o] o*tk 0® Th
2 4
_ 44 . sm % 4p (m _ wru\) .
7 x? 2

0

Introducing for the integral the value given in appendix, the following expres-
sion ig obtained for the contribution of the ¢/|w| term to the output r.m.s.
noise:

In2
(4.29) vy =A%c4 -

The contribution of the 1/|w| series term to the ENC is accordingly

In2

(4.30) ENC =2 (7 c)% (Cp+ C,) ~ 0.9664(Cp +- 0,) .

4'3.2. RC-CR shaping. With reference to fig. 4.3 and to the procedure
followed to determine the signal-to-noise ratio for the RC-CR shaping, the
following expression of the contribution given by the ¢/|w| term to the output
r.m.s. noise is obtained:

©

. A ¢ w? 1l cA? @
2:— = — —_—— =S .
"= 5a f T f(1+m2)2d” (2= om)

0

Introducing for the integral the value given in appendix, the following expres-
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sion is obtained for v%:
cA?
4. [ i —
( 31) vN 27t
The contribution brought by the 1/|w| series noise to the total ENC is
3
(4.32) ENC = ¢ (%t) (Cp + C)) &~ 1.08¢HCp + Cy) .

4'3.3. RC-(CR)? shaping. Although the RC-(OR)* shaper, consisting
of the caseade connection of one approximate integration and two approximate
differentiations, is of little interest in modern pulse processing, it is useful to
evaluate its effect on the 1/jw| noise. If in the processor of fig. 4.1 the transfer
tunction T(s) = (s7)?/(1 -+ s7)® is introduced, the following vs(f) is obtained:

A t t
0])_{_ Oi;exp[_tlr][l_2_117

'Uo(t) =

which is shown in fig. 4.8.

bﬁa (V2-1)- exp[—(Z—ﬁﬂ - - Z‘;/f*_C;. _:':_ . exp[—t/t]-['l—t/Zr]

ll | 1 1 1 1 1
(VZ-2)t \EZH/Z_)r/’_— e

Fig. 4.8. — Bipolar ghape obtained by passing the step at the preamplifier output
through the cascade connection of one approximate integrator and two approximate
differentiators.
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The noise is evaluated from the integral

@

AT _wL _° 2\[_203__ -
7 nAf(l—l—wzrz)sdw_nA (1_{_002)3(190 (x = w7) .

1] 0

The value of the integral is . The root-mean-square output noise due to the
1/|w| source is, therefore,

(4.33) (DE)t = %(—)*A )
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The contribution to the total ENC is accordingly

(4.34)  ENC — %(7-‘:)*9&\/[;—__1@ (Cy+ C,) ~ 1.236H(Cp - C)) .

The evaluations made on the ENC contribution coming from the series 1/w|
noise show that it is independent of the shaper characteristic time 7, and that
it is very little dependent on the wave form determined by the shaper.

4'4. Time-variant shapers. — Time-variant shapers were proven to be of
very practical usefulness in high-energy experiments and, therefore, the more
significant examples of this class of eircuits will be discussed [19-27]. From a
strictly coneeptual standpoint, time-variant shapers do not allow better signal-
to-noise ratio or counting rate performances or lower pile-up probability than
the best time-invariant shapers. If the comparison between time-variant and
time-invariant shapers is, however, transferred to the ground of actual be-
haviour, of requirements set to the instrumentation which follows and of the
additional facilities they offer, the former ones have to be considered with
favour in the context of elementary-particle physics. In this domain of appli-
cations, especially when fixed-target experiments are considered, the analog
processors are subject to extremely high rates of events, while for very few
of them the requirements of the selection logic are met. In a time-invariant
shaper, all the incoming pulses are processed in the same way, while a time-
variant shaper for high-energy experiment is usually a gated network which
completes the processing only on those events for which the selection require-
ments are met. Time-variant shapers offer as advantages a fast, tail-free
recovery to the baseline at the end of the shaped pulses, a built-in gating fune-
tion so that at their output the counting rate is small and, in some configura-
tions, a built-in analog store facility is easily implemented.

As pointed out by the authors [27], time-variant shapers belong to two
different ecategories according to whether shaping occurs entirely after gating
or whether a preshaping is performed before and shaping is completed after
the gating. The block diagram of a time-variant shaper of the former type
is shown in fig. 4.9.

The most common time-variant filter of the latter type is shown in fig. 4.10,
where the second part of the shaping is done by a gated integrator.

The attractive aspect of this time-variant shaper lies in the fact that most
ADCs for high-energy experiments are of the charge-sensitive type, that is,
they employ a gated integrator as input analog memory. It becomes, therefore,
natural to commit to this integrator the twofold function of time-variant shaper
and analog store of the amplitude to be measured.

The noise analysis of time-variant shapers has to be carried out in the time
domain. The approach, however, is more involved than the one adopted for
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delay

pure
—ED—-EH—— shaper —®

differentiator

experiment
logic enable

Fig. 4.9. — Time-variant shaper with the shaping entirely performed after the gate.

the time-invariant shapers. In the case of a time-invariant shaper the d-
impulses that describe the series and parallel noise generator induce at the out-
put signals whose form is independent of the instant at which the exciting
d occurs. The knowledge of the response of the processor to a §-impulse detector
signal allows, as was shown, a straightforward evaluation of the root-mean-
square output noise through Campbell’s theorem. In a time-variant shaper
the switch opening is synchronized with the arrival of the signal to be analysed
and the contribution of the d-impulse describing the series and parallel noise
generator to the root-mean-square noise at the measuring instant depends on
their time relationship with the signal.

time - gated

invariant integrator °
pre-shaping f td ¢
0

& experiment
logic enable

Fig. 4.10. — Time-variant shaper employing a gated integrator.

The knowledge of the processor response to the d-impulse-like detector
current is not sufficient to evaluate the noise. This is especially true for the
shapers of the type shown in fig. 4.10. The following description of the be-
haviour of the two types of time-invariant filters does not claim to be a com-
prehensive treatment of the problem, but rather an intuitive approach to their
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use. As shown in fig. 4.9, the preamplifier is followed by a differentiator whicn
reproduces the original shape of the detector current pulses. The &’s de-
scribing the parallel white-noise source appear again as d-impulses at the dif-
ferentiator output, while the d-impulses describing the series white noise are
transformed by the differentiator into doublets. An over-simplified explanation
of the deterioration in signal-to-noise ratio, which may occur in this kind of
shaper if a proper time relationship between switch opening and signal arrival
is not respected, lies on the split-doublet effect [20].

The opening of the switch may cause a doublet splitting.

The uncompensated part of the doublet will impair the signal-to-noise
ratio unless the shaper which follows the switch responds to the split doublet
(a d-like pulse of oo area) with a signal which goes to zero at the measure-
ment instant.

To avoid this effect, the time relationships shown in fig. 4.11 are employed.

experiment logic enable
switch closed

2tq

Q- vy (t—1p)

signal

split-doublet noise

Fig. 4.11. — Timing sequence in a time-invariant shaper of the first type.

It is assumed that the shaper which follows the switch has a J-impulse
response with a peak at ¢ = 7, and a base width 27, and that this response is
symmetric.

Whenever the experiment logic requirements are met, a switch opening
command is generated with a time duration 27,. A doublet which may be
split by the gate opening excites in the shaper a response which reaches zero
at # = 27,. The signal to be analysed is delayed of 7., so as to appear in the
middle of the opening interval. The response it excites in the shaper reaches
its maximum at the end of the opening interval, that is, when the response
to the split doublet is zero. The amplitude measurement is performed at ¢t = 27,,.

If the effect of split doublet is avoided in the way shown, the root-mean-
square noise at the measurement instant can be calculated with the same pro-
cedure adopted for the time domain analysis of time-invariant shapers. This
is a consequence of the fact that all the shaping is concentrated after the switch
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and, therefore, all the 4-impulses and doublets that oceur when the switch is
open excite the same outputs, respectively vs(f) or vy(t). A time-variant filter
of the type just described was employed in the coherent-production experiment
of w-mesons on the nucleus of Si [25]. The J-impulses transmitted by the gate
excite a sinusoid in an active filter. The time relationships between switch
opening and incoming detector signal are identical to those depicted in fig. 4.11.
The amplitude measurement is performed on the peak of the first lobe of the
sinusoid. Shortly after the peak of the first lobe, the sinusoid is nonlinearly
damped. The system has a very good behaviour at high counting rates by
virtue of a very neat, tail-free differentiation of the signals at the preamplifier
output and of the symmetric d-response of the sinusoidal filter in the linear
mode. The case of the sinusoidal shaper after the switch will be analysed here,
just to show in a practical case an example of evaluation of the signal-to-noise
ratio. As already pointed out, throughout the opening interval of the gate
and as long as the split-doublet effect is neglected, the shaper is described,
like a time-invariant one, by the response vs(t) to a unit & detector current.
For the sinusoidal shaper

A .t

(4.35) ’Ud(t) = m Sin 5‘;‘ 1(t) .

The response of the sinusoidal shaper to a unit ¢ delivered by the parallel
noise generator is vs(t), while the response of the sinusoidal shaper to a wnit
d delivered by the series voltage generator is, according to (4.14),

A t
(4.36) (Cp & C)o(t) = 2—;”— cos 2”7-1(::) :

The root-mean-square output noise is, therefore,

27R

2R
A?q? nt Az nt i
T — 2 Mgy 2 | st el =
R e e e |
0 [}

a2 1 b ]
:A{“Z T T Gi)”“}'

The signal amplitude is QA4/(Cy, + C,). The signal-to-noiseratio g and the equiv-
alent noise charge ENC are, respectively,

B Q
¢ = @2/4)(Cp + 02 (afva) £ bral’

(4.37)

2 )
(4.38) ENC — [% (Cp -+ Gi)2§’i 4 er] r.m.s. coulomb .
R
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A method will now be presented which allows a straightforward calculation
of the signal-to-noise ratio for the time-variant shaper of fig. 4.10.

Let (A/(Cy -+ C))p(t)-1(t) be the signal at the output of the time-invariant
preshaper induced by a unit § detector current. It will be assumed that
p(t) has a finite width 7, (fig. 4.12a)).

A
CD+C.-p(t)~1(t) T

1

a)

t
A
. plt—t)dt
t

e

Cot G b)

t, —"t

Fig. 4.12. - a) Signal at the preshaper output induced by a current 6 in the detector.
b) Gated integration of the signal ocecurring at the preshaper output beginning at ¢ =t,.

A detector signal of charge @ occurring at t = ¢, will produce at the pre-
shaper output the signal

QA
Cr+ C

Pt —4) 1t —1t).

The switch opening is synchronized with the arrival of the detector signal and
the switch remains open for a duration 7,>7,.

The signal (QA/(C, + C))p(E— #)-1(t—¢t,) is integrated over the time
interval (¢, , + 7,) and the amplitude measurement is performed at { = ¢, + 7,
after which the integrator is reset.

The noise evaluation of this time-variant filter is based upon a time domain
approach which requires the knowledge of the so-called « noise weighting func-
tion » [13, 19, 20].

Contrary to what happens in a time-variant filter of the type of fig. 4.9,
where no preshaping exists, in the time-variant filter of the type of fig. 4.10,
the signals arriving to the gate have a finite width. This means that all the
d-impulses delivered by the parallel and series noise generator in the time
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interval ({,— 7, %) as well as those oceurring between ¢, and ¢, 4 v, contribute
to the noise at the measuring instant.

The «noise weighting function » is defined as the confribution to the noise
at the measuring time ¢ = 7, given by a d-impulse delivered by the parallel
noise generator at a time #, and expressed as a function of #, between #, — 7,
and ¢ + 7,.

The way of evaluating the noise weighting function at different instants ¢,
is shown in fig. 4.13. The noise weighting funection at a given ¢, is represented
by the area of the shaded region of the signal induced at the preshaper output
by a d-impulse from the parallel noise source.

This accounts for the fact that a é-impulse from the parallel source, which
is in the same circuit position as the signal source, induees at the prefilter outpnt
a signal whose shape is p(). The portion of this signal which enfers the gate
is integrated and stored in the integrator, therefore contributing to the noise
at t =1, + 7.

As clarified by fig. 4.13, the weighting funection can be expressed in the
following way:

Wity =0 for t,<t,— 7, and £,>t, -+ 1R,
totrp—Ey
Wit 0o+ O plr,— @) de, L—T,<t<t,
D i
0
4 [
Wi(t,) 0, +C p(r,—2)dz, <t <t+ Tr— Ty,
D i
o
t+rp—Te
A4
W(t,) m fp(x)dw, bt tr— Tp<t<<t+ Tm.
D 1

0

Once W(t,) is determined, the noise contributions from the parallel source can
be evaluated by adding quadratically all the elementary contributions appearing
at the integrator output and caused by §-impulses occurring in the time intervals
o, o -+ dfy as %, varies. That is,

tytry
(4.39) @)= ODi G [b f Wz(w)dx]*.

By sliding in a similar manner the derivative of (4/(Cp, 4 C,))p(f) through
the integrator window, the noise weighting function for doublets of current
injected across the C,, C, parallel combination can be determined. The resulting
function, which is the derivative of W(t) of fig. 4.13, allows the calculation of
the output noise arising from the white term in the series generator of fig. 4.1.
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i) (NG

. e to|=t,+1g tittghe
noise weighting op "1 TR IR

function W (to)/

Fig. 4.13. - Graphical evaluation of the noise weighting function W(t).
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The root-mean-square output noise due to the series generator is

t TR
(4.40) =4 [a f[W’(w)]zdw]

t—Tp

b

The signal-to-noise ratio g and the equivalent noise charge ENC are, respectively,
given by the following equations:

0 ('n(@)dz

(4'41) Q - titTr tytTg 3 ?
a(€s+ 0y T W/ @)1 do + b [ Wo(o) da)
[ 73 1—7p
ity ttTg pS
fatos + 0 TTW @ rae +0 [ Weo)da
(4.42) ENC = e BTy r.m.s. coulomb .

? p(x)de

0

Both equations point out the fact that the knowledge of two different functions,
namely p(z) for the signal and W(x) for the noise, is required in the analysis
of a time-variant shaper of the type of fig. 4.10.

Two examples will clarify the behaviour of time-variant filters employing
the gated integrator. A processor in whieh p(t) is a unit-amplitude rectangle
of duration 7, responds to a d-shaped signal with the function of fig. 4.14b).
The noise weighting function, instead, has the symmetric shape of fig. 4.14¢).
The signal-to-noise ratio and the equivalent noise charge are identical to those

A -ttty
Lt
QA a)
I
ty t|+rp —t—>
integrator 4_ ..
output /_‘l THC. ' b)
] [P
]
i
l o
t1 t1+tp t|+tR —?
w(t) T oA
]
P H
t—-z, t, ttTeT, tihrg Tro

Fig. 4.14. — Wave forms at the input and at the output of the gated integrator (a), b))
and noise-weighting function (c)).
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calculated in the case of the time-invariant trapezoidal shaper, with 7, = 7,
and 7, = 1,— 7,.

If the duration of the signal at the preshaper output is made equal to Tpy
then the flat top in the wave forms 4.14¢) and b) disappears and the noise weight-
ing function becomes a triangle of base width 27,.

A processor for which p(t) is a triangle of base width T, = T, Presents the
wave forms and the noise weighting function of fig. 4.15.

The signal-to-noise ratio and the equivalent noise charge are identical to
those evaluated for the piecewise parabolic shaper and their values are given
by eqs. (4.23), (4.24), where 7, = 7.

Q
—— - p(t=t)-1(t-t) T
Cy +C; ! ! Q)
it
. t
integrator .
output
g : “_
: CptC; 2
, b)
‘I reset
1
A
t, Ltz ttr, -
w(t)
i
i €)
AR
GG 2
] :
t-tp t fittg =

Fig. 4.15. — Wave forms at the input and output of the gated integrator (@), b)) and
noise weighting function (c)).

As a general comment to sect. 3 and 4 it has to be pointed out that they
were basically oriented to the analysis of shapers suitable for energy measure-
ments. Shaping problems related to time measurements, for instance, were
purposely neglected. It is, however, important to quote, among the shapers that
have been omitted, the antisymmetric-ramp one, which is employed in the
evaluation of the centroid of an arbitrary input signal [28]. The antisymmetric-
ramp shaper is of particular importance in some kinds of position-sensing ap-
plications.
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5. — Identification of the noise sources in preamplifier, detector and related
bias networks.

5'1. Noise sources, in the input amplifying device. — In order to apply the
theory developed about signal processing and signal-to-noise ratio, it is now
necessary to discuss the explicit forms of the a and b noise generators for dif-
ferent kinds of preamplifying active devices, to account for the noise associated
with the detector and to analyse the noise sources associated with the related
bias networks. It will still be assumed that the preamplifier consists of a voltage-

ideal
transresistance |
amplifier —
R %="9%m,s"%
a)
ideal
transresistance | o
amplifier
R % =", ¢ R%

b)

Fig. 5.1. - Voltage-sensitive preamplifiers employing as input device a grounded-
emitter bipolar transistor (a)) and a grounded-source field-effect transistor (b)).

sensitive configuration of the type shown in fig. 5.1a), b), where the input active
device is either a grounded-emitter bipolar transistor or a grounded-source
field-effect transistor.

In both ecircuits of fig. 5.1, the output current from the first amplifying
device is injected into an ideal transresistance amplifier, so that the voltage
gains of the two amplifiers are, respectively, — g B and —g_ . R, where
9.5 is the transconductance of the bipolar transistor and g, , that of the field-
effect transistor. The bipolar transistor is biased by fixing through the resistor
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R, connected to the 4V, voltage supply its standing base current. The junction
field-effect transistor is biased by connecting its gate to a negative voltage
source — V, through the resistor £ ,. The bias network of fig. 5.1b) can be used,
with a proper choice of value and polarity of V, also for depletion-type or
enhancement-type MOS field-effect transistors.

The contributions determining the a(w) series noise spectrum and the b,(w)
parallel spectrum will now be discussed for the different types of active device.
For this analysis the transresistance amplifier B will be considered noiseless.

51.1. Silicon junection field-effect transistor. The silicon june-
tion field-effect transistor is still the leading device for low-noise applications
at values of the processing times, either 7, or 7., ranging from a few hundreds
of nanoseconds to several tens of microseconds.

The small-signal equivalent circuit of the silicon junction field-effect tran-
sistor With; the noise sources is shown in fig. 5.2.

@
Oﬁ
o
o

Fig. 5.2. — Small-signal equivalent circuit of the junction field-effect transistor including
the dominant noise sources.

For a thorough analysis of the physical phenomena responsible for the
noise behaviour of silicon field-effect transistors the reader can refer to the
available literature [1-5].

From the point of view of the noise sources, the model of fig. 5.2 is a sim-
plified one. Among the simplifications introduced, the effect of thermal noise
in the channel coupled to the gate has been neglected.

In fig. 5.2 the two current sources with bilateral densities 2, and X account,
respectively, for the shot noise in the gate leakage current and for the thermal
noise in the channel. Their expressions are

(5.1) Z.=ql,,

(5.2) = 2kT-0.7g, ..

In the previous relationships ¢ is the electron charge, ¢ =1.6-10-%C, k is
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Boltzmann’s constant, & = 1.38-10-2* J/K, T is the absolute temperature
and I, is the gate leakage current. The equivalent circuit of fig. 5.2 can be
redrawn in a form closer to the representation of fig. 3.1 by referring the thermal
noise in the channel to the input and by remembering that in the circuit dia-
gram 5.2b) the drain of the JFET is connected to an ideal current input. The
new equivalent circuit is shown in fig. 5.3.

5,5
3 !
S —)__ S D
\/
e
Gs T %o Z, @lgmﬁve’s
: —

Fig. 5.3. - Equivalent circuit of the junction field-effect transistor with a series
voltage source accounting for the thermal noise in the channel.

In the circuit of fig. 5.3 the thermal noise in the channel is accounted for
by the series voltage source with bilateral power spectral density

(5.3) Zpe=2kT o7

Gon p

The transconductance g, is related to the pinch-off voltage V, and to the
drain current I_¢ in the saturation region by the relationship [6]

I
(5.4) oy = 32,

P

where the maximum of I is I, the drain saturation current. According
to (5.4) a device with a 1V V,, would exhibit a g, , of 30 mA/V at a drain
current of 10 mA.

Such a value of g_/I  is an upper limitation among silicon JFETs, whereas
an average good device has typically 10 mA[V at I, = 10 mA,

The intrinsic contribution to the parallel noise in a silicon junction field-
effect transistor is the shot noise in the gate leakage current I,. The values
of I, range between 10-32 A and 10~ A at T = 300 K.

The junction field-effect transistor is a majority carrier device whose gain-
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bandwidth produet is limited by the transit time in the channel. The gain-
bandwidth product, which in terms of concentrated parameters can be shown
to be equal to the g, [(Cy, + Cg) ratio, has the following upper limitation:

v
(5.5) Wy << %7

where L is the length of the channel and y is the mobility of the carriers.

Comparing the equivalent circuit of fig. 5.3 with the general block diagram
of fig. 3.1, it can be concluded that the preamplifier input capacitance O, is the
sum of Oy and Cy,, that the spectral power density a is represented by 2 ¢
and that the spectral power density b, is represented by X,.

5'1.2. Bipolar transistors. The equivalent circuit which summarizes
the signal action and the noise characteristics of the bipolar transistor is shown
in fig. 5.4 [7, 8].

In the diagram of fig. 5.4 R, is the base spreading resistanece, R, is the

Cop’

1L &
L B

B’
Relj] Cs‘[ Zg lgm,BVB,E @z\:
T E

Fig. 5.4. — Small-signal equivalent circuit of the bipolar transistor including the
dominant noise sources.

$o

*

incremental base resistance, which depends on the base standing current I
according to the relationship B, = kT/ql,, O is the sum of the base-to-emitter
diffusion and junction capacitances. C .. is the capacitance of the base-collector
junction. In ordinary operating conditions the base-to-emitter junction capac-
itance is small compared to the diffusion one and, therefore, it will be assumed
that Oy represents the diffusion capacitance.

As to the noise sources, 2. is the bilateral spectral power density of
the generator which accounts for the thermal noise in the base spreading re-
sistance, 2, is the bilateral spectral power density of the generator describing
the shot noise in the base current and X, the one of the generator describing
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the shot noise in the collector current I,. Their expressions are

(5.6) 2w =2kTR,,. ,
(5.7) 2, =ql,,
(5.8) X, =4ql,.

The circuit of fig. 5.4 can be transformed into that of fig. 5.5, where the shot

Lop! Rgg’

RB[] G :Ecoa, Zs @lgm,a o"e

- O *

Fig. 5.5. — Equivalent circuit of the bipolar transistor with a series voltage source, X g,
accounting for the collector shot noise.

noise in the collector current is accounted for by the series voltage generator
2ys- The O capacitance has been represented in parallel to Oy as in the
practical application of fig. 5.1a) the collector of the transistor terminates to
a zero-impedance input. In the ordinary operating conditions (g is negligible
compared to the base diffusion capacitance.

The spectral power density X, ¢ is expressed by

1,
(5.9) ZC.S == qz‘c .
gm,B
Remembering that g, , = qI /kT, X, can be rewritten in a form eclose to

the one seen for the thermal noise referred to the input in a field-effect transistor,
that is,

(5.10) Zos= 2kT 05

gm,B

If the thermal voltage V, = kT/qg = 25 mV at T = 300 K is introduced into
the expression of g, and the ratios

Jor 3
and =
IDS VP

gm,B .

I,

Si=
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are compared, it can be concluded that the ratio between transconductance
and standing current for the bipolar transistor is more than an order of magni-
tude larger than for the junction field-effect transistor.

The spectral power density X, . gives a first contribution to the series gener-
ator ¢ in the general diagram of fig. 3.1. A second contribution, which from
the circuit diagram of fig. 5.5 can be evaluated to be equal to

0y

(5.11) 2% T Ry OO

is due to the thermal noise in the base spreading resistance. Therefore, with
reference to fig. 3.1, it can be written for the white-noise part a_ of the series
spectral power density

(5.12) a, = 2kT 0.5 + 2kTR G
' T e T R (Op - Oy’

having neglected C_,.. As shown by (5.12), the contribution to the series white
noise introduced by R, depends on the C /0, ratio, being zero at O, = 0
and approaching 2kTR_ ., when C, > C,. The base spreading resistance in a
microwave bipolar transistor featuring typically more than 5 GHz gain-band-
width product at a collector current of 5 mA can be in the (10-15) Q range.

The bipolar transistor has a large parallel noise source related to the shot
noise in the base leakage current. The spectral power density of the generator
b, in fig. 3.1 is

(5.13) b= X, =qI,.

The usual values of I, in nuclear detector applications are in the (10--100) nA
range.

The gain-bandwidth product w, in @ bipolar transistor can be ex-
pressed as [6]

s 2uV
(5.14) g = Tmm T

Cw  IL* ’

where u is the mobility of minority carriers in the base region and L is the
base width.

Although the presence of the large parallel noise requires that the bipolar
transistor be employed at a value of the collector current substantially lower
than the one at which the maximum of w, occurs, that is, I, below 1 mA, still
values of w, of 2z Grad/s can be achieved.

51.3. GaAs junction field-effect transistors. Compared to the
silicon field-effect transistor, the Schottky-barrier GaAs junction field-effect
transistor has a better g /I, ratio and a much larger w,, this feature being
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related to the higher mobility of electrons in GaAs. As a disadvantage, the
GaAs Schottky-barrier device has a parallel noise substantially greater, I,
approaching 1 uA and even more and a nonnegligible 1/|w|-type series noise [9].

9'1.4. MOS transistors. The favour for MOS transistors as input devices
of preamplifiers for solid-state detectors is presently growing because of two
considerations. First, the MOS-VLSI technology might provide in the long
run a solution to the readout problems associated with microstrip detectors.
Secondly, discrete dual-gate MOS transistors with a large g /I ratio, a large
gain-bandwidth product and a relatively small 1/|w| series noise are providing
in some applications useful alternative solutions in the areas that were usually
covered by silicon junction field-effect transistors [10-12]. For instance, the
BF992 Philips dual-gate MOSFET has values of ¢ in eq. (5.15) as small as
10-12V2, that correspond to ENC contributions due to 1/jw] series noise of
about 100 electrons r.m.s. at ¢, =0. In the range of 7, values, where the
ENC is governed by the 1/|w| series noise, slopes d(ENC)/dC, as small as 5
electrons/pF can be achieved with BF992.

VLSI processes with a very short channel, from a very few pm to less than
1 um, are providing devices with a very large gain-bandwidth product, in the
several GHz range [13].

As already pointed out, the series generator in MOS devices has a spectral
power density expressed approximately as [9]

4]
(5.15) a(w) = a, + o]’

where a, = 2kT-h/g,, h being about 0.7, like in the junction field-effect tran-
sistors for MOS transistors with channel length of the order of some pm, and
exceeding 1 for channel length in the submicrometre region [10].

The parallel noise in a MOS transistor, as long as it is employed in pre-
amplifiers for high-energy experiments, can be neglected.

5°2. Noise sources in detector and bias network. — The detector, its own bias
resistor when present and the preamplifier bias resistors B, of fig. 5.1 contribute
to the parallel noise source b, of fig. 3.1.

The detector can be connected to the preamplifier with either a.c. or d.c.
coupling. The two biasing networks are shown in fig. 5.6, where the preampli-
fier, for the sake of reference, is assumed to employ a field-effect transistor.

The d.c. connection of fig. 5.6b) is used, in the case of the voltage-sensitive
preamplifier, only provided that the detector leakage current is so small that
the voltage drop it produces across E, is negligible. Its analysis is, however,
interesting to understand the difference in the noise behaviour between the
connections a) and b).
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ideal
transresistance——e
amplifier

a)

ideal

transresistance |——e
I I amplifier %

R b)

Fig. 5.6. — Connection between detector and preamplifier: a) a.c. coupling, &) d.c.
coupling.

In both cases the detector contributes to the term b, in the spectral power
density of the parallel source in fig. 3.1 with X, , = qI,, describing the shot
noise associated with the detector leakage current.

In the connection of fig. 5.6a) there are two sources of thermal noise, one
associated with the detector bias resistor E, and the other one associated with
R,. The resulting spectral power density of the equivalent parallel generator is

1 1

It can, therefore, be concluded that the parallel noise generator b, in the case
of the a.c. coupled detector (fig. 5.6a)) has the following expression:

1,1
(5.16) by = I+ 2kT [R_G + 17;] .

It may be useful to point out, in passing, that the thermal noise modelled as
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a current source with bilateral power density 2kT /R can be attributed to an
equivalent shot noise current source with spectral power density ¢I,  , where
I,,= (kT/q)(2/R). Conversely, shot noise can be attributed to an equivalent
thermal source. In the case of fig. 5.6b), with the detector d.c. coupled to the
preamplifier, only one source of thermal noise is present, that is, the one
associated with E,. Consequently

(5.17) by qI,+ 2KT .
G

Adding the b, terms of either (5.16) or (5.17) to the b, terms related, respectively,
to the bipolar transistor, eq. (5.13), or to the field-effect transistor, eq. (5.1),
the total spectral power density in the parallel noise generator of fig. 3.1 is
found. Continuous monitoring of I, during the experiment is advisable. In
the spectral power density b of the parallel generator of fig. 3.1 the relative
importanee of b;, contribution due to the parallel noise in the amplifying device,
and b,, contribution due to the detector and bias resistors, is subject to the
following considerations. If the active device is a bipolar transistor, b, largely
dominates. If, instead, the input device is a field-effect transistor and this is
connected to a silicon detector operated at room temperature, then the paral-
lel noise is determined by the detector leakage current and by the thermal
noise in the bias resistors, b = b,.

In the case of germanium bulk detector, which operates at cryogenic tem-
peratures, the dominant contribution to parallel noise comes from the bias
resistor B, in the preamplifier. For such an application, indeed, preamplifiers
with JFET input are utilized and d.c. coupling between detector and preampli-
fier is adopted.

Table 5.I summarizes the expressions of the spectral power densities a, by, b,
for different combinations of detector type, bias network and active device.

TasLE 5.1.

Type of input active device

8i JFET  Bipolar transitor GaAs MOS FET
MESFET
0.7 0.5 (0} 3 Booe
alw) T T 4 Ry kT & g — 4 M
¥ m,m (Cp+ Og)? AP ] 9 o]
bi(w) 4l Iz g ~0
Type of detector and connection to the preamplifier
8i d.c. 8i a.c. coupled Ge d.c. Ge a.c.
coupled coupled coupled

28T 1 1 1 1 1
14 —_— kT | — + — ~2kT — ~2%T | — 4+ —
by(w) qly+ Ry qly, + ( P‘I‘ RG) z [R + R ]

G P G,
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Table 5.1 enables the reader to determine the values of noise corner time
constant achievable with the various possible detector-preamplifier combi-
nations.

Recalling eq. (3.4) which can be written as

Ay
o O 0

and the expressions of a_, b;, b, in table 5.I, it can be concluded that, for a
fixed value of O + C,, 7, is limited by the base current noise in a bipolar
transistor to a much smaller value than in the other devices. For instance,
neglecting the terms b,, 7, would be of the order of 103(C, 4- C)) in a bipolar
transistor and of the order of 10¢(C, 4 C)) in a junction field-effect transistor.
The presence of the detector leakage current and of the thermal noise in the
bias resistors may actually reduce the value of 7, in the case of a junction field-
effect transistor to much smaller values.

To understand qualitatively the effects of the noise sources in the active
devices and their importance in the equivalent noise charge ENC at different
processing times, the expression of ENC for the triangular shaper will be assumed
as a reference [14]. Combining (4.8) and (4.27) the following result is ob-
tained:

(5.18)  ENC = {2 O (Gt GOt Ao o(C - G 5 (Bt D) ru}*.

T

The equivalent noise charge is expressed as the square root of the quadratic
sum of three partial contributions. The first one, determined by the white
component in the power gpectral density of the series generator, is inversely
proportional to i.

The second one, due to the 1/|w| term in the power spectral density of the
series generator, is independent of 7.

The third one, due to the parallel noise, is proportional to 7} . According
to (5.18), the ENC has a minimum at 7, = +/37,. The value of 7, at which
the minimum of ENC occurs is unaffected by the 1/|w|-type noise.

The following interesting comments about the behaviour of the ENC as a
function of 7, can be made with reference to fig. 5.7 [14].

As shown in fig. 5.7, the bipolar transistor has an optimum ENC at a value
of 7,, of a few tens of ns. The ENC for a junction field-effect transistor would
be a continuously decreasing function of 7, represented by the linear behaviour
in the double-logarithmic plot of fig. 5.7 if the noise from the detector and
bias resistors were not present. A 10 nA detector leakage current shifts the
value of 7, at which the minimum of the ENC occurs to the 1 ps range.

The MOS transistor has an initial drop of the ENC as a funetion of 7,,, which
reflects the behaviour of the white component a_ in the spectral power density
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Fig. 5.7. — Equivalent noise charge as a funetion of 7, for three types of active devices
and a fixed value of Op; Cp= 30 pF, I,==10 nA.

of the series noise source, followed by a settling to the value determined by the
¢/lw| noise.

The curves of fig. 5.7 are theoretical curves obtained with typical values
of the parameters of table 5.1.

In order to analyse the effect of series ¢f|w| noise, the case of a MOS with
¢ =10"*V?% has been chosen.

The value of ¢ would be considerably smaller in a Schottky-barrier field-
effect transistor.

In the usual low-noise design, based upon discrete or thin- and thick-film
circuit realizations, the choice of the input active device is restricted to bipolar
or silicon junction field-effect transistors. GaAs field-effect transistors cover a
domain of applications close to that of microwave bipolar transistors, that is,
short processing times. In all these cases the contribution of the ¢/|w| noise
is either negligible or masked by the term introduced into the ENC by the
series white spectral power density a_.
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6. — General considerations about shaping.

Some general considerations about shaping will now be made in order to
outline the choice criteria that must be adopted in the design of a low-noise
processor for high-energy experiments. The constraints that affect the value
of the processing time will be discussed. The noise characteristics of some basic
shapers are summarized in table 6.I. Bach shaper is described by its «noise
weighting function » which in the case of time-invariant circuits as well as in
the case of time-variant ones with no preshaping before the gate coincides
with the response to a detector current having the shape of a d-impulse. Syn-
thesis suggestions of the shapers, based upon the time-invariant or the time-
variant approach, are also given. When either implementation is clearly not
worthwhile compared to the other one, the corresponding space is left void.

The equivalent noise charge is given for all the shapers.

The values of 7,, that minimize the equivalent noise charge for every processor
are also presented for all the processings with the exception of the truncated
cusp for which, as is obvious, the ENC is a monotonically decreasing function
of 7.

The last column of table 6.I gives the ratio between the equivalent noise
charge evaluated for each processor at the optimum 7,, and the equivalent noise
charge achievable with the indefinite cusp.

The analysis of the optimum ENC values, summarized for each processor
in the last column of table 6.I, suggests the following useful comment. ENC_,
can be expressed as a(4a b (C, 4 €))%, where « is a coefficient larger than
1 which represents the « worsening factor » of the actual shaper compared with
the one characterized by the indefinite-cusp weighting function. For q, and
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TABLE 6.1.
Noise Possible Possible
Shaping weighting time-invariant time-variant
function implementation implementation
weighting
ideal network =
infinite A employing
cusp o, o, the principle
of fig. 3.4
weighting
, network L
truncated cusp /\ employing
Ty the principle
of fig. 3.4
@6 7, Ty
integ.
0 T 20
triangular ) /\_
0 Ty 2ty + J‘ at b
fo,rM)
0y
d J_ - L delay Lﬁltgir
trapezoidal _/;_\_ Shaper o
v IIM+t° —
J pa BN
(0, Tty
r0-0% /T
R,0,= R,0,= 7y 0z
Q6
1 triangular| 0 ¢
' -‘t . M
piecewise /E\ — shaper
- 1 1 i
parabolic 0 L;tM %tu 2, ’_{?__ Jd.t |
[ o WY
(0,15,
105 Ty
2 Zy
sinusoidal : =
lobe 0 1,

second.-
order
filter

P ey

0 2z,
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2

Eq'uiva;ent ENC,,,
noise cpharge TM,o0
I.m.s. coulgomb Hhont (4a, b, )} (0p + Op)F
(4awbw)*(01) + Oi)* o0 1
(4a,b )} (0p + )}
o 1
(1—exp [— 2(zy/7,)1)}
1 2 3 3
[2aw(0n + 0t —+ 2 bwru] \/??(‘ﬁ’) (Cp + Cp) 1.07
Ty 3 b,
1 2 E a,\t N
‘[2%(0&, + 02— b bty T, V3[=) (Cp + 0) 1.07 {1 + 0.43 =
M 3 bw T
e 1 H a. \t
=18,(0p + 0))2— + b7y ) (Cp+0) =1, 1.36
2 ™ b,
8 1 14 H B [a,\}
[§ a,(0p + 0‘)2;4 + I bth] 2 ?(b—;) (Cp+0,) 1.25
2 1 i 3
[1 a,(Op + 0)2—+ b, TM] z (&) (Op + Cp) 1.25
4 Tu b,
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b, the expressions of table 5.1 will be introduced. Assuming, for the sake of
simplicity, that the input device is a field-effect transistor and writing @, in
the approximate form a, = kT/g, and that the dominant contribution to
b, is the one determined by the detector leakage current, which is certainly
true in the case of a room temperature Si detector, ENC . can be written,
for a generiec processor, as

BN o[ "7 ((Ga])? 4 (0/Co)!): 1 Co
and
kT 3
TM,0pt — .3 [‘? L—i—T ((OD/Ci)*‘l‘ (Ci/OD)*)z(GD/IL)] .

The previous relationships show that the optimum ENC and corresponding
T, can be expressed, apart from a constant, by the product of three factors.
One depending on the gain-bandwidth product of the preamplifier input device,
which is related to the device technology, the second on a « mismatch term »
and the third on the detector characteristies.

The analysis of the various processors has been carried through by neglecting
1/w spectral power densities in the series generator a(w), whose spectrum has
been assumed to be white and labelled a. :

Spectral power densities with linear « dependence, typical of dielectric
losses, have been neglected in the parallel generator, whose spectrum also
has been assumed to be white and labelled b, [1-3].

Both neglected kinds of noise, that is, series 1/w spectral density and parallel
o spectral density, would introduce into the expression of the ENC a term
which is independent of 7, and, therefore, the value of 7, ,, is unaffected
by this approximation.

As was already pointed out, the operating conditions of most experiments
in high-energy physies are such that the noise due to dielectric losses is over-
whelmed by the noise with a_, spectrum.

The same consideration applies very often also to the series 1/w noise. The
exception is represented by the case in which a MOS transistor is employed
as input device. The corresponding ENC has the 7, dependence illustrated in
fig. 5.7.

Table 6.1 allows the evaluation of the considered processing systems once
the weighting function is chosen, the characteristics of the input device are
assigned and the detector parameters, capacitance and leakage ecurrent as
well ag the detector and preamplifier bias networks, are known.

A further important aspect is the choice of 7.

Striet considerations of signal-to-noise ratio would suggest for 7, the value
which minimizes the ENC according to table 6.1. It is worth emphasizing, how-
ever, that several other constraints affect the choice of 7.
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Considerations related to counting rates and pile-up effects put an upper
limitation to the usable 7.

The situation is largely different, depending on whether the detectors are
employed in a fixed-target or in a collider experiment.

In several fixed-target experiments the detectors are subjected to very
high counting rates, up to millions pulses per second during the accelerator
spill. If a particle is detected at a given instant, the probability that other
particles arrive within a time interval z, from the previous one is [4-6]

(6.1) P =1— exp[— Az,

A being the average connting rate. If a detector current pulse is being processed
and another pulse occurs within the proecessing time, then pile-up oeccurs.
Depending on the characteristics of the shaper employed and on the mutual
time separation, the amplitude measurement on the second event or on both
of them may lead to a wrong regult.

This means that the second event or both events have to be rejected to
avoid pile-up inaccuracies. Let 7, be the processing time, that is, the total
time needed to process an event. The value of 7, depends on the detector pulse
duration and on the shaper. Let Py, be the maximum tolerable pile-up prob-
ability. The processing time 7, must be chosen so as to satisfy the following
relationship:

(6.2) 7p<=In

For instance, a time-invariant triangular shaper with a base width 27, responds
to a rectangular detector current of duration 7, with a signal of total duration
27y + Toy- This can be agsumed to be the processing time of the system.

If a value of Py, lower than 59, is required at a counting rate of 10° pulses
per second, then 21, 4 7,, must not exceed 50 ns. In these circumstances,
the upper limitation set to 27, 4 7,,,, by the counting rate requirements becomes
a mandatory one and, therefore, the signal-to-noise ratio must be optimized
under this constraint on the processing time.

It has to be pointed out that in a segmented detector like a microstrip,
where the counting rates on the individual strips are smaller than the counting
rate A on the whole detector, is still 4 which determines the processing time.
Otherwise it may occur that pulses corresponding to two different events in
the detector overlap in time, thereby creating ambiguities in the assignment
of the signal to the proper event [7].

In the existing eolliders as well as in machines that will go into operation in
a near future, the counting rate requirements are by far less severe. The time
separation between bunch crossings is such that processing times in the ps
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region can be employed. In collider experiments the upper limitation to the
processing time is determined by other constraints. For instance, by the detec-
tor leakage current. In other cases the upper limitation may come from the
need of making real-time trigger deecisions.

Other effects like ballistic error, signal induction on the noncollecting
electrodes of a segmented detector and cross-talk contribute to important
considerations in the choice of the shaper and of the processing time.

The nature of the ballistic error is shown in fig. 6.1 [8-10].

detector T
Q-5

current Q)
f it)at=1
Q-i(t)
Teotl _t>
shaper
response
b)
@- v(t)
Q-v. |-——-—
5,M § Q-V(t)
@y = =N
|
1
I
1
tM,S a—

t

Fig. 6.1. - Response of the shaper to a d-impulse-like detector current and to a pulse
of finite duration: a) detector current shapes, b) shaped signals.

The processor assumed as a basis of this discussion responds to a d-like
detector current with the signal Qus(f). A detector current of finite duration
T, though carrying the same charge as the J, excites at the processor output
the response Qu(f) which reaches its peak at a later time and has a smaller
peak amplitude than Qus(?).

The ballistic error is defined, according to fig. 6.1b), as

(6.3) Vg™ ¥

M *
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The effect of ballistie error is limited to a reduetion in the equivalent noise
charge, related to the decreased output amplitude in the case of detector pulses
having the same shape and duration.

If, however, the duration z,,,, as frequently happens, is a random variable,
then the ballistic effect contributes to increase the statistic uncertainty in the
measurement of ¢ and, therefore, it has to be kept as small as possible [9, 10].

Analysis of the ballistic error was done by BALDINGER and FRANZEN, who
showed that the term (6.3) can be expressed as

1
(6.4) Oapa— O = — }7203(r) (o) (0 — @) o
0

In the previous relationship # = t/7,,, and oy is the centroid of the detector

current pulse normalized to unit area
1
aclzfmi(w)dw.
o

As pointed out by (6.4), the ballistic error is proportionalto the second derivative,
that is, to the eurvature of the J-response vs(¢) at the peak point. Therefore,
a flat-topped vs(t) is required to reduce the ballistic error. A flat-topped vs(t)
would eliminate the ballistic error for all the detector current pulses having a
T,,n Shorter than the duration 7, of the flat region [10]. If 7, is a random
variable with values ranging between 0 and t,, no amplitude fluctuation would
be noticed in »(f). For instance, trapezoidal shaping represents a good com-
promise between noise performances and insensitivity to collection time vari-
ations in the detector. Conversely, v4(f)’s having an angular point at the instant

Q- v, (t) f

t
e

Of | o — e . — s — — —

0

X
o

ZtM,B

Fig. 6.2. — Parabolic d-response for the evaluation of the ballistic error.



90 E. GATTI and P. F. MANFREDI

T, give large ballistic errors. This is the case of the cusp and the triangle.
An example of evaluation of the ballistic error is made assuming, for reference,
the parabolic vs(t) of fig. 6.2. The time dependence of vs(f) is ve(t) = 2¢/7y 5, —
~— t*[1y s and has a maximum at ¥ = 7.

The relative ballistic error in the case of a rectangular current pulse of
duration 7, is

coll

(6.5) Vo= O, 1 [Ten|*
’05,M 12 TM,,y

Equation (6.5) shows that, just using a round-topped vs(f) with a total base
width equal to six times the detector pulse duration, the relative ballistic error
is below 19,.

Absence of ballistic deficit can be thought of as the property of insensitivity
of a measurable output parameter to the shape of the input charge pulse.
In particular, ingensitivity to zero-charge spurious bipolar input pulses. This
kind of disturbances occurs in segmented detectors like microstrips and Ge
bulk detectors [11-15].

Two origins of such disturbances are explained with reference to fig. 6.3.
Induction of electron and hole pairs on output electrodes not collecting charge
carriers like, for instance, K- 1 in fig. 6.3¢). Taking into account the weighting
field for electrode K- 1 introduced in sect. 2 and the trajectory of both carriers
of a pair, it is apparent that a bipolar, zero-area pulse is induced on K--1.
This pulse has an overall length equal to the transit time of the slower carrier.

Ao I\ A
4 é 4 _type Strlps
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=% tholes
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- lectrons
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A 7
K K+
—n || i —tt-—

Q i(t)
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+

Fig. 6.3. — Induction (@)) and ecross-talk (b)) on the noncollecting electrodes. The
preamplifiers are supposed to be current-sensitive.
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Cross-talk is illustrated in fig. 6.3b). If the input impedance of the pream-
plifier connected to strip K, though small, is finite, a signal appears across
it. The capacitive coupling between strip K and strips X — 1, K+ 1 is respon-
sible for the injection of two signals, proportional to the derivative of the one
appearing on the strip K, into the contiguous preamplifiers. Again, cross-talk
signals have zero net area and their time separation is determined by the duration
of the pulse at strip K.

Cancellation of induetion and cross-talk signals requires round-topped or,
better, flat-topped pulses vs(f) of suitable duration.

The phenomena that set a lower limit to the duration of vs(f), namely
ballistic error, induction and eross-talk on the noncollecting electrodes, combined
with the pile-up effect which conversely sets an upper limitation to the pro-
cessing time, may lead to incompatible requirements for the duration of vs(?).
This incompatibility can be sometimes removed only by reduecing, in fixed-
target experiments, the counting rate A.
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7. — Capacitive matching between detector and preamplifier.

The forthcoming eonsiderations apply only to the contribution to the ENC
due to either thermal noise in the channel of field-effect deviees or to the shot
noise in the collector current of a bipolar transistor. According to table 6.1
such a contribution is given by

(7.1) ENC: = 25T £ (0 + 02 2 ,

m TM

where h, is a numerical parameter characteristic of the shaper employed (4.16),
and a coefficient y, 0.5 < y < 0.7, has been introduced to describe with a single
expression both bipolar and field-effect devices. As already pointed out, the
9./, ratio represents the gain-bandwidth product w, of the device employed.
Equation (7.1) can, therefore, be written

Co+ C2 h 7 [(Co)} OD)“
2 s_opp X Ot Ol opm x M[(Oo) | (O .
(12) BNOj=2kr LT S < g X rM[( 01) +( o) | ¢

The gain-bandwidth product w, has an important significance in the application
of the device to low-noise amplification of signals from capacitive sources [1].
The device charge sensitivity can be defined as

ar arI, dv,
7.3 —w_ —w1
(73 2, ~ a7, 4.’
where dI_ is the output current change corresponding to the amount of charge
dQ, deposited on the input capacitance €, and V, is the voltage across C,.
As, by definition,

arz,

_ ()
gm_ d.Vi,

¢,

eq. (7.3) shows that the charge sensitivity of the employed device is expressed
by its gain-bandwidth product w,. It can be supposed now that both g and
C, can be linearly controlled in sueh a way that their ratio, that is, the gain-
bandwitdh product, remains constant [2-4].
For instance, such a control can be achieved by paralleling n subdevices
with transconduetance g, and input capacitance C, . In this case
9= "p,, O, =0,

and the ratio g_/C, is equal to g_ /C,, , that is, to the gain-bandwidth product
of the subdevice.
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Another way of controlling g_ and C, is based upon the control of the cross-
section of the device.

In bipolar transistors, within the range of values of the collector current
I,, where the gain-bandwidth produet is independent of I, and the junction
capacitance negligible, so that C, can be assumed to be determined by the dif-
fusion term alone, g_ and C, are, within a good approximation, inear functions
of I,. The values of g, and O, can, therefore, be controlled through I,.

Whatever is the method utilized to control g, and C,, it can be seen from
(7.2) that the equivalent noise charge attains a minimum when C, is made
equal to Oy, that is, when the preamplifier is capacitively matched to the
source [3-8]. The value of such a minimum is

3
(7.4) ENC, o= [SIcT PN GD] :

WO Ty

According to (7.4) the equivalent noise charge in the condition of capacitive
matehing is proportional to the square root of the detector capacitance and
inversely proportional to the square root of the w;7, product.

The condition of capacitive matching becomes very important at large
detector capacitances [8, 9]. The equivalent noise charge in the mismatched
condition, C,# C,, can be written as

1+m
(7.5) ENCa - ENGaCM T’”ﬁ y
where m = C,/0;. In the highly mismatched case, m< 1, eq. (7.5) becomes

1

(7.6) ENC,~ ENCaon 57 -
To give an example, the case of a detector capacitance of 1000 pF and of a
field-effect transistor with C, = 10 pF will be considered. The condition of
capacitive matching, implemented by paralleling devices, would require
100 FET’s. This, of course, would be hardly feasible. As pointed out by (7.6),
however, the ENC depends on the square root of m. This means that, while a
single field-effect transistor would give ENC ~ 5 ENC,,,, two paralleled devices
would give ENC ~ 3.5 ENC_,, and four would lead to ENC~ 2.5 ENC_,. So
a considerable improvement is achieved by reducing the mismateh from
C,/C, =102 to (,/C, = 4-10-2 with a reasonable number of devices in par-
allel. Going up with m, as pointed out by (7.5), the ENC becomes less and less
sensitive to further paralleling of devices, until the feasibility of the method
is impaired by the large number of devices required.

At short values of 7,;, such that the contribution of the parallel noise to the
total ENC is negligible with respect to the contribution due to the collector
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shot noise, capacitive matching can be realized more easily with bipolar tran-
sistors.

To achieve capacitive matching, two parameters are available. They are
the input capacitance, which can be controlled through the collector current,
and the number of devices which can be connected in parallel. By fixing in
each transistor a relatively large current, but not too large in order to avoid
possible w, drops due to high injection effects, the capacitive matching can
be achieved with a smaller number of devices than in the case of field-effect
transistors.

A different approach to the capacitive matching between detector and pre-
amplifier is based upon the use of a transformer between them (fig. 7.1).

1in
Yo . i =
shaper pe=—=e

o1 1.3 .

Fig. 7.1. — Capacitive matching based upon transformer coupling between detector
and preamplifier; v, = nvy, i;= — ni

The contribution given by the white component ¢ in the series generator
to the total equivalent noise charge referred to the input of the processor 7.1 is

2 2 O NAY
7.7) ENC—opr X Co T MO0 oy 2 1V0D+n Gl
Gmo n? M wr Ty \R ¥ O, Ch

The contribution ENC? presents a minimum, as a function of n%, for n2=
= (,/C,,, thatis, when the condition of capacitive matching is met. Introducing
the gain-bandwidth product o, = g_ /0, into (7.7), it is easily recognized that
ENC, ., that is, the equivalent noise charge in the situation of capacitive
matching, has again the expression (7.4).

The transformer-based approach to eapacitive matching has some limitations.
A real transformer would add to the total ENC a noise contribution connected
with magnetic losses in the core. The finite magnetizing inductance would
seriously spoil the signal-to-noise ratio unless bipolar shaping is employed.
Besides, transformer coupling would be unsuitable if the preamplifiers have
to be located in a strong magnetic field. Exhaustive analysis of the domaing
of application of transformers and of their intrinsic limitations is available
in the literature {8, 10, 11].

Both ways of realizing the capacitive matching between detector and pre-
amplifier reviewed so far aim at achieving an adequately high charge transfer
from the detector to the preamplifier. It has to be pointed out, in passing,
that the capacitive-matching eondition corresponds to the best transfer of the
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energy available at the source to the capacitance O, connected in parallel to C.
With reference to fig. 7.2, the energy stored on C, is

¢ @ GG
(Cot G 2C, (1 + CjCo)”

1,., 1
5 OVi=30,

This expression attains a maximum for C,= C,.

a-5} J-cD J'j
L1

Fig. 7.2. — Energy transfer to 0.

Capacitive matching can be employed also to reduce the contribution to the
ENC arising from the 1/}w| component of the spectral power density in the series
generator. Such a feature iz important in the application of MOS transistors
to amplification of signals from capacitive sources [5].

The problem of improving the charge transfer between detector and pre-
amplifiers ean be tackled also in other ways that can be considered either
alternative or complementary to the ones discussed so far.

For instance, charge swinging between detector and preamplifier separated
by a decoupling inductor has already been proven to be feasible and to give a
nonnegligible reduction in the equivalent noise charge.

All the previous considerations, though important in any situation, will
become of utmost importance in the applications of silicon calorimetry, where
detector eapacitances of some nF are foreseen.
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8. — Bipolar and junction field-effect tramsistors in elementary preamplifier
configurations.

8'1. Preamplifiers employing a single active device. — Some elementary
preamplifier configurations employing bipolar transistors and junction field-
effect transistors will be diseussed here. They are the common-emitter connec-
tion of fig. 8.1a), the common-base connection of fig. 8.1b) and the common-
source connection of fig. 8.1¢) [1-5].

The three elementary preamplifiers of fig. 8.1 are followed by three different
shapers, labelled, respectively, I, 1T, ITI, designed in such a way that the three
circuits respond to a d-impulse detector current with the same output signal
Qus(t). To evaluate the equivalent noise charge, the active devices will be
represented with the ecircuit models of fig. 5.2, b.4.

The shapers of fig. 8.1 will be again considered to be noiseless and presenting
to the collector of the transistor or to the drain of the JFET an ideal, current-
gensitive input. The total input capacitance of the bipolar transistor will be
assumed to be equal to € and that of the JFET to be ¢, = C, 4 Cy,. The
time domain approach of subsect. 4°'2.2 will be employed for noise calculations
and the measuring time 7, of the shaper will be adopted as a reference variable,
by putting in (4.16) u = t/r,,. The following parameters will be introduced:

8.1) = [Toy(w)1 du,
(8.2) By — f [oo(w)]* du .

For the sake of simplicity, the index o used in the previous section to label
the input capacitance and the transeonductance of the individual devices will
be omitted.
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a)

shaper 1l ——e

Q
shaper 1 —eo

b)

shaper 11l |—e

c)

Tig. 8.1. — Elementary preamplifier configuration employing bipolar and junction
field-effect transistors: @) common emitter, b) common base, ¢) common source.

The three bias resistors E,, B, R, are of negligible importance from the
point of view of signal shaping, while their contribution to the noise may be
of some significance.

For this reason, they will be considered to be infinitely large in the evaluation
of the transfer functions, while their thermal-noise contribution will be accounted
for by the relevant current sources with spectral densities

2kT _2kT 2kT

(8'3) ZIEf = R ’ ZRE _ R ’ ZRG: ?G .
£ E

A similar consideration allows to short circuit E_,. in the model of fig. 5.4,
yet accounting for its thermal-noise contribution with the ideal series voltage
source with spectral power density X, [6, 7].

By carrying through the calculations, the following expressions are obtained
for the equivalent noise charge referred to the input of the circuits of fig. 8.1:

a) Common-emitter amplifier
2 H
84y BNO—=lpr|(o, LT L 4 op ) 4 (@0 O | 2\ 1rn
Y Wy Tm ﬂ VY Rf

r.m.s. coulomb .
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b) Common-base amplifier

(8.5) ENC = {kT [(ODM L or,, G;)ﬁ + (“’—“ o 3) her]}*
Y Wy ™ 18 Y R

r.m.s. coulomb .

In these relationships § = I,/I,, is the transistor current gain, and w,= g, 5/0;
is the alpha—cut-off angular frequency of the device.

¢) Common-source amplifier

(8.6) ENC = [2kT 0.70, (“;—”)2 1k (qIG—[— 21’;—11) hy r]*

Wy Ty

r.m.s. coulomb .

In egs. (8.4), (8.5), y = 0,/0, and in eq. (8.6) y = C,/C, represent the detector
capacitance normalized to the device input capacitance.

Comparison between (8.4) and (8.5) leads to the following comments. The
equivalent noise charge for the common-base and the common-emitter con-
nections differs only for the noise due to the bias resistors E,, B . Usually
R, is much larger than E, and, therefore, the common-emitter configuration
has a slightly smaller ENC.

The equivalent noise charge of a bipolar transistor has two terms in the
bracket which multiplies the coefficient kT'(h,/z,,).

One, determined by the shot noise in the collector current can be expressed
as (Cp, + 0,)%/g,. The other one, determined by the thermal mnoise in the
base spreading resistance is 2R, .. C3. At values of O much larger than Oy,
both terms are proportional to CZ. If the collector current is raised beyond
1 mA, the dominant term becomes the one related with the base spreading
resistance.

Instead, at values of ¢} smaller than C, the noise contribution due to the
base spreading resistance can be neglected [5].

In the absence of noise due to the external bias network (8.4) and (8.5)
become equal. The ENC as a function of y presents a minimum for

hy @27y}

If 7, is so short that w?7i <« f(Mfhy), the minimum ENC occurs for y =1,
that is, in the condition of capacitive matehing between detector and transistor
input capacitance [4, 8].

The behaviour of the ENC as a function of y—1is illustrated in fig. 8.2. Each
set of curves is drawn for a fixed value of w,7, and with the normalized
base speading resistance g, = B, w, 0, as a parameter.
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The curves of fig. 8.2 clearly show that the value of y at which the minimum
ENC oceurs moves away considerably from y =1 as w,7, is increased due
to the effect of parallel noise.

For a given €, and for assigned values of 8, w_, 7, the value of C, which
gives the best ENC can be easily fixed by adjusting the collector standing current.

Comparison between the expected behaviour and some values of the
ENC measured at different 9’s is shown in fig. 8.3.

[kTC,

ENC

3’-1=CB/CD

Fig. 8.3. — Comparison between the theoretical behaviour ( ) of the ENC as a func-
tion of y' and some experimental points (e); = 50, Cp = 100 pF, 7, = 180/w,.

In the case of a field-effect transistor, as pointed out by eq. (8.3), the value
of y which makes the ENC minimum is y = 1. This condition of capacitive match-
ing, however, cannot be met as C, is varied, by using a single field-effect tran-
sistor. A way of controlling C, in a broad range of values through an electrical
parameter does not exist in a field-effect transistor.

8°2. Preamplifiers employing parallel connections of bipolar and junction
field-effect devices. — As pointed out in the previous subsection, the minimum
of ENC as a funetion of y can, in principle, be achieved in a bipolar transistor
by adjusting the collector current as (U, is varied. The minimum ENC in the
case of field-effect transistors occurs when the capacitive matching is satisfied
and this requires, as discussed in sect. 7, the parallel connection of the devices.
Algo in the case of bipolar transistors, however, the parallel connection has a
beneficial effect, that of reducing the noise contribution due to R.,. This
effect is demonstrated in fig. 8.4. The curve a) of fig. 8.4 shows the dependence
of the ENC on the detector capacitance for a single bipolar transistor working
at 1 mA collector current.
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10

(ENl:‘;)”2 r.m.s. kelectrons

| 1
100 200 300

Co(pF)
Fig. 8.4. — Reduction of the noise contribution due to Rypp achieved by paralleling
two bipolar transistors: experimental curves; theoretical values: * case a),
e case b), Ryp= 15 Q, f = 102, w,= 27-10° rad/s.

The curve b) shows the same dependence for the parallel connection of two
transistors, working at 0.5 mA each.

Comparison between curves a) and b) confirms that the value of the ENC at
C, = 0 is unchanged, on account of the fact that the total base current and,
therefore, the parallel noise are unaltered, while the sensitivity of the ENC to
the detector capaecitance is reduced.

Such a reduction results from the decreased noise contribution from E..,
achieved by paralleling two transistors. Curve ¢) refers to two transistors in
parallel, each working at a 1 mA. collector current.

This situation brings about an increase in the parallel noise and, therefore,
a larger ENC at 0 = 0 and a further reduction in the sensitivity of the ENC
to €, which accounts for the reduced contribution of the collector shot noise.

Next, the question arises of finding, for given values of ¢, and v, and
fixed h, and k,, the parallel combination of bipolar transistors which gives the



102 E. GATTI and P. F. MANFREDI

minimum ENC. Two possibilities exist. One consists in fixing the number =,
of transistors to be paralleled and determining accordingly the value of Cg,
in the individual transistors which gives the minimum ENC.

The other one consists in fixing the standing current in the individual tran-
sistors and in finding out the number » of devices that have to be paralleled
to achieve the minimum ENC. The former approach, fixed number, gives for
Vun and ENC_ the following values:

B M

)

68 Fuin= s [1 +

wi '512\1 hz]%

— 2.2 7.
(8.9)  ENCyu.— 2kTC, 2 {Vl g Qamuhy g R CD}-
Wo Ty g M 7y

The approach based upon a fixed working point in the individual transistors,
that is, Cp, assigned, gives for the number of devices n,  which minimizes
the ENC and for ENC,, , respectively,

Col 1+ 20aBRpeCr 1}
(8-10) ot = T [1 T (hfhn) 0 rit/ﬂ)]
and
(8.11) BNCp o — 2KTC, —1 {1 +‘/(1 1 @a T Ez) (1 1 9R, Cow %‘)} .
f Iy TM 5 hl BB DWeu OD

For the field-effect transistor the minimum ENC is achieved for y =1. As
in most of high-energy applications r, is short enough to make the parallel
noise contribution negligible, the equivalent mnoise charge ENC can be
expressed as

F,min

E
(8.12) ENCppin = {8kT-0.7 Oy b }
wTTM

8'3. Comparison between input stages employing bipolar and junction field
effect transistors. — The analysis of subsect. 8’1 and 8’2 opens up the possibility
of comparing different configurations of bipolar and field-effect input stages,
determining in the (C,, 7,)-plane the regions where either component gives
better noise performances [4]. The present discussion will be carried on in
connection to the piecewise parabolic shaper whose parameters h, and h, have
the following values:
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It will be assumed that the devices employed in the input stages are a bipolar
transistor with a 1 GHz f, and a junction field-effect transistor with g, =
=10 mA/V and C, = 10 pF, featuring accordingly a 10°rad/s w,.

As a first case, comparison will be made between a bipolar transistor whose
working point is adjusted at each value of O, so as to satisfy (8.7) and the
parallel combination of JFETs which at every C,, ensures the capacitive match-
ing. The boundary curves that in the (0, 7)-plane limit the regions where
the former input stage has smaller or larger ENC than the latter one are gshown
in fig. 8.5. The current gain f is assumed as a parameter. It is shown in fig. 8.5

50

40

£ =100
30
80
= 70
= 60
= 50

30

T(ns)

paralleled JFETs
g, /Ci =10° rad/s

20

10k RBB’ =15Q
wa=2n-109rod/s
L single bipolar

transistor

. L I 1
0 80 160
ColpF)

1 1
240 320

Fig. 8.5. ~ Boundary curves in the (Cp, Ty)-plane separating the regions where a
single bipolar transistor gives a smaller or a larger ENC than the parallel combination
of JFETs required for capacitive matching.

that, at any 7,, a value of C, can be found beyond which the bipolar stage
becomes more noisy than the JFET one. This can be explained by the remark
that, according to the equivalent eircuit of fig. 5.4, as O, increases, the fraction
of the noise generator X, which appears at the B'E port increases.

As a second step, the parallel combination of n,,, transistors, where =,
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is the number which, according to (8.10), minimizes ENC, in the operation at
fixed C,,, can be compared to the parallel combination of JFETs required for
capacitive matehing. The new boundary curves in the (C,, 7,)-plane are hori-
zontal straight lines. That is, for a given § of the bipolar transistor, the bipolar
stage is superior, regardless of the value of O up to a certain 7, beyond which
the FET stage takes over (fig. 8.6). The parallel combination of JEETs required

paralleled JFETs
a9
g, /c,=10" rad/s

40} £=100
= 90
= 80
= 70
= 60
= 50

30

Ty(ns)

paralleled
bipolar transistors

w, =27 -10° rad/s

1 1 | 1
0 80 160
CplpF)

1
320 400

]
240

Fig. 8.6. — Boundary curves separating in the (Cp, 7y)-plane the regions where the
parallel combination of the optimum number of bipolar transistors, each working at
a fixed g, features a smaller or a larger ENC than the parallel combination of JFETs
required for capacitive matching.

for capacitive matching may be unpractical, especially if the number of pre-
amplifiers is large. It makes, therefore, sense to compare input stages consisting
of a single device of either type. In this case the advantage of the bipolar
transistor, which allows an optimization of the ENC based upon the simple con-
trol of its working point, emerges. This is confirmed by the boundary curves of
fig. 8.7. As shown in fig. 8.7, the region where the bipolar stage features a smaller
ENC than the JFET one is considerably broader than in the previous cases.
In particular, the larger is ¢, the wider is the range of values of 7,, where the
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300
i £=100
single JFET — =90
—=80
200 g,=10 mA/[v —= 70
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100F single bipolar
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Fig. 8.7. — Boundary curves separating the regions where a single bipolar transistor
put to work in the optimum condition (8.7) features a smaller or a larger ENC than a
single JFET.

bipolar transistor has a better noise behaviour. This property of the bipolar
transistor was successfully exploited in the early days of application of the
silicon telescopes in high-energy experiments [17.
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9. — Feedback preamplifier structures.

9'1. Block diagram analysis. — With the only exception of the grounded-
base connection, which is sometimes employed alone and has as attractive
features a short risetime and a good transmission stability, all the other con-
figurations are rather intended as input stages of feedback loops.

Under hypotheses of broad validity, the expressions of the ENC as well
as the results of the comparative discussions made on stages consisting of one
or more paralleled devices can be extended to the case in which the reviewed
configurations are employed as input stages of feedback preamplifiers. It is
sufficient for this to assume that i) the second-stage noise is negligible and ii)
the feedback loop around the preamplifier does not change the signal transfer
function from the detector to the shaper output as well as the noise weighting
function, except for a constant factor. This statement has been implicitly
already checked in subsect. 8’1, when it has been observed that the common-
emitter and the common-base configurations, assuming the noise from the ex-
ternal bias resistors negligible, have the same ENC.

The present section is devoted to feedback preamplifier structures employing
more active elements in the loop [1].

The basic configurations that will be discussed are shown in fig. 9.1 along
with the input-to-output transfer functions evaluated in the simplified hypoth-
esis of infinite gain in the amplifying modules. They are, respectively, a charge-
sensitive configuration (a)), a current-sensitive configuration (b)) and a voltage-
sensitive one (¢)) [2-6].

To a better approximation, the three amplifying blocks of fig. 9.1 will be
represented with a single-pole transfer funection

B
9.1) T(s) = {2

where g_ .. is the total transconductance of the block and the parallel of E and C
is the internal load across which the current g_.v, flows, thereby producing
the voltage gain. In general g_, may be greater ‘than the transconductance of
the input stage, for a current gain may exist between input stage and R, C
load. Only when such a current gain is unity, g, , = 9,,. The gain-bandwidth
product of the amplifying block is g, ,/C and this is usually smaller than the
w, of the devices employed in the input stage.

The input eapacitance of the amplifying blocks with the main feedback

open is labelled C, in fig. 9.1.

9°'1.1. Charge-sensitive configuration. The charge-sensitive con-
figuration of fig. 9.1 has an advantage over the other ones, that is, the noise
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Fig. 9.1. — Feedback preamplifier configurations: @) charge sensitive, b) current
sensitive, ¢) voltage sensitive.

contribution from the external network can be made negligible. The feedback
resistor E, serves the only purpose of providing a d.c. return for the bias currents
of the input device. It can be made as large as 10° Q in the case of a field-effect
transistor input and of the order of 10° Q or more with a bipolar input stage.
Throughout the range of values of 7, either device is intended to cope with,
the contribution to the ENC arising from the thermal noise in R, is usually of
minor importance.

Evaluation of the impedance Z, presented by the charge-sensitive loop in
parallel to the O, + O, capacitance shows the following interesting property.
If the internal time constant RC is made equal to R, C,, the magnitude |Z | has
the frequency dependence shown in fig. 9.2. The d.c. gain g B is assumed
>1. From fig. 9.2, it can be concluded that Z, = C/g,, . C, from d.c. up to a

m
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Fig. 9.2. — Frequency dependence of the magnitude of Z, for a charge-sensitive loop.

frequency determined by the gain-bandwith product of the amplifying
block [1, 2].

Such a resistive term, which depends only on the total transconductance
9o and on the ratio of two capacitors, under certain conditions can be less
noigy than a physical resistor of the same value. For this reason it deserves
the denomination of «cold resistor » [2-4].

The values of the cold resistor can be varied within a broad range by a
suitable choice of g ., C,, C.

Small values of the cold resistor are required in segmented detectors in order
to reduce the time constants with whieh the spurious cross-talk signals appearing
on the electrodes next to the collecting one die off.

The evaluation of the transfer functions in the charge-sensitive loop ean
be done on the basis of the equivalent circuit of fig. 9.3 which puts the cold
resistor into evidence.

. . .
0'61 '[c lc. '[gc%'"i'cf - ‘_—iggkc Y(t)
I D I ] I t ¢ G

Fig. 9.3. — Equivalent circuit of the charge-sensitive loop with the cold resistance
into evidence.

The amplifying block of fig. 9.3 is represented by the transfer function
— gup B/(1 4 sB,0), in which the cancellation condition RC = R,C; has
been employed.

Usually R,C,> (0, + C,+ C)(C/g,,C,) and, therefore, the risetime of the
output signal v,(t) in response to the d-impulse detector current is determined
by the input time constant,

C
Gur Cc

(9.2) ;= (Cp+ 0+ C))
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Aspointed out by (9.2), the preamplifier risetime depends on the total capacitance
shunting the preamplifier input port and on the cold resistance. Equation (9.2)
can be, alternatively, written as

1 1

9.3 =
(9:3) o Juz/C Cif(Cp + O+ Cy)’

which expresses 7, as the reciprocal of the gain-bandwidth product of the
amplifying block divided by the feedback return ratio. As pointed out by
(9.2), in order to keep the preamplifier risetime small at large detector capaci-
tance, the cold resistance has to be adequately reduced, which can be done by
increasing O, if the gain-bandwidth product of the amplifying block is assumed
to be constant.

The signal at the output of a charge-sensitive preamplifier has usually a
very large decay time congtant, according to the need of keeping R, large to
reduce its thermal-noise contribution. In order to clip this signal, without
introducing undesired negative tails, pole-zero cancellation is performed, as
shown in fig. 9.4.

Tl Ry
"
L_l Rf I——l. Cz
—
— —a
Vo(t) R]
0'5 —t— R2 V1(t)

I |

Fig. 9.4. — Signal clipping by pole-zero cancellation at the output of the charge-
sensitive loop.

The foregoing analysis deals with the slow exponential decay at the output
of the charge-sensitive loop and, therefore, the risetime portion of v,(¢) can be
neglected, by writing

(9.5) Vo(s) = ZQo‘f ﬂ”]ﬁ‘

The voltage () can be expressed in the Laplace domain as

- R, s+ 1/R, 0, —
0-6) Vi) ==V g TR T Ry RE) A0
R, s tl/R2 02 Q $

" Ry s+ ((B,+ Ry)/B,R,) (1/C) sC, s + 1/R,C;
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If the zero s = — 1/R,C, in eq. (9.6) is chosen so as to cancel the pole s =
= —1/R,C,, the previous relationship becomes

Q R 1
" 3C By s + (B, + RB,)/R,R,) (1/Cy)’

(9.7) Vils) =

which shows that the original signal v,(¢) has undergone clipping to the reduced
time constant (B;R,/(R,4- R,))C, and amplification determined by the R,/R,
ratio.

If R, is made equal to zero, eq. (9.6) yields

s + 1/R, 0,

(9.8) Vi(s) = — Vo(s) By 0y (s + _1_) —_q%p PRy X0k

R,C, C;

If the condition of pole-zero cancellation R,C,= R,C, is met again, (9.8) be-
comes
C,

(9.9) KMZ—QE

R,

In this ease the input-to-output relationship is a real transresistance — (C,/C,) E;.
‘Within the intrinsic band width limitations of the amplifying blocks, the con-
figuration 9.4 preserves the detector current shape.

It can be concluded that a charge-sensitive loop followed by a pole-zero
cancellation with B, = 0 implements a current-sensitive configuration. Such
a configuration has better noise performances than the one employing resistive
feedback, shown in fig. 9.1b).

9'1.2. Current-sensitive configuration. The current-sensitive con-
figuration of fig. 9.1b) presents, besides the noise sources in the preamplifier
module, the thermal-noise contribution from the feedback resistor E,. This
resistor cannot be made too large, otherwise the pole determined by E, and the
stray capacitance across it would spoil the closed-loop risetime.

The frequency dependence of the magnitude of the input impedance Z,
presented by the current-sensitive preamplifier in parallel to 0, + C, is shown
in fig. 9.5. In the frequency range of interest the input impedance has an indue-
tive character. This may result into an oscillating response at certain values
of the detector capacitance. At very small detector capacitance the circuit is
not critical, but its input impedance can be not as small as desired. The ad-
vantage of the resistive feedback preamplifier over the other ones is that, in all
the applications requiring that the detector current shape be preserved, no
pole-zero cancellation is needed. Such an advantage becomes important in
connection with detectors involving large numbers of acquisition channels,
like microstrip planes [7, 8]. Individual pole-zero cancellation on thousands of
preamplifiers would hardly be feasible.
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Fig. 9.5. — Frequency dependence of the magnitude of the input impedance in the
current-sensitive configuration.

9'1.3. Voltage-sensitive configuration. In the voltage-sensitive
configuration of fig. 9.1¢) the external feedback network adds a contribution
to the white spectral density in the series noise generator. Such a contribution,
in the practical case in which R,>> R,, is equal to 2kTR,. By choosing R, and
R, suitably small, that is, B, ~1Q, the effect of the external bias network
on the preamplifier noise becomes negligible.

The voltage-sensitive configuration presents to the detector an impedance
of purely capacitive nature. Such a capacitance has been labelled C'i in fig. 9.1¢)
t0 emphasize the fact that O/, by virtue of the series voltage feedback, is smaller
than the « cold capacitance » of the active devices.

In the configuration 9.1¢) the relationship between the charge delivered
by the detector and the output voltage depends on the detector capacitance.
If, however, the detector is totally depleted and the radiation damage effects
during the experiment are negligible, U can be considered stable and reliable
enough to guarantee an adequate accuracy in the measurement of ¢.

The voltage-sensitive preamplifier has two interesting features. First, its
risetime is independent of the detector capacitance and, therefore, the pream-
plifier can be fast enough even at very large C_’s.

Second, contrary to what happens with the charge-sensitive and current-
sensitive configurations, the voltage-sensitive preamplifier does not load the
detector appreciably. It becomes, therefore, very suitable to sense the total
voltage across stacks of series-connected detectors. This feature has been ex-
ploited to perform multiplicity measurements with telescopes of silicon detectors.

9°2. Basic low-noise inverting amplifier. — Some examples of low-noise
preamplifier design, able to cope with different experimental situations in
elementary-particle physics, will be described in this subsection. Before going intc
the analysis of the specific eircuits, a rather general circuit diagram of low-noise
inverting amplifier will be illustrated. This cireuit, shown in fig. 9.6, provides
a basic building block around which charge-sensitive loops of the type shown
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in fig. 9.1a) or current-sensitive configurations of fig. 9.1b) can be realized.

For reference purposes, the input device of the low-noise inverting amplifier
has been represented as a field-effect transistor, but the structure of fig. 9.6
applies equally well to the case of a bipolar-transistor input stage, as well as
to any parallel combinations of bipolar or field-effect devices.

—~E

Fig. 9.6. — Basic configuration of low-noise inverting amplifier.

According to the cireuit diagram of fig. 9.6 J behaves as a transconductance
amplifier which injeets a signal current g v, into the emitter of the common-
base transistor T,. The collector of T, is connected to that of T,, which acts
a8 a current source. It is reasonable to assume that the load appearing between
P and ground is purely eapacitive, so that the open-loop transfer function of
the low-noise preamplifier is — g_/sC, where C is the total capacitance shunting P.

The noise sources in the circuit are represented by their spectral power
densities. They have the following meaning:

1) X, is the spectral power density of the generator which accounts
for the thermal noise in the base spreading resistor of a bipolar transistor it
employed as input device in 9.6.

2) X, is the spectral power density of the parallel noise related to the
input bias eurrent, X, = ¢I, or X, = qI, according to whether the input device
is a field-effect or a bipolar transistor.
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3) X, is the spectral power density of the thermal noise in the channel
of a JFET or the power density of the shot noise in the collector current of a
bipolar transistor, X = 2k7'-0.7 g or X = ¢I,, respectively.

4) 2%, 2%, are the spectral power densities of the thermal noise in the
resistors Ry, Ry, 2, = 2kTR,, X, = 2kTR,.

R,

5) 2, , 25, are the spectral power densities of the shot noise in the base
currents of T, and T,,

231 = qIB1 , Z’Bz = qIBz .

6) ZBB y 2 are the spectral power densities of the thermal noise in

the base spreadmg resistors of T, and T,.

7) 2} and X are the parallel and series spectral power densities of the
output stage.

For the sake of comparing the relative importance of the various noise
sources and their relation to the signal, open-loop analysis of the circuit 9.6
is adequate.

In the circuit of fig. 9.6 the contribution of the shot noise in the collector
currents of the common-base transistors T,, T, to the output spectral power
density X is small compared to the contribution due to the base current noise
of the same transistors. For this reason, the generators that would represent
the shot noise in the collector currents of T, and T, have been omitted.

The inductor L has the purpose of reducing, in the frequency range of
interest, the contribution to X, due to X and 24p;- A high quality is required
for this eomponent, which must feature very low stray capacitance, must be
able to work at relatively large currents without core saturation and must
have an inductance between 10 and 100 mH.

The inductor L is present in most low-noise preamplifiers for nuclear spectro-
scopy. In high-density preamplifiers for applications in high-energy experiments
it may be too bulky, expensive and even not usable if the preamplifiers are
located in a strong magnetic field.

For these reasons the total output spectral density of the noise, X,, will
be evalnated in the absence of L, with the understanding that, if L is present,
its effect can be accounted for by putting 2, = 0, Zss; = 0.

The output spectral power density is given by

1

010 I = {Sn@l o+ Bskt ot T Ty

ZR, ZBB,

I L R R FLEE

202
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Fig. 9.7. — Current-sensitive preamplifier: a) basic preamplifier configuration followed
by a shaper, b) actual hybrid preamplifier with 4 channels on the substrate.
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The Fourier transform of the output signal is
(9.11) Vilw) = — I(w) Z;(0) g ——F

From eq. (9.10) the relative importance of the various terms can be investi-
gated. In a well-designed preamplifier, X or X, ..g% 4 2, are the dominant
terms. However, when L is omitted and low supply voltages are used to reduce
consumption, the value of R, may turn out to be not sufficiently large and
its noise contribution may be not negligible.

To reduce the contributions due to the shot noise in the base currents I, and
I, , it is advisable to fix low collector currents in T, and T, that is, less
than 1 mA.,

The low-noise amplifying block of fig. 9.6 can be transformed into a charge-
sensitive loop by connecting between input and output the parallel combination
of a capacitor and a resistor. A resistor of comparatively low value, B, ~10 kQ,
connected between input and output implements a current-sengitive pream-
plifier.

9°3. Practical preamplifier configurations. ~ This subsection reviews some
preamplifier configurations that have been developed during the last few
years for specific applications in elementary-particle physies.

The circuit of fig. 9.7 is a current-sensitive configuration designed for micro-
strip signal processing [7, 8].

As shown in fig. 9.7b), the transistors T,, T, implement the inverting pre-
amplifier around which the current-sensitive loop is designed. The transistor
T; provides additional voltage gain. The circuit 9.7 is being extensively used
at CERN in association with microstrip detectors.

The preamplifier shown in fig. 9.8 is a common-base configuration, while
that of fig. 9.9 is a charge-sensitive one [9].

Comparison was made between the noise performances of the three pream-
plifiers of fig. 9.7-9.9 with the special aim of investigating their bebaviour at
short processing times [9].

* —e +£
R
T
T
1 1 T3
- I CL ‘6
L 1+$R, C, shaper
Q-i(t)
‘ G Re pole-zero
h & cancellation

¢ * . —e — £

Fig. 9.8. - Common-base preamplifier.
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Fig. 9.9. — Charge-sensitive loop.

For this purpose, the same fast bipolar transistor, a NEC specimen featuring
a b GeV f_ at I, = 5 mA and R, between 10 and 15 Q, was employed as input
stage of the three preamplifiers. Its collector current was fixed around 0.7 mA.

TABLE 9.1.

ENC; [r.m.s.e.]

Wit Preamplifier
charge current common
sensitive sensitive base
R,= 150 kQ R,= 10 kQ Ry = 22kQ
R = 27kQ
I
) } 1265 1434 1434
[
—"25ns
|
A 1786 2020 2020
Hs0ns -
ENCg/0y [r.m.s.e./pF]
Wi(t) Preamplifier
charge sensitive current sensitive common base
I
| 18 18 18
[}
o
25ns
|
/] 14.7 14.7 14.7
> b
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The results obtained are shown in table 9.1, which presents the values of the
ENC at 0 = 0 and the asymptotic slope of ENC vs. O, for the three con-
figurations of fig. 9.7-9.9 and for two different noise weighting funections.

The slightly better behaviour of the charge-sensitive preamplifier at ¢, = 0
has to be attributed to the fact that, compared to the other two circuits, it
has a lower thermal-noise contribution from the bias resistors.

Preamplifiers of the types 9.7-9.9 have been realized in thick-film technology
and are commercially available.

+6v (1 }—C I . -
L 1kQE % 1kQ J 5
ontl : = 47N 100nF' differential
4 ’2—]- £320Q output
NE0211(:)3(;Qig i tine driver [
C -
test O— 1009 l
1pF Ts
1 BFR92
@
ground 3 1000 1-7
T
i_."@ BFR92 (E——\;
= BFR 92 57
detector R 100k —_— c,
W & R1
33Q .
CraToF %0 %290 1o L @.%m& ;? ;
C. ]. 100nF l33pF 3 S £3.9
-6V (®)

Fig. 9.10. — Preamplifier consisting a of charge-sensitive loop followed by pole-zero
cancellation.

Figure 9.10 shows a complete preamplifier based upon an input charge-
sensitive loop, transistors T,, T,, T,, T,, Ts, a pole-zero cancellation and ampn-
fication section consisting of transistors Ty, T, and passive network between
their emitters and of a differential output line driver [10].

The noise behaviour of this preamplifier is close to that described in table 9.1.
The circuit is commereially available in thick-film hybrid version, with either
a single transistor or two paralleled transistors in the input stage. In the latter
version, aiming at reducing the noise contribution from R, it was employed
with the detectors of the silicon active target developed by the Milan group
for the second part of the FRAMM experiment.

In that application, with a detector capacitance of about 80 pF and a shaping
implemented by a semi-Gaussian prefiltering with 25 ns FWHM followed by a
gated integrator with 70 ns gate width, it featured an ENC of 2200 elec-
trons r.m.s.

Based upon a configuration similar to that of fig. 9.10 is the preamplifier
with field-effect transistor input stage developed by the group of Milan for the



118 E. GATTI and P. F. MANFREDI

low-noise data acquisition from the germanium bulk detector employed in
the second part of the FRAMM experiment. Also this unit is now commerecially
available in thick-film, hybrid version. The FRAMM preamplifier at 0, = 0
and with a Gaussian shaping of 0.5 us peaking time features less than 300 elec-
trons r.m.s. An improved version, with reduced thermal-noise contribution
from the feedback resistor, presents 150 electrons r.m.s. at ¢ = 0 and with a
Gaussian shaping of about 0.7 us peaking time.

A preamplifier for very large detector capacitances and short shaping times,
which employs five paralleled bipolar transistors in the input stage, is shown
in fig. 9.11. The preamplifier of fig. 9.11 consists of a charge-sensitive loop,

+12V
1kQ

1009

1kQ
IO.W.FY

d.c.control

>
33kQ
—12v

Fig. 9.11. — Preamplifer for very large detector capacitance.

transistors T, to Tg, of a pole-zero cancellation and amplifying stage, transistors
Ty, Ty, and of a balanced output stage, transistors Ty, Ty, [11].

The equivalent noise charge referred to the input is plotted as a function
of detector capacitance in fig. 9.12,

The measurements were performed using an erfe-type weighting funetion
with a FWHM of 30 ns. The slope of the noise linewidth vs. detector capacitance
plot is about 5.8 r.m.s. electrons/pF. In applications with detectors of very
Jarge capacitance and when the constraint of very high rates is present, operation
at values of 7 shorter than the preamplifier risetime may be necessary. In
this case, the need arises of stabilizing the preamplifier risetime, otherwise
inaccuracies of the type seen discussing the ballistic error may occur. If the
preamplifier is based on a charge-sensitive loop, this is equivalent to state,
according to the model of fig. 9.3, that its cold resistance must be stabilized [12].

This requires a stabilized g, .. If the input stage employs bipolar transistors
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Fig. 9.12. — Equivalent noise charge as a function of detector capacitance Oy ;
I,= 0.87 mA in each of T, to T transistors.

and, as in the case of fig. 9.6, no current gain exists between the input stage and
the output, then g, ., = g, = ¢I,/kT. At fixed collector current I, g, has a
thermal coefficient of ~ 0.3/°C. This means that the extent to which therisetime
is affected by thermal variations in g_ is negligible. If a field-effect transistor
is employed as input device, risetime stabilization requires more elaborated
cireuitry, for the transconductance of a field-effect transistor is more dependent
on temperature.

The stabilization of the input cold resistance in a charge-sensitive loop is
based upon the principle shown in fig. 9.13 [4, 12].

In the circuit of fig. 9.13 the amplifier A, the transistor T and the resistive
divider R,, R, implement a feedback stabilized transconductance amplifier.

Fig. 9.13. — Charge-sensitive preamplifier with stabilized cold resistance.
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The value of the transconductance is 1/R,. If the condition R,C, = RC is
met, the cold resistance appearing at the preamplifier input is, accordingly,
R,0/C,. Two outputs are available in the circuit 9.13, the usual integrated
one is taken at v,, while a fast output, closely reproducing the detector current
pulse, can be taken at v,. The latter signal can be of some usefulness if fast
trigger operations have to be performed. In the design of this preamplifier
a low value of R, must be used, as already pointed out, to avoid a noticeable
increase in the series white noise.

Preamplifiers with stabilized cold resistance have been employed in data ac-
quisition from silicon telescopes during the first part of the FRAMM experiment,
They were associated with detectors of 700 pF capacitance and the counting
rate during the accelerator spill was about 10° pulses per second.

An example of preamplifier of the type 9.1¢) developed to sense the voltage
signal across a stack of series-connected detectors is shown in fig. 9.14 [13].

+6v

Fig. 9.14. — Voltage-sensitive preamplifier.

The feedback loop in the circuit of fig. 9.14 includes the input field-effect tran-
gistor J, the common-base transistor T, and the common-emitter transistor
T,, whose collector current is injected into the source of J. The output is taken
from the collector of T, through the emitter followers T,, T,.

The voltage gain of the preamplifier is approximately (R, -+ R.)/R,.

An interesting feature of the preamplifier of fig. 9.14 is that its input ca-
pacitance can be zeroed. The gate-to-source capacitance of J appears at the
input strongly attenuated by virtue of the series voltage feedback applied to
the source of J. Positive feedback from the output to the base of T, via the
voltage divider R,, R, has the effect of cancelling in the preamplifier input
capacitance the contribution due to the gate-to-source capacitance of J.
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The effectiveness in the control of the input capacitance achieved with
the R,, R, voltage divider is shown in fig. 9.15. As pointed out in subsect. 91,
one of the attractive features of the voltage-sensitive preamplifier is the very
small dependence of risetime on detector capacitance €. As shown infig. 9.16,

Tig. 9.15. —~ Input capacitance of the voltage-sensitive preamplifier as a function of
the attenuation ratio K of the R,, R, voltage divider.

the risetime of the preamplifier given in fig. 9.14 after an initial decrease remains
constant around 6 ns up to 600 pF detector capacitance.

The noise behaviour of the voltage-sensitive preamplifier analysed with a
triangular, time-invariant shaper with 100 ns base width is shown in fig. 9.17,
curve a).

10}

8
—~ 6 'y . 3
) v
C -
s S

2 =

1 1 ] i 1 i
0 200 400 600

CplpF)

Fig. 9.16. — Risetime of the voltage-sensitive preamplifier as a function of Cp.
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Fig. 9.17. — Equivalent noise charge as a function of the detector capacitance for the
voltage-sensitive preamplifier of fig. 9.14: curve a) single-ended configuration of fig. 9.14,
curve b) differential configuration.

A voltage-sensitive difference configuration has been developed by coupling
two circuits of the type shown in fig. 9.14. Its purpose is that of sensing the
voltage across a floating detector in a stack of series-connected elements [13].

The equivalent noise charge for the differential voltage-sensitive configu-
ration is described, as a function of Oy, by curve b) of figure 9.17.
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10. - Linear amplifier and shaper.

The signal delivered by the preamplifier has to go through further processing
before being presented to the amplitude-measuring system. Such a processing
consists of amplification and shaping.

Shaping has been exhaustively discussed in sect. 4, 3. It has been pointed
out that some kinds of shaping operations—it would be better to say some
kinds of noise weighting funetions—can be implemented, in both time-in-
variant or time-variant ways.

Other weighting functions are preferably implemented in one or in the other
way. The present trend in elementary-particle physics relies upon the synthesis
of the weighting function based upon gated integrators. This trend finds its
explanation in the fact that, as pointed out already, in most of analog signal
acquisition channels a gated integrator is present as a part of the charge-sensing
analog-to-digital converters.

Between preamplifier and gated integrator, a linear-amplifier system is
required, whose purpose is that of matching the signal level to the amplitude
range required by the gated integrator and to perform on it the time-invariant
preshaping. The amplifier system may be a potential source of both inaccuracy
in the amplitude measurement and of spectral-line broadening caused by base-
line shifts at high counting rates. Baseline shifts occur in a.c. coupled amplifier
systems because of the random superposition of the tails that follow the
pulse [1-3].

The effect is explained in fig. 10.1 which shows the behaviour of a d.c. level
blocking network, RC differentiator, on a rectangular signal applied at the
input. The input signal is strictly unipolar and has an amplitude V and a
width 7, which is supposed to be much shorter than the differentiator time
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Fig. 10.1. - Negative tail following the positive pulse and due to the R( differentiator.

constant RC. As the input signal is of finite area and the transfer function of
the differentiator has a zero in the origin of the complex s-plane, the output
signal has zero area. Consequently, the positive output signal is followed by a
negative tail which starting from the value —V(z/RC) tends to zero expo-
nentially with time constant RC. The time dependence of the tail is

T
(10.1) — Vﬁ exp [— t/RC].

Assume, for the sake of simplicity, that the input pulses have a very narrow,
d-like amplitude distribution. The random arrival of the pulses with average
rate 1 creates a stochastic baseline. Aeccording to Campbell’s theorem applied
to (10.1), the mean value of the baseline is

(10.2) — MV

independent of the time constant EC and its variance is

Ar? 7

(10.3) a0 V'

The original indefinitely narrow pulse amplitude distribution would undergo a
relative broadening described by the standard deviation

2 #
(10.4) [2%]] .

It has to be pointed out that baseline shift may be present also in d.c. coupled
gystems employing pole-zero cancellations, if these are not correctly adjusted.

It is worth discussing now in which situations baseline shift and related
statistical fluctuations are important.

The most critical condition is that of a telescope of silicon detectors in a
fixed-target experiment. With reference to (10.4) it can be said that in a pulsed
accelerator the time constant EC cannot be made very large, otherwise a long
settling transient would be present on the baseline at the beginning of every



PROCESSING THE SIGNALS FROM SOLID-STATE DETECTORS ETC. 125

machine burst. For instance, in an a.c. coupled amplifier working at 10® pulses
per second, each pulse lasting 100 ns and with a RC time constant of 10 us,
the baseline shift would be 109, of the signal amplitude and the standard
deviation of the output amplitude distribution would be about 29,. At low
particle multiplicities, such a eontribution to the line broadening is not negligible.

Three classical solutions borrowed from nuclear spectroscopy to remove
baseline effects are baseline restoration, double sampling, that is, sampling
the baseline before the pulse arrival and the peak of the pulse and then taking
their difference, and bipolar shaping [4-9]. They are schematically illustrated
in fig. 10.2. The circuit of fig. 10.2a) is the well-known time-variant baseline

a) )
original signal
C L4

delay
r NN AAAAAR T TS
el
switch
control S O s a At T e
circuit o v -—t—>

delayed and
inverted signal

B v(tp)-v(to) /\‘\
Aa Ol W

—l
. : t
to to "—t—’ bipolar signal

Fig. 10.2. — Three ways of avoiding baseline shift at high counting rates: a) baseline
restorer, b) sampling the baseline and the peak of the pulse, ¢) bipolar shaping.

restorer. The incoming positive pulse through the switch control circuit opens S,
thereby making the differentiation time constant associated with C infinitely
larger. At the end of the positive pulse, the switch gets closed. Tails of negative
sign which might exist owing to the presence of earlier differentiating stages
are clipped because the time constant rC is chosen suitably short. In this way
the zero value of the baseline is quickly recovered and the effects of baseline
shift strongly reduced.

The baseline restorers, to be effective in the conditions of high-energy ex-
periments, at counting rates of millions pulses per second, must execute a quick
level clamping after the pulse and this clamping action must last until the
next pulse. As a result, the faster noise components for which no correlation
exists between the values immediately preceding and immediately following
the positive-going edge of the pulse undergo a 4/2 increase.
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The method of fig. 10.2b) cancels the baseline component by measuring
the peak amplitude of the signal with a double sampling of the total wave form.

As to the effect on the high-frequency noise, the double sampling behaves
exactly like the baseline restorer, that is, it introduces a 4/2 noise worsening.
In fact, the resulting weighting function is the original one inverted in polarity
and delayed of a time interval equal to its width.

Figure 10.2¢) shows how a first-order tail cancellation can be achieved by
using bipolar shaping, that is, by adding to the original signal the same signal
inverted and delayed. As already pointed out, bipolar shaping, compared to
the unipolar one based upon the same kind of gignal, introduces a +/2 deterio-
ration in the noise. For a general approach to the area-balanced wave forms
and, among them, the one giving the least noise for a defined overall width,
the reader can refer to paper [4].

It can, therefore, be concluded that the three methods of reducing baseline
shift deseribed in fig. 10.2 all degrade the equivalent noise charge of a comparable
amount, at least if the dominant noise term is the series white one. Such a
degradation is hardly tolerable in several experimental conditions of elementary-
particle physics, where the signal-to-noise ratio is intrinsically poor.

Effort was accordingly concentrated on a possible way of achieving the
desired counting rate performances with the slightest sacrifice in signal-to-noise
ratio. A method was introduced, called periodical stabilization of the amplifier
system, which was proven to meet the stated requirement. The idea it is basea
upon is shown in fig. 10.3 [10].

The fast signal path in the diagram of fig. 10.3 is d.c. coupled from the

PZ cancellation
and .
. ¢ . Line =-=-
| prefilter driver —=-- i
(RC integrator) I
gl |

L. == = C—

charge
c sensing

S ADC

R I__
g |
gating signal
— |

i

machine gate

Fig. 10.3. — Periodically stabilized amplifier system.
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detector to the ADC input, provided that the switeh 8 is open. In this situation,
if the pole-zero cancellation networks on the signal path are properly adjusted,
the pulses along this path are strictly unipolar and no baseline shift occurs.

The linear processor as a whole can be considered as a time-variant shaper
preceded by a time-invariant preshaping. The time-variant shaping is imple-
mented by the gated integrator provided in the ADC. The time-invariant pre-
shaping results from the intrinsic band width limitations in the amplifier system
for the faster realizations, and from some lumped integrations in the slower
versions. The time-variant preshaper can be assumed to be Gaussian in both
cases and the complete noise weighting function is almost trapezoidal with
erfe-type leading and trailing edges.

The d.c. coupled fast channel eannot work alone, for the thermal and long-
term drift would introduce slow instabilities in the output baseline. In order
to avoid this, a correction path has been introduced, which implements the
periodical stabilization. The correction path includes the switeh 8 and a long-
term integrator whose output voltage is fed back to the preamplifier. The
correcting phase takes place during the interburst periods of the aceelerator,
when the beam is off and no radiation falls on the deteetor.

The switch S remains closed throughout the interburst period. The feedback
loop, which enecircles the preamplifier output stage, the amplifier, the switch
S and the long-term integrator, forces the output of the amplifier to zero.

A correcting voltage builds up across C, which accounts for any long-term
and thermal drift in the signal processor. At the beginning of the next accelerator
burst, S opens again. The correcting voltage stored on C, however, keeps the
working points in the amplifier stable during the accelerator burst. A new
correcting phase, which has the purpose of updating the correcting voltage
on C, starts at the beginning of the next interburst period. The sequence of
acquisition and correction phases is shown in fig. 10.4a). Figure 10.45) shows
that no baseline shift occurs during the accelerator burst, despite the high
pulse rate at which the picture was taken, more than 10° p.p.s. The effect of
wrong operation of the switch 8 is shown in fig. 10.4¢). If 8 is left permanently
closed, then the system of fig. 10.3, with the feedback not interrupted when
pulses are delivered by the detector, behaves as an a.c. coupled amplifier.
Baseline shift takes place at the beginning of the accelerator burst and then
the baseline settles to the negative value predicted by (10.2). The dependence
of the centroid of a spectral line on the counting rate is shown in fig. 10.5 for
both correctly operated and permanently closed switch 8.

With the switch S correctly operated, less than 0.3 %, centroid shift oecurs
raising the counting rate up to ~ 3-10° pulses per second. If, instead, 8 is
left permanently closed, a large variation is noticed in the centroid position by
varying the counting rate in the same range as before.

The behaviour of the periodically stabilized amplifier system at high counting
rates is also described by the spectra of fig. 10.6.
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Figure 10.6 shows that no significant shape variation occurs in the Landau
distribution of minimum-ionizing particles by increasing the counting rate
up to 108 p.p.s.

The principle of periodical baseline stabilization is presently being employed.
in some fixed-target experiments, where it proved to be successful in high-duty-
eycle data acquisition from both silicon and germanium active targets. It
thoroughly econfirmed its ecapability of ensuring outstanding counting rate
performances without degrading the intrinsic equivalent noise charge of the
detector-preamplifier assembly.

Highly segmented detectors, like microstrip planes, even if employed in
fixed-target experiments, do not present usually critical problems of baseline
shift and baseline fluctuations because the average duty cycle in each acquisition
channpel is small, less than 19%,. For these situations, a.c. coupled amplifier
systems are suitable. The only requirement which has to be met is that the
differentiating time constants in the amplifiers be adequately short to enable
a quick baseline settling to the standing value at the beginning of the accelerator
bursts.

In the collider applications, as long as the spacings between bunch crossings
are of several microseconds, the baseline problems are negligible. This statement
is reinforced by the remark that in collider experiments all the detectors are
segmented and the tracks are spread over a large solid angle. Therefore, the
counting rates on the individual detector segments will be definitely small.
The gituation might change in future large hadron colliders, where the time
between bunch crossing will be a few tens of nanoseconds and the number of
charged tracks per event will be large. The machine parameters for these
colliders, however, are still under investigation and no conclusion can be
drawn as yet.

Before concluding this section, some alternative ways of realizing the shaping
function will be deseribed. A first example is shown in fig. 10.7 [11, 12]. Aeccord-

Ce

R S
I s ! v(t,)
sample and hold +
at t=t, A
v(ty)
t v(t) sample lc
and hold
at t=t,

& —
t

Fig. 10.7. — Shaping realized by sampling and holding the preamplifier output at
different instants.
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ing to the circuit diagram presented there, the output of the charge-sensitive
preamplifier is split along two ways, each containing a resistor, a switch and a
capacitor. A two-input amplifier takes the difference of the voltages stored
on the capacitors. Att = #,, shortly before the arrival of the pulse, the baseline
is sampled by closing and reopening S, and the corresponding voltage is held
on the relevant capacitor. At ¢ = ¢,, some time after the arrival of the pulse,
8, is closed and reopened and the value v(t,) is held. At ¢ > 1, the voltage at
the difference amplifier output provides the step amplitude to be measured.

wmI

%f(1—exp[—t/RsC])

Fig. 10.8. - Weighting function realized.

The circuit of fig. 10.7 implements the weighting function shown in fig. 10.8.
Such a function is identical to the one which would be obtained by applying a
delay line clipping to the step response of an approximate integrator.

The sample and hold operation and the difference of the two samples, there-
fore, replace the delay line with two advantages. First, the delay between
the two samples, t,— #,, can be easily changed by acting upon the relative position
of two logic pulses. Secondly, the circuit of fig. 10.7 lends itself to a possible
monolithic integration, while obviously the delay line implementation of the
same weighting function does not.

The present trend of realizing in monolithic form the high-density front-end
circuits required by highly segmented detectors will benefit from the possibilities
opened up by the principle of fig. 10.7. More generally, shaping can be based
upon sampling the voltage at the preamplifier output at the instantst,,1,, ey iy
holding the samples in k + 1 capacitors and then combining the samples with
suitable coefficients. For instance, a third path in the eircuit of fig. 10.7 and the
following linear combination of the samples v(t,), v(t), v(2¢, — 2,)

20(8) — v(t) — v(2t,— 1,)

would implement a bipolar weighting function [13].
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It might be argued that sampling the preamplifier output at ¢ = , requires
a trigger signal which precedes the step at the preamplifier output with a fixed
time relationship, otherwise a delay between the preamplifier and the sample
and hold circuits is needed.

In collider experiments, where these techniques are supposed to be more
perspective, the trigger signal defining #, can be made indeed available, as the
events occur during the bunch crossings, that is, at a constant time distance
from each other.

Always thinking of collider experiments, the switched-capacitor approach
of fig. 10.9 can be employed to realize the best estimate of a random staircase
in the presence of white noise discussed in sect. 4.

o v(t)

¢

] g T i
m— s,i .
- ou./-pass —1 I— — I v.
’ filter pgy ma | 1
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clock , frequency f,
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/=0

Fig. 10.9. — Switched-capacitor approach to optimum processing in the presence of
white noise, ¥, is a prefiller with a cut-off frequency lower than f, .

In the diagram of fig. 10.9 the capacitor C, the switches 8,, 8,, S;, S, and
the capacitive feedback around I realize an integrator based upon the switched-
capacitor technique. As initial condition at t =1 the capacitor C, is set at zero
voltage by a switch not shown in the diagram and the clock is enabled. When
the free-running clock is at one of the two logic levels, 8, and S; are closed,
8, and S, are open.

The capacitor Cis connected between the output of the low-pass, band-limiting
filter and ground, thereby charging to the output voltage ». During the other
logic state of the clock, S, and 8, are closed, S, and 8, are open. The capacitor
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C is now connected between the inverting node of I and ground. Its charge
Cv i3 transferred to C,. The voltage at the output of I as the result of N
sample and hold operations at the clock rate f, is

Vit) = 09 St

=0

where v(¢;) is the voltage stored on C at the i-th sampling-holding operation.

Between ¢’ and ¢, when 8; is closed and S, is open, V, is stored on C,, while
it is stored on C, between ¢" and ¢”, when S; is open and S, is closed. At ¢> 1",
the voltage at the output of A provides the best estimate of the step in »(¢).

The process ends by resetting the voltage across C, to zero. The low-pass
filter performs the function of band-limiting the signal with a cut-off frequency
lower than f,/2.

The principle depicted in fig. 10.9 is based upon the classical switched-
capacitor technique and, therefore, is of easy implementation in MOS monolithic
technology.
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11. — Conclusive remarks on some problems of analog processing.

Some of the experimental situations described in the introduction will be
reviewed now and the related problems of noise and counting rates will be
considered again, in order to outline practical solutions. The more demanding
condition, that is, the one arising in fixed-target experiments, will be assumed
as a reference.

11°1. Silicon telescopes. — By virtue of the short collection time in the detec-
tor counting rates of several million pulses per second are theoretically possible.
To achieve these rates in a real system, two problems have to be solved. First,
optimizing the equivalent noise charge at processing times that are constrained
to be in the range of a few tens of nanoseconds. Second, designing an amplifier
system capable of working at these rates with negligible spectral-line degrada-
tion [1].

The most appropriate preamplifier solution looks to be based upon micro-
wave bipolar transistors with low R_... As the detector capacitance can be
not small, frequently exceeding 100 pF, capacitive mateching between detector
and preamplifier is advisable.

To cope with the counting rates, the use of the periodical stabilization in
the amplifier system is mandatory.

Analog processors based upon bipolar-transistor preamplifiers and periodical
stabilization are presently employed in association with the silicon active
targets of NAI, WAT71, NAl4 experiments [2-5].

They all employ time-variant shaping realized with the gated integrators
of charge-sensing ADCs. The analog processors of NAI experiment, for instance,
has the following characteristics. The noise weighting function results from the
convolution of a Gaussian pulse with 25 ns FWHM and of a rectangle 70 ns
wide. The equivalent noise charge with a detector capacitance of about 80 pF
is 2200 electrons r.m.s. The Landau spectra at several multiplicities of min-
imumionizing particles, taken at a counting rate of 10% p.p.s., are shown
in fig. 11.1 [21.

11°2. Germanium bulk detector. — The germanium bulk detectors employed
in NAI experiment were of two different pitches, 50 um and 100 pm. Owing
to the long path that the charge carriers have to travel along in their collection
motion, the collection times and their fluctuations are considerably larger than
in silicon telescopes. For this reason longer time constants in the time-invariant
preshapers and a wider gating window had to be employed. Preshaping was
achieved with lumped R-C integrations.

The noise weighting function results from the convolution of an almost
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Gaussian pulse with 200 ns FWHM and a 500 ns wide rectangle. The capacitance
presented by each electrode to the preamplifier, basically due to the conneetions,
is of the order of 30 pF. The small detector capacitance and the long duration
of the noise weighting funetion suggest the field-effect transistor as the most
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Fig, 11.1. — Landau distributions obtained with the NAI silicon active target: a) odd
multiplicities, b) even multiplicities.

suitable input device in the preamplifier. The amplifier system employs peri-
odical stabilization and, like in the processor associated with the silicon target,
time-variant shaping is implemented by the gated integrator of the charge-
sensing ADCs. The equivalent noise charge for the germanium analog processors
is 700 electrons r.m.s.

The noise line and the Landau distributions of two and four minimum-ionizing
particles are shown in fig. 11.2 [6].
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11'3. Microstrip detectors. — The position information in a microstrip detector
cah be read out according to two different approaches [7]. One, called strip-
by-strip readout, requires one analog signal processor every strip. The other
is based upon an interpolation method employing charge division and allows
accordingly a reduction in the number of readout channels required.

The strip-by-strip readout is shown in fig. 11.3 [8-10].
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l
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> —

amplifier
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Fig. 11.3. — Strip-by-strip readout from a microstrip plane.

As the figure points out, in mierostrip planes of small pitch, a serious prob-
lem is the one connected with the need of fanning out the signals from the
strips to the preamplifiers. Tf the preamplifiers are of relatively large size,
like in the case of thick-film eircuits, for instance, the connections between the
strips and the preamplifiers are long. The contribution of the fan-out to the
total capacitanee at the preamplifier input becomes dominant [7]. For instance,
a printed-cireuit fan-out designed to connect a microstrip detector with 50 wm
pitch to a set of hybrid, thick-film preamplifiers wonld present at each output
more than 30 pF. The capaeitance presented by every strip would be of
(5--10) pF. The signal-to-noise ratio, therefore, is badly affected by the fan-
out cirecuit.

Besides that, a configuration of the type shown in fig. 11.3 introduces
serious problems connected with the size of the front-end eleetronies and with
the number of cables needed to convey the signals to the remote-end electronics.
These two difficulties can be overcome in a fixed-target experiment, where the
number of strips hardly exceeds 104, but would make the method unusable
in the barrel-type microstrip assemblies foreseen for some collider experi-
nments. Consequently, while present fixed-target experiments are still based
upon discrete or thick-film cirenits in configurations of the type of fig, 11.3,
a monolithic approach to the design of the front-end electronies with a built-in
demultiplexing eireuit to reduce the cabling problems is pursued for collider
applications. Several systems have been developed during the last few yvears
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for low-noise data acquisition from microstrip detectors employing the strip-
by-strip readout. In high-counting-rate applications, the solution based upon
bipolar-transistor thick-film preamplifier of the transresistance type and de-
scribed in subsect. 9.3 has been extensively used at CERN [8].

Such a preamplifier is particularly suited for processing times shorter than
50 ns and input capacitances of the order of 10 pF, that is, for applications with
fan-out printed-circuit boards not excessively large. Within these limitations,
the preamplifier benefits from the good noise performances of the bipolar
transistors at collector currents that are more than an order of magnitude
lower than the usual drain currents in a field-effect transistor. This results
in a small power dissipation, which is an advantage in such a large front-end
system as microstrip detectors require. The preamplifier can be used in asso-
ciation with a fast amplifier and a threshold discriminator which senses the
strip hit, in which case the shaping is of time-invariant nature, implemented
by the natural band width limitations in the preamplifier and in the amplifier.
Alternatively, if the pulse height analysis is advisable, as it happens when
microstrip detectors are employed in tracking systems, the gated integrator
at the ADC input performs in the already discussed fashion time-variant shaping.
In microstrip applications, the use of a gated integrator rather than of a simple
diseriminator, even if the purpose is just that of sensing the hit on the strip,
has the advantage of a much better rejection of spurious charge induction on
the noncollecting strips as well as of cross-talk signals. Cross-talk is not a trivial
problem in microstrip detectors of small-pitch readout with large fan-out
printed-circuit boards featuring a high density of conductive paths. An alter-
native solution of microstrip readout is presently being employed in WAT5
experiment at CERN [10]. The analog channels, intended for a strip-by-strip
readout, consist of a charge-sensitive preamplifier with a JFET input stage,
of an RC integration and of a track-and-hold amplifier. The outputs of the
track-and-hold amplifier are digitized by analog-to-digital converters operating
in a multiplexed way.

Every ADC serves 32 analog channels. The shaped analog signals are fed
into the track-and-hold amplifiers, where their peak amplitude is stored upon
receipt of a timing command. If the experiment trigger requirements arc met,
then the analog storage is confirmed to enable the multiplexed analog-to-
digital conversion to be performed. Otherwise a fast clear is executed on the
analog memories. The system is intended for application with a vertex detector
consisting of 16 microstrip planes with 300 um thickness and 50 ym pitch.
The equivalent noise charge referred to the preamplifiers’ input is about
1500 electrons r.m.s.

In order to meet the application requirements of microstrip detectors in
collider experiments, research and development effort is presently being chan-
nelled into the monolithic solution of the front-end analog electronics. To be
effective, such a solution must allocate on the same chip the preamplifier, the
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shaper and an analog multiplexer which has the purpose of reducing the number
of cables leaving the front-end cireuitry. The technological approach followed
so far is based on VLSI MOS ecircuits [11,12].

This solution, though suitable to implement. a shaping employing the analog
switching funetions of fig. 10.7 and 10.9 as well as the analog multiplexing
operations, leads to rather poor noise performances in the preamplifiers.
A JFET-MOSFET compatible process, with the JFET as low-noise input
stage and the MOS {ransistors implementing the other functions, would be
certainly more suitable. Its feasibility is still to be investigated.

Analog front-end electronics employing MOS transistors only is presently
undergoing the laboratory tests. The basic circuit diagram is very similar to
the one shown in fig. 10.7. The outputs from several channels are multiplexed
on a single analog line by a system of analog switches. This process of infor-
mation serializing is controlled by a clock generated on the chip and takes
place during the period between two consecutive buneh crossings.

The use of a monolithic technology does not allow the realization of
resistors of large value. Therefore, an alternative solution must be found to
the problem of the charge reset on the preamplifier feedback capacitance O,
reset which in diserete or hybrid ecircuits is implemented by a resistor in
parallel to C,. The alternative solution adopted employs a switch in parallel
to C,, as shown in fig. 11.4. The switech 8 is closed during most of the time

Fig. 11.4. — Switch-actuated charge reset.

between bunch crossing. A few hundreds of nanoseconds before a bunch eros-
sing 8 is opened. Onece the baseline at the preamplifier output has settled, the
sample at ¢ = {, is taken (fig. 10.7). Passed the bunch crossing and after the
second sampling instant, ¢t = ¢,, 8 is closed again. The described solution is
feasible, of course, because of the predictable time of oceurrence of the events
which is a characteristic of collider experiments.

Irrespectively of the type of solution adopted for the preamplifiers, in
detector in which every strip is read out, the output noise of each preamplifier
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is increased by the presence of the adjacent circuits. This statement is ex-
plained in fig. 11.5, where the three preamplifiers considered are supposed to
have infinite gain-bandwidth product. The r.m.s. output noise for the K-th
preazmplifier can be expressed as

= l20u+ Gt G+ 202,

- H»O—D'—-

)
1
76 ¢
1
]
]

.---”s +_J»-(e)”—{>.>_.

]
4
TC.

s

r--“lcli"i—"'?"b"'—’

Fig. 11.5. — Effect of the adjacent preamplifiers on output noise of the K-th one.

where ¢% is the input root-mean-square noise assumed equal for the three
preamplifiers. As usually the values of C,, capacitances are larger than C;
and O, the presence of the adjacent preamplifiers increases the output noise
of the K-th one of about 259,.

Microstrips’ readout of the type analysed so far requires a large number
of channels. The effect of noise increase due to the two adjacent preamplifiers
must not be overlooked. As an advantage, the strip-by-strip readout has a
double-track resolution which is close in value to the employed piteh.

A method which allows a reduction in the number of readout channels, more
accuracy in the evaluation of the single-track position by virtue of its inter-
polating nature, but a lower double-track resolution, is based upon charge
division and is shown in fig. 11.6 [13, 14]. As shown in fig. 11.6, there is one
strip readout every N.

The hypothesis of ideal charge division between the two readout preampli-
fiers will be assumed at first; the parallel capacitances will be accordingly
neglected for the strips that are not read out. For the strips 0 and N, to which
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1

amptifier amplifier
shaper shaper

Fig. 11.6. — Position interpolation by charge division.

the preamplifiers are connected, the two capacitances €, account for the sum
of the preamplificr input capacitances and for the strays. Let e;, ¢;,,; be the
root-mean-square noise integrated on the band-pass of the shapers and referred
to the input of the preamplifiers. The gain of the two analog channels will
be assumed to be normalized in such a way that the peak amplitudes of the
signals v;, %, are

N1 Q 1
N ! ”H-l,.:aﬁ-

Sl

V5=

The noise at the v;, v,,, outputs is given by

® — e g* Ci‘ 1 e Ci’ e E?._
e, NC T = No, 7 :

(11.1)
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To explain the basic methods that can be employed to deduce the position in-
formation, the presence of the noise will be at first disregarded.

Under this hypothesis, the sum v,, -+ v,,, = @/C, is position independent
and can be considered as a normalizing factor to obtain a position information
without any dependence on the charge Q, that is, on the energy released in the
detector. In the ideal case of noiseless readout amplifiers, the position is recon-
structed by taking either quotient

Ui+t 4
11.2 — e
( ) ,vj,l '!_ /vi+l's J’ !
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or

Vi1 a— D 71
11.3 e I g = N .
( ) Uiyt t Vg0 N 2)’ even

In the former case the result is a linear function of the co-ordinate ¢ measured
from the readout preamplifier »;; in the latter the position is evaluated with
positive and negative signals and the zero is coincident with the central strip
between the two preamplifiers.
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Tig. 11.7. — Signal as a function of the co-ordinate ¢ with the two interpolation
methods.

The dependence of the signal amplitude on ¢ is shown in fig. 11.7 for the
two cases.

The effect of noise in the two cases can be analysed by writing, in place of
(11.2), (11.3), the actual quotients

' Vsr1,e T Vptry
(11.27)
Vprs,et Vsrr,y + Ve - Vg
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and

ey |
Vi1, Vi T Vpb1,N " Vyx
9
Virt,e + Ciarn |- Vs + (R

(11.3)

where the suffix s stands for signal and the suffix N stands for noise,
For v;,, ¢ and v, , expressions (11.1) have to be introduced. In the aectual
situation, when discrete or hybrid preamplifiers are employed, the term C,/C,

largely dominates and v, o, o, fuy Can be accordingly written simply as

G

H
VN = Ca sy U = 6n o
b4 b4

The variance of ¢/N is given in both ecases, (11.2') and (11.3'), by

g[(N—i)z @]

(11.4) 7 + e

ez
6%y

where ¢2 is the square of the r.m.s. noise referred to the input and assumed
to be the same for all the channels.
The funection in brackets is plotted in fig. 11.8.
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Fig. 11.8. — Dependence of the i/N variance on the ¢ co-ordinate.

All the analysis developed so far disregards the effects of the parallel capacit-
ances in the detector and applies, therefore, to the case in which C,, > C,, where
C, is the capacitance of the diodes determined by the strips that are not read
out and the depleted N region beneath them.

If the condition O, > C, is not met, the ladder-type capacitive network
resulting from the C,, O} eells in series introduces an attenuation in the charge
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appearing at the preamplifiers’ input and would aftect the position measurement
with a mnonlinearity even in the ideal hypothesis of absence of noise.

To satisfy the condition C€,>C,, the detector should be manufactured
by making, for a given pitch, the strips as wide as possible and the gap between
strips as narrow as possible. Additional interstrip capacitance might be required
if the previous method does not give a suitably high €, /C, ratio.
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12. - Conclusions.

During the past few years, several semiconductor detecting devices have
been introduced in elementary-particle experiments performed around the large
accelerators.

Examples of these devices, according to their historical order of appearance,
are the arrays of silicon detectors employed as active targets or as charged-
multiplicity recognizers, the germanium active targets, the silicon microstrip
detectors and the CCDs used for position-gensing and for vertex reconstruction
purposes. More recently, large silicon detectors have been successfully tested
as sampling elements in calorimetry, while new devieces, like the silicon drift
chamber, are progressing along their way to the experimental set-up.

When one of these devices is introduced into a complex experimental con-
figuration, like the one that most of the experiments require, and is exposed to
a high-intensity beam, several peculiar constraints affect the strategies adopted
to process the signal delivered by the detectors. These strategies are entirely
different according to whether solid-state detectors are employed in a fixed-
target or in a colliding-beam experiment. Besides, they depend on several
other parameters of the experiment and must be versatile enough to enable
the experimenters to change some of these parameters.

A review of the criteria governing the detector signal processing under
the particular constraints arising in experiments around large accelerators was
one of the purposes of this paper.

Its second purpose is that of disseminating among the ecommunity of high-
energy physicists a number of instrumentation solutions that have been de-
veloped with the aim of making the high-energy applications of solid-state
detectors as effective as possible.

APPENDIX

The values of the integrals that more frequently appear in the frequency
domain noise evaluations are given in this appendix for the readers’ useful-
ness. A very good sourcebook of integrals is Table of Iniegrals, Series and
Products by I. 8. GRADSTEYN and I.M. Rvzik (Academic Press, New York,
N.Y,, 1965), whence some of the results quoted in this appendix were taken.
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