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e ol the 30 noeleas [ Thiat was probably the st e that u soluds
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Serpubuov [

L both experitments the aetive target conristed of a telescoupe of surfuce”

harrier, ttadly depleted silicon detectors, aligned along the bewn axis 4t siall
mintounl dintanees,

The contiguraticn of an active target used in the coberent-priduclion experi-
ment v sbows g dgo 1L The target used o the Berpukliuy caperiment con-
sisled ol ron 204 pue thick dutectors with an active wivie of 8.5 em?® each,

A device of the type shiown ol 1.0 has w high space resolution in the
L direction. It allows the measurement of the lungitudinaliouization density
us i function of the position and, therefore, the pattern of the charged multiplicity
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Fig. 1.2, - Coherent event reconstruoted from a targes of the type shown in fig. 4.

Signal processing associuted with an active targat aims at measuring 1l
enerey reieased whong the teluscope, Phas requires wn wtenryte IneadRreen
of e el mads gegilaglo by eneh detevtur,

A target il o that of Hg 10 was Cragduyed dn the fral PIEAMD
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e targut employed 1 the FPRAMM 1 Wy peritent Witk el gquily doesigne
toancinure Tfebinen of ¢hurmed puiticled 1y the (191 HIUSLUIFTIITIY

Lt eonsiited of forty wilicon detectors 300 pm thick and with 1.6 em? activ
surtuce. As any telescope intended for lifetime peashoements it had, RS cain
Pured o the coufigurations adopted for coherent production, the additio,
(:unsl.,raiut of & very thin air gap between the detetors, 200 pm or fess, Pl
1"equm-mcm comes Lroiu the need of Leeping the probubility of decays oecurring
i the wiv gaps as Biuadl s possible, A FRAMM eveht s shown in tig. 1.3, Tin
ciergies iwensured i Lhe various detectors e displuyed deteetor u 1'u:r deteetor

The uuit adopted for the encrgy seale ks the most probuvble vidue of th
J.A:ud;;.u distribution of env i ioniziog particle erossing O given deteetor
t}uukmzas, ~ 8L koV in the aetuul case. So, the diagram of fig, 1.3 ¢un b cin
sidiered presented in units of charged malbiplicity. Ihe event currespondin.
to the multiplicity puttern of fig. 1.3 is ghown in the sane figmre, A gl
encrgy photon beam was cmployed. The first detectors, that (e Photon erosse:
without interacting, do not produc fudpsit sigiads and whil appears e L
niml';’_nn!*lllulllga“i:il.\’ axis iR Lhe enery) cyuivichant of The electranie norise

At pudachion detedor s identned By oi b cnerp s relewse dioe o L
micheus recoil. Pwo uininn, fomizing partielo are produead wnd s ol
Pheity ¥~ s measurest i coin - dabectogs e g e ode where productio,
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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 prodnced particles decay within the tele-
scope, the deeays give rise to multiplicity varintions that are recorded by the
silicon detectors.

The deseribed technigque of lifetime mesasurement 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 electronics and
to  larger extent to the fact that the technology employed in detector manu-
facturing was not adequate for the purposce. In order to meet, the requirement
of a close spacing between them, & 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 rchematically in fig. 1.4 [6, 7). The detector shown in fig. 1.4 is
based upon fon implantation of the junction and of the rear ohmic contact
and Si0, passivation. -

A n next step, for shorter-lifetime measurements the deviec of fig. 1.5
was developed [8-10).

The device of fig. 1.5 is obtained from a bodyx of high-purity n-type ger-
maninm, on the upper face of which p-type strips are implanted. A 300 um
layer on the lower face, obtained by diffusing and drifting lithium, and the Al
metallization realize the ohnic contact. When reverse bias is applied between

PROCESSTNG THE MGNALS FROM SOLID-3TATE DETECTORS ETC. !

the strips and the lower Al plane, the body is depleted of free charge and eacl
strip defines a detector with the section of germanium body underneath.

The device a5 a whole can be thought of as a sequence of equal detector
with no physical separation in between.

AL

5101 pa.ssivation 510, passivation

p* imptantation

n* imptantation

\At

Tig. 1.4. — Bilicon deteotor realized with the planar process.

The beam incidence is parallel to the strip plane. Therefore, the transversa
dimensions must be large enough to cover the beam section. In the actual casc
the detector thickness it 5 mm and its width 2 em. The longitudinal dimensio
ie limited to a fraction of radiation length, to avoid excessive beam contamina
tion from et, ¢~ pairs.

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

The germanium bulk detector of fig. 1.5 has the advantage over the silico:

‘telescope of fig. 1.1 of a higher gpatial resolution along the beam, (50—10¢) ur

ps. 200 um. Such & gain in granularity results from the factor-two-highe
specific energy loss in germanium than in silicon, from the absence of air gap

»

—él—nm
-
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ﬂ _—
D ——
HP Ge "
l'l‘

Fig. 1.5. - Ge bulk detestor.
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Another appheation of & telescope of solid-state detectors is the evaluntion
of charpged malaplicty of minmitwn-onizine particha. PThe moltiplicity s
deternuned e the total energy releced au the teleseope, Tta segented
slructure allows e mopilering of the energy deposited in the individuad colls,
therelly redocing fse iouitiplicity attributions Lhat may arise from secondary
interaetions iy the deteators. A real-titne trigrer hased upoen the vifference in
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Fig. L.7. ~ Real-time trigger based upon two telescopes ‘I aanl Ty,

A silicon position-sengitive device, the microstrip detector, is already bei:
used 10 several experiments and extensive use of it is being planned for
future experiments at LEP, at the FNAL Tevatron and collider and eb
where |5, 14-21],

The structure of a microsirip plane, developed with the same techinolo,
of the detestor of fig, 3.4, is shown in dg. 1.8,

Phe slructuree is similar, L0 some extent, to the Go buil deteator, the pticy
strip plane vomach thivuer, {300 .5-300) wim, aul s mtended (0F beam inendes
whnast orthogonnd e the strip plane. The position wlony thae coaxin whise
travh vrosses Wi detoctor is sensod by thal particulur strip which velleets t
charge carrers,

Values of the pitch as small ag 20 pm Lave already leen realized; the low

AL

n-type Siticon

p*imptanted

strips n
- 0t smptantation
\Al wwnfact
I,
x

Fig. L8, - Muroestripe plase,
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limitation to the pitch rather than from the detector technology is set by other

considerations.

First, consideratione of physical nature, sccording to which, redneing 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.

Tf the microstrip detector operates in s 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]. Feaeibility of r.m.s. inac-
curacies down to 3 to 5 pm, depending on the readout method, has been demon-
strated.

A second consideration about the lower limit to the pitch reflects the engi-
neering difficulty in fanning out the signa! lines from the detector to the readout
clectronics. An exsmple 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 pm pitch.

The present interest for microstrip detectors in elementary-particle physics

T CEERTT O L TR RS TR B

Fig. 1.9. - Printed-cirenit board used to fan out the signals from the strips to the
readout electronies. (Courtesy of CERN.)

PROCESMING THE SIGNALS FROM SOLID-STATE DETECTORS ETC. 9

is connected with the possibility of realizing a vertex detector based upon

microatrip 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,

microstrip

’ pmm ﬂ
R ' |

i

li
I

5i y T

Tig. 1.10. - Silicon aotive 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 hased upon microstrip plance are
presently being designed for collider experiments.

An example of barrel-shaped vertex detector intended for oune of LEP
experiments is ilustrated in fig. 1.11 [25, 26].

axial and ozimuthal
microstrip planes

end cop

beam pipe

supporting ralt

Fig. 1.11. — Barrel.shaped vertex detector employing microstrips.
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30.04 \

10.0

potential energy (ev)

y{pm)

Fig. i.14. ~ Potential energy of sleotrons 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 chamnbers 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
beeause 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 devieer reviewed so far,

In some situations, accurate measnrements of the energy released in the
detectors are required, like in the case of the reconstruction of the ionization
density nlong the beam, or in the charged-mmitiplicity evaluation, or in rilicon
calorimetry applications. '

In some other cases it has to be distinguished whether an output signa)
can bhe safely attributed to a ionizing radiation crossing to the detector or
whether it is an artifact determined by the clectronic noise. This distinetion
Lias 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,

PROCESSING THE ATGNALS FROM S0LID-ATATE DETECTORE ETC. 13

Regardless of the type of signal processing required, however, the relative
importance of detector signal, electronic noise and noise associated with the
signal itself 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. 1.16.
The following effects contribute to the line broadening.

They are

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

I1) statistics in the process of charge creation in the detector for events
corresponding to the same energy release,

III) stochastic noire in the preamplifier.

Effect IT) is of negligible importance, compared to I) and III) in high-
energy physics where the energics deposited in the detectors are small, and
where the Landau fluctuations dominate the statistics of the charge appearing
at the detector cutput. The contribution of the electronic noise to the spectral
line width can be disentangled from the curve ¥} of fig. 1.15 by injecting at the
preamplifier input charge pulses and accnmulating 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-neise 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, indecd, that the solid-state detectors have no built-in charge
multiplication, that is, the output charge ir equal to the one made available
by the primary ionization process. Sucl a charge is determined by the specific
cnergy loss, about 270 ¢V/um in silieon and 330 ¢Vijum 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 calorimetriec applications, the practical depletion depths range from
about 10 um in the ease of CCDs to about 400 um in microstrip detectors and
telescope layers. Thicker detectors are not used becausc 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 {rom a vertex.

The charge created by one minimum-ionizing particle can be estimated
to be in the range 10* to 3-10¢ electrons.



14

P i i e e oL T

wal- \
STV
4y
3 !j#
[yl L)
g |
- .

" ™
¢ W0 T ke TS 505
ADC crannels

i
Wl

Fiy 105 - Landuu distiibulion of the Lhergios released by minbuum-iohizing par-
tides 16 & thin silicun detecior (6)) mid nuise b (a)). Nuise linewidtly ENC 1606 '
FWIM, 51 40 keV,

. ) . .

The cxtent 1o which whe cleclronie poixe affects the aceurary in the ehurge
meinireend depenis o the detoctor ¢ P e and on the b aviililile
for the measumament of 1 sigle o

An the vabialion st diaty g . Vavadior Hbelictions beeon. the

b e ey U rmpartoace of e electiune

o GaTTE M PR MaANtRION

"; ) «Premlo Triennale per la Fisica Francesco Somalnts, |

TS c
v . '

INDAZIONE
| 7PKESSOTILYTEMEIOPVOLTIANO, A COMO®

. N

PRANUESUO SOMAIN]

.

N

pt )

LT U PREMIOLPER LA FISICA’ [ e
.. - E BORSA DI STUDIO PER IL 1998 . . -,

LI B . i DY

_a . Cou lo scopo di piemisre e incoraggiare nel nome di ALBSSANDRG VOLTA gll
. ostudi di Fasica in- halia, la « Fondazione Franc:sco Somainis presso il Tempio
Voltiano & Corno, stabilisce il Fremio,c indice ji Concorso,.come segue: i

A0
DUIEIATY S ey T L E s Tl .

[T

. L. =1 Premio-di L. 10.000.000 (dicci milioni) nette, per il i988, verra diretta.

" mente assegnalo senza Concorse su proposia della Commissione Scientifica della

Fondazione, secondo le norme statutarie. -

2. - La Commissione Scientifica della Fondarione @ costituita da dus Soci
nazionall 0 corrispandentl dells Cateygorfa 111, Sexione A dellu Classe o1 Science
Flsiche, Mutemutiche ¢ Naturall dell'Accademin Nazionsle del Lincel, powndaati
dall'Accudeila stessa; da due Manbri (eflettivi o corglspundentl), Jdella Spione 1
della Clusae delle Sclonze dell'lstiivio Lombardo, Acendesnin i Scignze ¢ Lottere,
nominatl dall'Istituto siciso; dal Presidente dells Socleta Jinlinna i Flsica o, In
sus vece, da un Membro del Consiglio della Socletd nominato dal Comlglio stesso,

3. — Il Premio & indivisibile.

& — 11 conferimento del Premio aved luopo entro il 20 Ottobre 1988, Al vinei-
tore sara rilusciato inoltre il diploma con la medaglia in brofzo della Foudazions.

5. — La proclamazione del vincitore, e'il conferimento del Premio, de! diploma
¢ della medaglia avranno luogo, se posuibile, in occasione di anifestazioni culturali
di Fisica. La Comunisslone Ammiuistiatrice potrd chiamare il vincitore a illustrare
pubblicamente, uella seduta di proclamazione e conferimento del Premdo, i

suof lavori.

b

-B) Concorso alla « Borsa Francesco Somain per lo siudlo dells Flslcas,

1. — E aperto il Concorso allu « Borsa Francesco Somaini » per Panneo 1948
di L. 4000.000 (quajuu milioni} neue, per sudi di Fisica, da assegoarsi al
tuncorrente che, tra quelli che T Commicvvae Giudicauce. giidashera in senso
wisclnnn mieritevoii bl Horsa, veor a aatia Commicsdone stessa pivdicato il pia
Wesdhovtle, st ped Goon L pitenon, suentifica, bavord giaA svolti ¢ risultati gia
CONSLRUL uelli bk, anche i anbaggiv chic gli' studi, per i quali & richicstu
K Barsa, pessoun gt e alio wvrapyae delia Fisica, ingltalia. - .. :



e = et

P ————— s

i
!
l

FIVORRE

FRCT Y

PROCESSING THE 81GNALS FROM SOLID-ATATE DETECTORS ETC. 15

noise is accordingly reduced. Recently, attention has been conveyed on the
investigation about the specific energy losses of minimum-ienizing 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 releaged will not be discussed in this paper, which
is entirely oriented to the instrumental limitations [38). Among them, a8
alteady pointed out, the electronic noise assumes & great importance. Energy
measurements with any of the detecting devices presented so far imply the
measurement of & 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. 1.18, where Cy is the detector capa-citance'
and ¢, the total r.ms. noise referred to the input of the amplifier system.

amplifier
(:3)%‘ System

Fig. 1.16. — Basic diagram of & charge-measuring system.

The effect of the preamplificr noise ean be deseribed by saying that an infinitely
narrow probability donsity function of detector charge would appear, at the
amplifier output, as a Gaussian distribution with variance ¢%C%. The quantity
{ezCL)) is called equivalent noire charge referred to the amplifier input; it is
represented with the symbol ENC and usually expressed in r.m.s. electrons.
The cffect of the amplifier noise on the performances of some of the devices
considered in thir section will be illustrated by a few examyples,

In an active target of the type shown in fig. 1.1, the clectronic noise may
magk & siginal variation oceurring from one detector to the next one, thereby
giving o false attribution of the point at whieh a multiplicity change occurs.

The clectronic noise affects the accuracy in the position identification made
with o detector of the type of fig. 1.6 in a similar way.

In the care of a microstrip plane, the need of achieving an adeqnately =mall
electronic noise is clarified by fig. 1.17. In this example, it js assumed that the
microstrip detector is read out by a system which hag one ¢hannel on every
strip, each channel eonsisting of an amplifier and a diseriminator. 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. Tt is evident from fig. 1.17 that, if the ENC is not guitably small
in comparison to the §-Q, separation, the overlap between the noise line
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Fig. 1.17. « Eflvet of electric nuise on the microstrip readeal,

than 0.1% probabity of gpurious hits and less than 0.1% inefliciency and
tulang into account a possible charge division between adjacent strips; the
ENG naust sulisfy the rolationship

(1.1) ENG 1804 clectrons r.m.s. ,

With d detector thickness in units of 100 R (39). Bo, for ivatunce, u 200 g
Sbrip detector requires an anphitior with less thun 99y vluetrous ran.s,

If in s mslerestrip detector the position i read out by some kind of inter-
polation wethod, hke, for nstance, clirge division, the considerations abont
the elfects of the wuive are differcut, Hiough the wehieveivent of  Ligh resolution
B the positivn evaduntion still requires that the Prewinphifier noise be hapt
b binakl ws pusaibile,

Aiicon drift Chambers empluyed in chelgy leasurenients are suhject tbw.

U sume vousideraions made witn reference to fgure 116, where now €, is
mesnt to be the capactianee of Lhe collecting suode, whicl, as . iready pointed
aut, i considerubly smaller than the vutpul capacitance of w conventionul
detentor with the swmane thickness and active wrew,

When used as a pusition-scusitive or tracking device, the information pro-
cessing associated with it bas the purjrase of ineasuring with the best LCECUTACY
the thue taken by the electrons to drift to the collecting anode with refcrence
tu a trigger signal,

Typieal dedt tunes to achiove the best resolntion are 5.6 s per 6o drift,
ab daiermned by w433 Ve urite fetd,

Bheon dft chambers fave Teen tsiod witl P le 2508 Viem drift feld
Wil oo Londies Gt s

s per boan edt Wit w Lue o o deres I

PROCESBANG 11k Sid®ads VROM SOLIB R08EE DRIF o v 114

ok, 3F n fle praeshat B CRe 0 Eie sien Paba bane pplageng
the degradation i resolntion wogle be only 1.3

A typical pulse pracessor for silicon drift chambers cousists of a preamplifier
for low deteetor eapucitunce, of a guasi-Craussian amplitier, 175 00 WM,
followid 1y o differentintor which delivers o bipolar shupe very close to ne
Ophinu e resCerusSLg L ng respolse. el Uhe prossphiticr nolse veprcacids
w o daminant Himitation in the achievable poaition resclation.

SBitee e solid-state delecting deviees nuade their dissl appearinee i
clementiry-partich: physics, the problem of desigrony low-toise electronies
capable of cupyg with the peeuliur experimental situalions Ll to be fuecd.
I gL s tree that the fundiaentals of sigual and noise theary for capacaitive
sourees wore knowi smee o long bnwe and that they were exvensively emploved
I low energy uaelear spectroscopy, it ig also true that cesearel and develop-
ment work was needed to wransfer that knowledge into Ligh-vhergy physics.

For instunce, in fixed-target exporiments, silicon deviges of the telescope
type are employed at couulmg rates up to two orders of magsniude higher
thau the rates el in nuclear spectroscopy. The effort divected 10 reduce the
noise at short processing times has extended the interest from the junction
fieid-effect iransistor to alternutive types of amplifying devices, Problews
reluted to very large daetector capacitunces aud under the constrant of the
high conuting rates had to be solved, The need of achieving vutstanding basoline
st bilities at high counting rutes without sacrificing the intrinsically poor signal-
tu-hoise rutio had to be satisficd. The growing mmnber of deteeting chunpels
in eaeh exporiment reguires compact, lowsnoiit cireuitey e the front-end,
Lybrid prewmpliner: are adecody of gurrent use, while Jow-noiae wmonglithic
donippn b bedng ssrnned ony to solve the probiten reluted Lo the signal valisction
brom microstrip doteciors of wimull pitel [du, 41).

Moveover, dogradation b signal-to-noiee ratio and counting rde perforns.
atices doe to Lhe Jung connectiony between bentn Jisie whd codibing Toom must
be avoided.

Tu conctinde, the instrumentation which extraets the inforualion from solid-
state devices iu clenientary-particle physics must be thought about with a
suber of coustraints borue v nuud,

The present paper, which ains at diseussing the eriteria of sigaal proc sElugr
for solul-state detectors in elenentary-particle pliysies, witl aualyse the solutions
that have to be wdopled o achieve the best performances from the detectng
devices reviewed in this section,
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2. - Shape of the signals delivered by solid-mate detectors.

The knowledge of the e dependenee of tha sigoaly delivered by solid-
Btade pidintien doefoctors s ol groat importanee iy the dosipn of Lhe Progiasurs
Ll have v operawe on them, Fop this veason, the basic method to ovaluate
sueh w time dopendenee will b presented here. Practical ovaluation of euprent
Bhispresy instendd, will be limited Lo e eake of lrgost applivubion impottance,
Hat by, o PN Junction detector with pliner geosetry [1-4]

I the mest generad case, the evaliation of the ontpat siguai wt a given
alectiode of W senvonducior deteetor reguives (5, 6]

@) the Ruosledge of the iuitial distzibutions of eleetrons und holes;

b} the exabution of the law of motion for eleetrons and Loles in he elee-
trie fleld determined by the clectrode biasing sud by the space charge of the
doping atoms; the spave charge of the carriers created by the iouizing events
can be dogleeted in the case of MuniuuL-icuicing particles;

¢} the evalaation of the contribution of every ¢lement of charge in motion
through o weighting vecior F_(P) which depends wn the detector geoiueiry,
on the eleetrical network to whick the detector w econnected us well as on the
volociLy o of the chaige eletient under vousideration.

These three poinly will Gow e lsenssed i reverse ovider.

I R T o R L N N O EOIN T o R i,
Beat ool Che i (RN A LA B R

§omm——— e e i

PROVERMNG FHT SRARR PROM S0DRID.STAYE TGOk ¥ic, 2j
1

Fig. 2.1. - Systow of electrodes 1,...,m,...,n, smbadded intu & lumped, linear,
reciprocal neiwork.

T'he evaluation of the voltage signal va(f) determined by a charge ciement
q on & gencric clootrode m can be done by applying between m and grounsd
ourrent genorator delivering s ddinpulse and by caleulating in the detector
voltiue the weighting slectric eld E, (P, 4 duc to thia goueratur eluns
{tg. 2.3).

The dusirad voltuge sighnl v, () is given, by virthge of reciproeity thenroma,

T ——

al

e
iter=x,.§

m
———
“Ql
vt} Ry W
R -
\'x.\_ﬁ [

—

g 220 Fvaluation of the voltuge signal {6)) wad of the enrnent niguul (B} at the
(;[(cl.".u‘l: i
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by
t

{2.1) v.(t) = — g|E, (P, ¢ — t) xu(P(1))dr,

where the symbol x denotes the scalar product.

In eq. (2.1) u is the velocity of the charge element g at the point P at the
instant 7, as determined by the true electric fleld acting on that element of
charge.

To calculate, instead, the current aignal i.(t) induced by the element of
charge ¢, in a conductor shorteircuiting the electrode m to ground, s voltage
generator delivering a &-impulse must be applied between this electrode and
ground and the weighting electric field E_ (P, 1) in the detector volume and due
to this generator alone has to be evaluated.

The desired indnced current i,(t), by virtue of reciprocity theorems, is
given by

(]
2.2) inlt) = — a[E, (P, t— 7) xulP(r)ldr,

where u[P(t)], like in the previous case, is the true velocity of the charge ele-
ment ¢ at the point P and at the instant r. It hag to be pointed out that delayed
contributions in the voltage v, or in the current i, are generally present. This
oceurs when the E_ functions have a time dependence which differs from a
d-impulse becanse 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,{) ¢an be written as

E (P, t) = — 3t} grad V_ = 6(1).Ew.-htl: .

Tnder this hypothesig, the indueed eurrent £,.(t), according to (2.2}, assumes

the well-known expression

(2.3) falt) = — ¢ E_ o P} xu[P{1)],
i
where E_ .. (P) is the stationary electric field evaluated by connecting the
clectrode 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 instance microstrip detectors
with capacitive division or delay line readout.

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

- -

-t
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Fig. 2.3, - Carried drift velocity as a function of the clectric field for GaAs, Ge and
Siat T= 300 K: elestrons, — — — holea.

easy way once the electron and hole mobilities, x, and g, , are known, as func-
tions of the electric ficld. From the curves of fig. 2.3, that represent how the
carrier drift velocity depends on the electric field, it can be inferred that
at room temperature in silicon the rmobilities of both electron and hole bave
to be considered constant up to an electric field of 4000 Viem [7]). Their
values are, respectively, u, = 1200 ¢cm*/V-8 and u, = 450 cm?*V s,

a) Initial eharge distribution. The relationships (2.1) and (2.2) give the
partial contributions to the induced voltage and eurrent at time ¢ arising from
an elementary bunch of charge ¢ of the initial 1onization track. The actual
shapes of v,(t) and i.{t) 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 pianar 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 E_, at x = ¢ and reaching E_,,
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; ¥ region , . £ L
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i NOE
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; (2.12) e Lo Db N By,

P-qND (CIQA;,F-I-

Fago 240 = Pleetoe neig tside the pow Junction,

wt the junction, & - w: According to (2.3} and observing that in the simple geometrie configuration
(4 of the present detector I isiel = 2w and that the velovities u, and w,
i L) = "o 4 B, huve the sume dircetion as E, wansiter 8¢ following expressions can bc written

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

where & iy the dicleetrie tuliabant wind ¢ the slestron charge,

Unnsidering a pair of CHIEIES ) kool the poing x,, Lhe follewing mntion e , e . q Ny Ny .
i ' 2 w 4. Wit) ~ 2w [E =2 gy fex — LR 2
OIS can D T . 4 1 (2.13) h( } w Hy -h+ M s JCAD .Iulq : 1 bt

o dar &y, R . , 4 v Np 1 N;; ! vy .
(£.0) df v Y Y . fur Ly hole, {43 W) s it (’b-u + "““‘ Ty JoxP o= By . ‘.. ' Ustuty,
(2.4) g; = !i.'_i’,,, —pt, B for the olectron | With i {1) .= 0 for ¢ L il £ (8) e W For o t,.

Toue integadion uI {2.18) sind (2.04) pumdu the elnege Ditlneed un the

. Cathuic by both eurriers:
bitegrntimg botl: equations with the initial conditions » = Lo wb £, the - B

following tuue dependenees are obtaimd:

N 4
(2.15) Q= ;‘:‘, (L‘_“ + g—"_ v J;,,) (uxp [ﬂ.q %——" t] - .l) '
L -
(2.7) £y == _.ewE -4 (", i E‘.E ) 8 [ J-VD ]
N wia v aia JEXP |, ¢ —=t +
4o ¥y ¢ (2.16) 0= o (Pt 2 ) (1 — oxp [~ ey rD

for the hole , Ostgy
Introducing into (2.15) and (2.16) the eollection Lies g givendy (2.11) aud (2. 12},

2 - ¢ £ N, .
(2.3 £y= - 4‘\-,-‘) B+ (.1:. + !l"ﬁ- E_,,_)axp [-_ Heg ._8‘_ ,] the totad ehurges induced by the two carriers on the cuthode are obtuined:
D
fur the cleciron o<t . - w— &
| ! ™ (2.27) Cuoa= g T -
hi the previous vel '“““*I“I“ oand toare thee colleeion times of, respoctive by
buies wnd vlecq, I ’ v {2 %) Qi = q o .

Wi e o
SO L , et —
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Fig. 2.5. - Shapes of current signale induced on the ¢athode by an electron-hole pair
created at r,. The columne a), b), ¢). correapond, rerpeetively, to the values 0.76,
0.5, 0.25 of the z,/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 enrves of fig. 2.5 represents the theorctical shapes of the induced
current. signals for the combinations of three valies of the ofe ratio and three
vilues of the rativ B _fE ., where B = (¢N, [e)w is the smallest electrie
field at the detector junetion which guarantees the total depletion, that is
E_,=0for E__=E,, The calenlations refer to a detector with w =
= 300 um and N, =10"cm-?, ,

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

In some cases, for ingtance for the microstrip dctectors, the motion of the
carriere and the resulting induced eurrents must be caleulated 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 trajectorr without diffusion during a time interval At is given by

Art == 2DAt,

m————t
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where D is the diffusion coefficient of either type of carrier in gilicon. The
values of 2D are 60 cmtfs (6 um?/ng) for the electrons and 22 cm?fs (2.2 um*/ns)
for the holes. Oorrespondingly, the squared time spread is At = 2D(Atfu?)
and summing these variances, for a time-of-flight {,,

1t
A =2D if.
u
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3. - Optimuwm least-square measurement of the charge released by a solid-state
detector.

31, Statement of the problem. — In this rection the theory of the optimum
measurement of the charge delivered by a solid-state detector will be reviewed.
The lors in signal-to-noise ratio due to sipnal 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 Q delivered by a detector of eapacitance Cp,, 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-kquare measurement will be introduced starting from
the model of fig. 3.1.

The detector is modelled ar a current source, delivering in an indefinitely
ghort time a charge ¢, proportional to the energy released, acrors the parallel
combination of the detector capacitance C, and of the preamplifier input capae-
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 noire limitations.
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g 8.0, - Anpalog procisses for the mcasuncsunt of the charge 4.

The dinad vesudta, morcover, ave Lo w large extent independent of the wmphfier
conbyuril v,

The snse sourees i the whole sy sten are secounted fur by a serier voltage
generubor with apectrul power density alw) and by o paraliel current gencrator
wih speetral power density b {w) + by{w). While «{w) is & characteristic of
the preampltics alone, the pavadiel poise bas beed spht inle two terms, b, {w)
iwluding the praoaplifier conttibutions and byfew) deseribing the purallel noise
ikt tded with the deteetor and sk the as circintry of deteetor and pre-
wnpliner. Inadentally, 0 bk bu e pointed gut that, to degeribe o linear naiyy
twy-poet network, aoseriea amd g parallel noise geacratery with their power
spectin Aatu) alol, cafudd  Bytey) sl with L erosgesarrebahon lerme
aliody Shabie) e paneradly eered [1:3,

by the catss ol iitepeal i uehsit agbientinneg however, the two generitors
wda) wnk biw) ean be considerud uneurrelated and, vierefore, valy two epeeial
power idensitier will suflice to deseribe the preamphifier nwise. Onee Lhe juise
is neeonnted tor by Lthe external generisturs, the prewmplitier is represented ax
i Nuiseiess Lwu-purt.

The serjes volluge source generally consists of a white term a, and of a
term with o spectral power density of Lhe ty pe ayf|wj. The white neise acconnts
fur the shot neise in the collestur eurrent n bipolar eransistors or far the thermal
awige tn the channet of field-eflect devices, The ayfpu) patt of the series puwer
denaity is of negligible nuportance in bipolar transislors und silicon junction
fisid-clfeet trinsistors ak long wh Ueir use is Limited 10 elementary-part icle
plhysics. The saroe mught nut be trie for GuAs deviees and is surely not true
for MOS fickb-clicet transistors, tor which tie contribution due to the ayfjw!
teris turns vut to b the dornuant finitation 4, 5],

Thie spectrad power deusivy bifw) Jderihes the shot noise associnted with the
base cureent il bpolar ransistor or with the e leakage entrent in o junction
lield effeet trausitor. In eithor case by can be eonsideped mdependeat. of w,

The e biad pusver densaty bogod nede ed eond oot due 1o the shot
Naibe 1 L sbedecdor boolaae cnibend 0 to dhe s nodse i bhe Fesistorg
eaitpies o e b st co the presanplitier

hajron I
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The noise agsociutod with the dicleet e lukees, which would add to by aiad by
Lo watha hoear freguency dependenee, s quantivatively of neghigihle uapor-
Lince uy the wpphications eovered by ths pajer.

The peeyooas discussion leads w Lhe conelusion that 1he 1{jw| noise i the
Wput speckruon s importail anly iy one device, the MUS transwstor, wineh
tiniul be considered, stoetly speaking, 0 trie low-nole device. This consider-
ation, aloug with the 1emark tat such a dependenee would cuhistderubly
Juerease the mathematical Jditeulties, suggests thut the UPLILLIL Process g
be anidysed 1 the ease of white spectra for both series gl pittalle] grenerators.
1t will be wecordingly assumed al{w) = aindependent of wound b (w) + byw) = b,
also independent of w, The effect, of Ljw| noise will be anslysed separately,
by cvaluating itk contribution te the tatal neise in seing particular cases.

A treatiuent which extendds the discussion Lo u tnore goneral input spreclrum
is available in the literature [6),

In the foregoing analysis the bilateral representation, @ ranging between
= oo wid 1 oo, will be adopted for the spectral power donsities.

Two diferent methods will be followed to determine the best processing
of detector sygnnls. One, which makes use of & time dumain approach to syn-
thegize the optimum precessor, in due to BALDINGER and FRANZEN {7} The
other one, which extends to the nucloar case the theory of the matehed flter
Wikl w fregnency dowain appeoach, is due te 1LaDEKA wid Kaliarvac]s], bsath
kbt deduee tae optimmm Riter fur o single Mulbe of given whape umder
he hy pothesig Dt Uhe biselige (@ whieb this pubse is relorwed 15 Known witlh
inbaite weruruey. Sueh o sturbion is not roaalistic bucuuso the Hime ayadaile
for tho buschiue eatimalion 4 lismted by ihe pressney of other incuniing sigrala,
Aficr the pressntation of the methods of Baldger siul Franzan pod Radeksa
aadk Karluvie, the problem rolated with {he haceurneies 1n the biseline ostl-
Mulivn will be considered,

3’2, Time domain approuch to optimum processing. — As a preamble to the
tisne donuan upproach (o optimum Processing in the actual cuse, the following
particular situstion will be considered, The information sbout a Parnidicier o,
iv enrrhed by wosignal conninting of two rectangular pulses of short widih M,
with smplitudes ) wid g, oceurring at @ mutuul Lime distance T, as I
fig. 3.2. The time-dependent part 8(¢) of the signals is reprosented by the 1w
rectangles of ampiitudes T oand a.

The signal is added te a noise which is nssumed to be of ergadic uatyre
art band hmited white with an apper frequency lmitation of the apderof 1A

Ik parameter o, is deternnined from the tist pulse uf fg. 3.2, 1o signal-
Lo-nedse bato 1w o/ foodob, whepe st in the chsenmible poot-nean Squitre vilue
of the rewse LD/, iastead, detesting o Trom (e sectnd reclingolug pulae,
Phe sienbtienaise rabw fs we/ Q200 winte e easeinbile roub-Hica b -sglare
Vil e e s belore wwing bo 1 e Lypothwsis of ergodicity. dn buth
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Fig. 3.2. - Best least-square measurement of the parameter o, from a signal consisting
of two rectangular pulses in the presence of band.limited white noise.

cases & 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
consigts 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 reetangles of amplitudes 1 and § and eynchronous with the two
rectangles that constitute the input signal, is triggered.

E E w{t)

| ” "
o8
v $to ' ao, af,
trigoer
circuit bt
1 - (EQ gated
W, ) s multiplier integrator
| | ” ]
T
weighting vl
= ware form
gensrator - roaset
ntegrate command
command
Logic
i $ignai
generator
L

Fig. 3,3, - Time-variant realization of the weighted sum,

PROCESSING THE SIGNALS FROM SOLID-STATE DETECTORS ETC. 3

An analog multiplier implements the product of the input signal and of the
weighting function. The resulting wave form is applied to the input of the
gated integrator. At the end of the sintegrate command » signal, the voltage
stored in the integrator is proportional to s#,{1 4 af). At the same instant the
noise is proportional to N(t) 4 AN{t + 7). As the noise is almost white, its
autocorrelation function is a very natrow function in the time domain, which
means that the two values N{(f), N(t 4 t) can be considered uncorrelated.

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

of(1 + ﬂﬂ)
3.1 il 1 Sl .
¢4 T F P
Expression (3.1) considered ag & function of f has a marximum for 8 = a.
The maximum signal-to-noise ratio achievable in the measurement of &, i8,
therefore,
{1 4
Copyt !

which is a factor 1 4- 8 better than the larger of the two signal-to-noise
ratios obtained with the information from a ringle 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=r
and the result obtained in this way, with § = «, corresponds to the best least-
square estimate of of,. The linear processing discussed ro far and imple-
mented by cither 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) 0 S(t-1)

1
o,
-ﬂ-sm”-’u 0 I o
C-’, :r—a-_ 1_-{

|-.— Tw.l_ delay r : m nlt)

il+ag)
) o
N2 aw

i

A,
B 5(t) afl o,
-~
Fig. 3.4. — Time.invariant realization of the petwork implementing the weighted
sum of two pulees, .
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The crromt ol fig S nsponds Lo a wirios “taligilar pulse of wert wnspli-
Ll wiih Lhe wave tarm r ) of fig G50 The tanetion 0,U4) 15 Lhe nuireor sinage

ol Hae st tunetion w () of g, 3 5;

‘I)b(!) = wir - 4.

”0
]

Fig 38 hesponne of tie time invariont puoowessor of fig. 3.4 Lo & warrew rectungle
of vt wemphuude,

In the optitnun situstion, § = a, vt} becomes the mirror image of the time-
hepemlent paet S{) of the input sigaal

vall) == Sir — 1),

Thee veapono vty of the e v aTiant  prpevsat of Hgo A4 o the aigosd
AN can s pterpreted gy tie convolelion uyf &4 8() wid el '

The previon conildescions s be caaly yxtonded o Lhu.cn,ma I whiely
U itarnbebion aboit o paralieter o, §k carriel by B soptiuuur wevg fuin
W) which sau be consldered s o seyuence of sumples of amphtudes
&)y Gyadyy oy w o) and W, s o be ineasured witl the leust nean-square
error i the presence of bignl-limited wlite noise.

The optiaum processor unplemnients the weighted sum

¥
-~ T
W Nt
L]

Hs v dnvariant implemsentation hes, us dampilse respunge, the miiror
Haage uf S{)

v,(8) v B, ~ 1)
‘The hypothesis of basd-limited white toise is instromental iy Nhiking thesolution

of thie optimizatton peobdent 5o snple. H the noise i nub white, they the
iy " : -
sYntlears ol thi paoees,or v iick tanp deisent s Uhe best Jean BOUEIC CrEoT I sie.
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The previows comaderations will now be applicd Lo the actuad case of Lhe
nuelor vadiation deteetor of Ry 5010 The signal at the preamgdiiner ol ot
is w sleg ot wnpliude (@) - C)A wnd the noise power spectesl deasity is

{ove p. 21

(o Atla p———-b——- }
(:)‘(CD+ (.A")g

Por instunce, 3 network with trauster funetion

Vu_’ 1 eVl Gyt )
o Ao sValbC, b ¢y’

(3'J) ’ﬂ'—.(\‘) ==

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

The soise-whitcuing flter is, therefore, the cascade of a gain elunent and
of an approximute differentintor with tine constant

(3.4) Ty V: (Co-+ G

The tine constitnt 11 called s poise porger » L eonsfunit il in the revipifial
uf that puetionbey paguing Joagteney w, at o high The eonteibyao feom seris
wiel puratle] notke 4t the prsaniphfier pat beeote el

Ax potiibed vut by {3, 1), the nedse corier tine eonetunt iy determined by
the prowmplitier series noise, bY the Lotal paralied noise asd by the total capaci-
tance ot the prewmplitier input,

At the output of the whitening filter the noise has a spectral densivy W
wd the siguad Las the time dependence

, @ W e grtaw = —2 1/ s,
(3.5) o C.Va expf—tf1,] 1{) = TiT, l . Swlt) 1)

shown in fig. d.ua), 14 ik worth punting out, in passing, that the transfer
futictivi &, (8} is not anivoeally defined by the pewer spectram (3.2) aud that
the filter which bas s outpul signal the wmirror Image of the respouse of lig. 3.Ga)
would be a noise-whitening filler us well (g, 3.6b)). At u first glance this second
filter lvoks vo be physically nuredhicalde, However, il the vesponse of lig. 3.ub)
o truncalvd Loa Bonte oy and o deliy equal o or Loeger thaa g, 18 introduead,
it Bevomes plivalvally icabizadie.

ko, tor The sakie of soaplicity, to the response 3.6a) sl et the
peto ot the diiter vatput white, the optanum proecssor for the tecasuremend
ot ©eierinined with the alroudy known provedure,
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Fig. 3.8. - Bignals at the output of noise-whiteni i
detector oureent of sheres Q.tp noise-whitening filters in reeponss to a S-impulse

The signal is represented in fig. 3.6a) a8 & time sequence of equally spaced
reetangles, cach of them having an amplitude propertional to Q.

In the care of an indefinitely long measurcment time t, the &-impulse
responses of the optimum proeessors, obtained extending to the continuum
lmsc the procedure adopted for the diserete signals of fig. 3.2, are represented
in fig. 3.7a), b}, respectively, for the wlu'tenin# fliters of ﬁg.’a.sé), b)

vs(t) lv,m

— Ty — o0 0 e T, [ e

— 0 Jaa—

t t

Fig. 3.7, - A.impulse res i
. . ponses of the optimum processors: e) signal
of the noisc-whitening filter 3.6a), the & is supposed to be applied at.g: e

at the output of the noise-whitening filter 3.65). = = Twi b signal

PROCESSING THE BIGNALS FROK SOLID-ATATE DETECTORS ETC. a5

The response of the optimum processers to their corresponding input signals,
exponentially deeaying or exponentially growing, i# in either case the indefinite

cusp of fig. 3.8,
The measurement of Q requires the evaluation of the peak amplitude of

the cusp.

Ol = - ——— i ————

———
t

Fig. 3.5. — Response of the optimum processors to the exponentially decaying or
exponentially growing pulses at the output of the eorresponding 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 proceskors
are matched to those signals, For this reason the theory being developed ix
alno called « matched filter » theory [10). In order to complete it, the optimum
signal-to-noise ratio has now te be evaluated.

To do thig, the peak amplitude of the cusp of fig. 3.8 will be calenlated at
once. According to (3.5} the d-response of the optimum processor for the ex-
ponentially decaving rignal is

(3.6) w,(t) = K expitfe.]-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
convolation of (3.5) and (3.6), that is,

o,el) = C_DIE]-Q_CT, % J‘EXP [— ?]'1('(0) exp [r:'i“ze]'l(fo“‘ tydr,,

which is the cusp of fig. 3.8, The function 7, (t) has a maximum at ¢ = 0,
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Bcg CLSVW s 0s e Laplace 1ransform of 10,(¢) and Parseval's theorent has
been wsen Lo s from the ddegrad un the frequency domain Lo the integral
in the tine doiain §113

The Ty hesis of ergodicity ensures thut the time average of (3.8) coincidus
With the eianble averge previously adopted in the evaluation of the slgaual-
Lo notse datio. The wplsvum signal-te-noise ralio, uccording to (3.7) and
(3.9}, i
3.0 o = e " .

(Cp + OO (Db

3. Proyuency demain appronch to optinium provessing. « Ay alleenative
dedaction of the mataedibter thowrs 1, the freguesiey donuin witl jaow Ly
presentold Lot QN3 T tie sy CEVIBE the infuramtion abeut e fuL-
Yalueter o be nascured aod kel ¥ (w) be the speetin) pawer donrly wf L nose
ussociuted with 1,0,

Fhe uoise is assuiied amin o be vrgodie, The problem of the aptiman
least-square mcusuroient of the pParsaieter €, cun be stated in tle folewing
wav, Lot s e the g priori unknowa transtor function of the uetwork which
leady Lo the optauiam measuieent.

Fhe signul wn the oot pat of this netw ook cull be writlen as an inverse Foyurier
Lrutestorm

.
{3.10) vt} o ;‘;E [H(j(ujsl(w) exp (el dew ,

where Sfw) is the Fowior trunsform of Sin).
The v s nuise at the sutput of the game network g

“
) . — | i
14.11, ‘ l':\ i !r: i ‘j:" ‘ I ((.J””Uul”"ﬁ .
t i )
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whore bhe onscitible averuge e heen eviliated wa g bhne average ih:s‘u‘liﬁ l:;
the by potticais of ergrodicity, The ankoown tunction H(si must be deu'nla.m:{\.
g0 ds L0 spaxlnize The ratio betwecu the value of the mgfml at the IllL..l:\:] -
sent Ve o abid The Toot-Meddi-sqilare uulw.A As t—hr u]llltlll'!zlll(‘l‘lt l[lrl}i(llt :1'””
i more euaily easried out o the square of this mdio, b can be sand 11
desired Mg} is the oue which inakes the rativ

o l ?H(‘jw)S.(w)exp [j(ur,.]dm}:
13.12) gt L lie

2 Jo4 (w)iH ()t duw

i o it for (3.12

achieve its maxinmm value, 'The existence of au npper hinit .fux ;”. z.
wliel i : . e X
which turns out to be the required maxise foe a particulos choi :bnl {‘,

' =3 - o ¥ ali . LT 2 ‘W LA
cun be demonstrated by applying the Schwartz inequality. Tie ‘<‘mf ¢
iucguuslity is recalled here. Let w{w} and wyw) be two conplex functions
the reul variable w, Then

{5.13) Iﬂt(w)u.(w)dw“< f iu.(wii’dwjlﬂ-(w)l‘dw :

In cxpression (3.13) the equalivy sign holds if
i) o K'up(w)

wihere 87 ki eopstant et ® denates Uy goniplex sonjigate, §f the Rehwprtg
ety Is npplicd W 313) by choosing

Nl
A Vs

y(w) = H{jw)Ad w), Uyfir) o= ) oxp |jortul,

ii ean be written

l J‘H(im]&(w) exp [jwtu]dm]
Qe .

<
2n .
J‘.A’(w}]H(jtu) |* dew

et

r : ¢ 8 (w)[?
{ J-~M(w)lﬂ(]txlii'(]:u}[ !:"f_ leI de

(3.13)

}m g2 J’ 13 6

Wi et - . e .
S T 50 | )
J._ff" fe UG P daw
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Equa‘tlon {3.13) is of general validity and it states that, passing a signal with
Fourier trn.nsform 8(w) and a noise with spectral power density .#"(w) through
'wha,tever linear network, the output signal-to-noise ratio cannot exceed tgc
integral over the whole frequency axis of the ratio between the energy densit
of the signal and the power density of the noige. w e
Out of all the possible H (jer)'s the only one which makes p reach the limit

(3.14) ¢ f LG

is the one whick satisfles the condition

. . S )
Hljo) 4 o) = K T8 oxp(— jor,.

;I;lhe lm?it iteelf is, therefore, the sought o ,. The transfer function His) of
¢ optimum network must, then, satisty the relationship

3.15 ; - SN
(3.15) Hijw) = K ./V(zz 8XP [— jewr,,] .

iqln(::)t.mn {3.15) ean be written by assuming for 8,(t) the signal shape 8_(1) =
= “-hic‘;xfh[— t{f‘], eq. (3.5), at the output of the noise-whitening filter A'point.
¢ noise ig white may not even exist jn the act '
\ 1 charge-meagurj
Fystem, but reference to it ean be made, ti i i u ¢ tting
y though in a virtual way, By ing
S,(t) = 8. u), A (w) =T, eq. (3.15) yields w T putting

(3.17) B(jw) = T S.{w)exp [ jury].

Reealling the propertics of the conjugate of the Fourier transform of a

real Hion, it e * eonclnde
I funetion, it ean he eonclng d from (3.17) thaty wpart from u coofliciend
1

the S-ianpulse response of tite i i
filter is ! of Lie optimum network folloewing the noise-whitening
(3.18) 8.(r,,—1). L

The same i i
T ”wfs:)mtlrosnlt ak in the ease of the time domain analysis is reached, that
w;]i-te, _ P nﬁnll:m processor responds to the d-impulse at the output of the :misc!
ening filter with the mirrop image of the 5§ ' -
. e signal present at th i
e . : r h at point,
1¢ optimumni signal-to-noise ratio can be evaluated from (3.14) by asst?ming

as Q8,(1) the signal i
#(a;) ,:: - gmal {3.5) at the output of the noise-whitening filter, where

. m———
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By putting @, = (@/(Cx+ C)) VW/a, 8 (1) = 8.{t), (3.14) gives
Q  YWI[L fo o ywdalt_
{3.19) Dapt = m' V;" {'ﬁ:’ J‘IS'(CD)I -ﬁ;t} =

= 6;—3_-—0, V—? [% Iexp [— 2tfr,]) 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

-__9 1
(3.20) fopr = m mt )

which ir 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 Cp, and C, and to the fourth root of the product

of series and paralle! spectral pewer densities.

3'4. Partial use of the information available af the output of the noise-whilening
filter. ~ The result expressed by eqr. {3.9) and (3.20) refers to the case in which
the information available at the outpnt of the noige-whitening filter is fully
exploited.

The need of working with a finite peaking time t,, suggests that only the
part of the signal 8, (f) corresponding to 0<t< ¥, 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 d-response of the optimum processor following the noise-whitening
filter is shown in fig. 3.95), while the response of the whole system to the detector
current pulse is shown in fig. 3.9¢).

The truneated cusp allows the eharge measurement to be done at a finite
time 1,; however, no reduction in the width of the output pulse is achieved.

The reduction in signal-to-noige ratio which resnlts from truncation can he
obtained from (3.19) by limiting the integral between 0 and r,:

3.21) ¢ 1 . 2t dt‘— 1—ex --sz’]i
(" Q"M_ CD+_E| \7;‘ exp [_ ,T!] = Qo1 — exp T, -

Asg pointed out by (3.21), the increase in 0., Which results from extending the
measurement time beyond 1, is very emall. Inereasing, for instance, 7, from
1, to infinite, only 8%, is gained in signal-to-neise ratio.



)
4 Looaatil and P ¥ st

v
L: " u f:;ﬂl"f.l‘:‘.:ivl.:" ![ “‘ﬁg
al [
e —_—
[ t
v
c}

|

)

i

1

!

t

1

1

[}

i

1

1

'S

T ——

t

Y ’, H . 3 e i L H N
Preo 3.8, - Bise of 4 fraction of information contained in the signal: a) the shaded

#Eca 08 Ui part wiilized e the mcasurcment, by 0 deipulse renpouse of the UpLilunm
Letworh, ¢} tivnculed cusp.

3. Matched-jilter theory tn the case of jinite rale of arrival of events on
the detector. ~ The matched-filter theory devoloped so fae has 1ot bei subjeeted
Lo any constraint i the pulse width, The sigual at the autput of the matehed
filter bas vitdier an polctivitely long peaking time §f Pope UL be achiivved or
a finite peaking tishe i Lhe case of o Urane tsl cusp. BJLh sighals have infinite
clm.’nlmn. The theory, in other words, wus testricted Lo the cansideratiog ul:
w Bl event fo be tneasuicd and aceording: to s v putiiesis the nea e
el e peak asnphinde of e vno e

endicruntion ades O wiue
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processor oulpat st be adided  The probiene of the aptivnun feast-siuire
Coror mcasurenient will, therclore, be restated LY assuming that cletientary
wvents delivering o the deteetor the churge ¢ oveur in o randotn scqueucs
of fiuite rute,

The sitsibion bs depreted in g, 3,10

signal step (v, =v_

L2 e
fovg, A -

L ¢ [ ten i

Fig. 3.10. - Storhastic straircase determined at the preamplifier output by the random
vecnrroiee of delcetar pulses.

Pl slaehuntie stairease of 310 represents e effvet of the rdony kpes-
Pmitiun of sloags detetinbiped by Bhe ocrurtener uf the dateetir gurrent pilses
The evubuntion of Lhe clurge wstocinted with tie evenl bupgeolag ot £y,
for inslanee, reguires the best eatimute o1 the dilferenve o - iy The il
D, exlibang prior ta the arrival of the event ut ¢ = L represtngs, therefore, the
Liseline Lo which the event to e measured is referred. o deal with the present
prebilem a sinplifying hypothesis, which is frequently respected in the experi-
mental sitidions of clementary-particle physics, will be introduced. The hy-
pothesis is relited with the property that, when the measuraiment time is short
compared with the noise eorner time coustunt 7, @ven by (3.4), the pacatlel
noise beeowss of minor importance. A treatment of Lthe present prablem withowt
this limiting hypothesis is available in the literature [12]. If only the series
noise is considered, the speetral poise density at the preamplifier outputis white
wiil, therefore, no pdditioual whitening fiiter 18 neceded.

This means thul te probiem of the best estimate of the v, — 0., diflerenee
liis to be solved in the presence of while noise, whose spectral density, aceording
to fige. 3.1, 18 at the preauplifier outpat, W a4, A shownan fig. 310, « time
interval (6, G s avaadable to estinuite v and s Lime interval (g 6,) e
Gl bl 0 ediiadke B Appheaton of the previously deselogeed matehed-

(e s Lvenry i Phe e erenm il of thie o, level in the preseine of wiate e
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shows that the best processing is a pure integration in the (f_,, &,} interval.
The optimum signal-to-noise ratio is, according to (3.14),

i
Ta_ W
{3.22) Qops = ;:ITAl [ J.df] = a4 [ty — eV,

According to (3.22) the root-mean-square noise af the output of the optimum
ProCessor is

(3.23) <c;..>i=4[ a ]'.

b~ 4y

Similarly, the optimum processor to estimate o: in the presence of white noise
i8 & pure integrator acting in the (t,, ¢, ,,) interval. It follows agai1 from (3.14)

fas

® i v
(3.24) Copt = ;ﬁ [ fd‘] = (‘;';'i‘ {teg— 0]

ty

and for the noise at the output of the optimum processor

(3.25) Shpdt= 4 [—"-]'

tk-u - tt

The signal-to-noise ratio in the measurement of the step amplittde can now
be evaluated as

P Uy, -
[(r:'.n> + (”:‘c,n-:)]' -
B @
O 4 C) [ f(bgy— ) + 1[(G— Lo)at’

(3-26) E’nu{”k" vt_l’ =

It is important to point out that the optimum signal-to-noise ratio in the
measurement 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 & constant distribution of weights of negative polarity
between t,_, and ¢, and by a constant distribution of weights of positive polarity
between ¢, and 4,,. Both distributions are shown in fig. 3.11 noemalized to
unijt area.

Figures 3.118) and ) show, respectively, the d-response of the optimum
processor and the actual eutpnt signal, convalution of the wave form b} and of
the step wnder measurement.
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1 1 a)
—_— tmr‘h
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i~ Loty
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Lty by =t
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' t
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t
d)
“'t.,r!* 1 tu _:nr-l
bl

Fig. 3.11. — Optimum processing for the estimation of a voltage step in the presence of
white noiee: a) weight dirtribmtion, ) d.reeponee of the optimum processor, ¢) slep
under mensurement, d) actual response of the optimum processor Lo the input step.

As the detector pulses are randomly distributed in time and their inf;tant.s
of arrival unpredictable, the best processing based upon the cxploit.a.t.-lo'n. of
the full empty intervals before and after each event is not of practieal Ica‘mblhty.
A good approximation consists of using equal time intervale ¢ preceding and
following the event [12). The total processing time 2t must be chosen for a
given event rate short enough to keep the pile-up probability small,

" In the cage in which processing intervals of equal duration are employed,
(3.26) simplifies into

o i = WB_
(3.27) olts— o) = o e Gae)
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thal s, wien the dree Gaare avaabable for belive cxtination before 6 is infinite,
A tiwe-invaviwl noplementatua ui g provessoer Hicasurig the amplitude of
the gt step with o finite resolving time 21 is the eirewat which responds to
the dimpulse excitation vk the polar sigual of tig. 3.13.

The Bipedar weigid i, wstribution implemento 41 v the proeessor of fig. 3.13
has beew recognizad Lo be the opiimuni oue when o free time v is a vallable
before and after the edge of the inconuny pulse (12].

Tise T variant realization ui the processing deseribed in fig. 3.15 18 shown
in tig. 3.4 1),

The thing relationships are shown m lig. 3.14 11,

Ak shown in fig, 340 1), the & wupulse currymy the churge intormation
arrwves al one ol the mathpher inpats when Lhe Levingalar wave form al the
athes adiipher spat Lo e o wophtede B, bl e rator puer-
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Fig. 3.13. - P'rocessing the input step under the condition of finite resolving time 21:
a) inpul step, b) é-bupuise respouss of the processor, ¢) actual rusponse of the processer
to the inpui step.

having assumed as time origin the arrival instant of the radiation on the
detector.,
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J—. Y X
Cn 7 A-(e)
a)

n'

-]

T
c) T
d) l I
2r
T
r(t)
e) 1
Pl 2
T

Fig. 3.14II). ~ Time-variant realieation of the processor with bipolar weight distribu.
tion. Wave forms in the various peinta: a) step at the preamplifier output with d.noise,
b) d-impulse at the differentiator output with doublet noise, ¢) same as ) after a
delay 7, d) integrator gating commana, ¢) triangular multiplying wave form,

a step with an amplitade
it

(3.20) o —rmar=rey.
]

If now ¢, is varied between 0 and 2r, *'(t,) dercriber the bipolar function of
fig, 3.138).

It is, therefore, possible to conclude that the time-variant procersor 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 fmncf.inn', coincid-
ing with the é-response in the time-invariant case or r’(t) in the time-variant
one. Note that the eutput responses for the signal are different for the cqnivalent
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 ., and a., in band-limited white noire (fig. 3.15a)).

a)
i
l FAY: as\+8,
8., ]‘
8 8, 8, 8, 2 .

" - 1.1
noise-free
baseline

LI 1 n t; [ Cesy [ '*“'*’t
— M
b)
— M8
0 L=t t.—t, LTt
I J T

- (1458}

Fig. 3.15. — a) Signal consirting of two pulses in white neige, with fixed baseline
estination time. b Weighting fanction of the optimum processor.

The bascline iz sampled at M equally spaced instantg £, 4, &y, ..., ly. As
the noise is supposed to be band-limited white, the noise samples taken at these
instants are uncorrelated, Tet B,, By, B,, ..., By be the baseline samples referred
to an ideal, noige-free baseline. Let t,, ¢, be the instants at which the two pulses
occur and suppesc these ingtants different from those at which the baseline
i sampled. It will be assumed that M iz much larger than the numher of
wave form samplings, two in this case.

The following weighted sum ean be constructed, by referring the o/, + B,
«y -+ B amplitudes to all the possible baseline evaluations:

M M
{3.30) 2 A+ By— B+ B3 [(xof,+ By — B

f=1 gy
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The apthumm processing realised by the indetinite-cusp response, the Juss
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Iy finite epty mtervals before and after the event 1o be processed ave boen
reviewed.,

L praetical applieations of uuclear molition deteetons, however, networks
Uit pespoand o a0 d-inpulse shiped deteetor curecut witle siguads diterent bons
e eusp or the tringle are sametines etployel,

Additional coustraints pay in fact be present, requicing, for instance, o
rounded top o the dresponse of the whole system to make the ncasuremnent.
of the peak amplitude more precise or a flat-topped trapozoidal response to
feduce the ballistic errors [1, 2], Caneellution of long Lails fullowing the s1gnul
may require bipolar shuping [3).

For vhese rewsyns it is useful to introduce aaabylical mothods to evihinte
the signal-tu-noige rativ. The problem te be solved wilk be presented in the ful-
lowing way. Tu a given vharge.pneganring aystem, connxting of delector, pre-
whnpificr gl of the network abich dytermiaes the Signad Lenote yutiv, Lhe
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s necessarily 1o be adopled.
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Lo-hoise rativ is cither referred 1o as a filier o emiphusize its action iy the (re-
quency dansin or as & shaper to eimphasize its bebaviour in the time doain,
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In the foregoing treatment the term shaper will be generaliy preferred, both
becaure more :mportance will be attributed to the time domain analysis and
because the term shaper seems to be more appropriate when referred to time-
variant systems.

4°2. Time-tnvariant 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 T'(s). The transfer function T(s) is the Laplace trans-
form of the response of the shaper to an input signal v, assumed equal to a
d-impulse. By definition of time-invariant shaper, such s responee at a given
instant ¢ is a function of the difference t — t, alone, ¢, being the instant at which
the input d-impulse is applied and is independent of the abeolute time posi-
tion of t,.

4'2.1. Frequency domain noise calculation. Returning to the pro-
cessor of fig. 4.1 and calling vs(t) the response to a detecter current signal
represented by a d-impnise of unit coefficient, vo(t) can be written as

(4.1) oslt) = .?—1[ 1

oA o.)”"’]’

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

@-MAX [vo(t)] .

The output root-mean-square noise [tIM can be evaluated according to the fre-
queney donmnin approach as [4-8)

— r | 1 3 b i
qn | - 1 = | — —_— 1
(1.2) () ”m(wnr(,m)pdf] [2,[4!"' ("+w=(cn+ c.)r) IT(‘jw)[’dw] )
The signal-to-noise ratio g can, therefore, be expressed gs

Q4 _, [L{s)
G, 10, A Y [T]

(4.3) 0= )
{im [(a+ e [LISTE Y
2n w'Cp+ G
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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,
@, relsted to the incoming radiation.

The noire 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, aceording 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
8-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) vields

» b l ‘
= [ (oo 0+ ) ztionraal
(4.4) ENQ= == - r.m.s. coulomb .
MAX 21 [ﬂ“—’]
8

As stated by (4.3}, the evalnation of g requires the evaluation of the peak ampli-
tude of the §-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) = ‘—?:—“ (1 —exp[— s1y])*.

The numerator of {4.3) is cqual to Qaie, + €.

v.s(”T A

A

0 " 21, :

Fig. 4.2. ~ Triangular shaping with pesking time r,,.
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The antegral wf the denomiaror 1s given by

I

- , I st oo,
{4.8) Ill.l [(l | (,;3((,'“-?- (“}‘} o ;;I den =

-
w

& sint -th £ sintr ‘
- o, e Lo Tay s dr PR .
Lu T3 (Cy - O 7, wt 2
»

[0

I AT value . of the cwo itegrids (s appendin) are introduced into (4.5,
the totluwang v pression s found for 1he depennmdor of (4.3}

S R T |
e T AR

The signal-to aoise ratio can now be evaluated from {1.3), thus obtaining

{1.6)

1%
oo ¢ TGy T O s

il the cquivadent noise elarge is
; " a * i
{4.8) NG = |2 . (Ch +C 4 UL RN contlomb ,
1]
P00 BC-UA shaping. A teausfer function of Lhe network deterimining

the signal te noise rutio of the type

Ty

W=

leads to the following velt):

J" expl- tf1,].

Cail) = ‘—'t
e O+ CJ Tn

The time dependence of rff) is shown in fig. 4.3, The penk of ve(t) veewrs at
£ o1y and the peak vadue is (A1, €))L

lrﬁ(t)
A
&+, e [/ AL oo
| Cetl, T
i ’d
|
]
i \‘_
t
i
S P Y A R S - E RO T B ——
P T T O, R——
" " f
Yog, 4.5~ g v B N T o enrrent.
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The doteral ot whe denemingior 0f (3.3) can be whitten uy

¥ w' il Sl der
2y ey gt e ‘ e g B
(e’ Tl (Cu i (’1)1 Jod ol )
v N
. U ‘T'fl,‘c, ‘ _'..'f» o df__ (£ - wr
) Tu (1 4 2% (Cy 1+ () " (L r x%)® "
M v

The value of hoth integrals is wf4 (see apperatiag,
Tlee sigial to-noise Tatio fur the BO-OR shuping is, thercfore,

(L) @;WTMWQM?._A‘
UCn-i- )2 (af v} -1 b1

aud the equivalent noise charge ix
e a i
(4.10} BN =3 {Cun- C,)‘;— + b1y | r.m.s. coulomb .
o

422 Time domain noise caleulation. The time dumain noise cul-
culation will now be introduced,

Fhe time dumain approuch is particnlarly straightforward in the ease of
ot invariant procvssor of the type shown in fig, 4.1, und for the neise
goneration there conpidered. Phe tiue damadn npproweh v baged wpon 1wa
Hicweene. Que,y Kinown wé Qurson's Licoren, slatos that s ergodiy noe souree
with bilateral power speetrum AH'(w) e be eonsiderad wh die to e s
position sic the tune domaan of randomly distributed evante with Fourier trsis-
foroe iw) occurving al an average rate 2 10, 10} The relationship hetween
A(w), Hw) and 4 is

(4.11) Hw) = A|Plwfr.

Se, for instance, white noise with bilateral spectrum d ean be thought of as
the result of rundom oceurrence of d-impulses of wnil wen with an average
rate J = d. If the noise hus & zero mean value, the o-impulses will be randomly
Positive and unegative,

1 the eircuit of fig. 4.1 Both serics and parallel nolse wave forms can be
considerad, therefore, resulting from ihe random veeurrence of d-impulses witl
average rates o and b, respectively,

Unee the noise gencrators are represented in this way, the oatpm hoise
e b evalusted by making use of Camplells Lhivren iy 1), The ot omein
Blarten Lt o ainisd process vosulting from the superposition of prbaes ot w dived
shiaga gty raadwinly veewrring 1 tuae will :am Ryverige rule 4, Has oa roul
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mean-square value (o)} given by
(4.12) T = [;.I«;:l(t)dt]'.

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

. __@ aeae o1 | T08)
Q -MAX[v(t)] = Got C.A MAX ¥ [—;—] .

For the noise evaluation, it can be observed that a 4 in the parallel generator
induces at the output the response wva(t). Accotding to Campbell’s theorem,
the root-mean-square output contribution due to the parallel noise source is

(4.13) [b j u',(t)dt]'.

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

A J-impulse in the series generator induces at the ontput a signal whose Laplace
transform is

(4.14) AT(s) = 3(Cp + C)LTra(1)] .

Rquation (4.14) states that & d-impulse in the series generator excites at the
output the response

(Cy + C)et),

proportional to the time derivative of wet).
Utilizing Campbell's theorem, it can be concluded that the series generator
contributes to the cutput root-mean-square noise with the term
]

i
{4.15} [G(Cn+ C;)’I[”.'a(’-)]’ d‘] .
BRoth expressions (4.13) and (4.15) ean be written in a more ugeful fashion re-

membering that
A T(s)
1) = ———r F|—1.
00() Cn + C| '? [ 8 ]
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By putting fit) = -1 T(s)fs] the previons relationship ean be written as

A
voll) = o+ G, ey,

Let now # = t/t, be a dimensionless variable, which represents the time nor-
malized to a reference interval t,. For instance, T, might be the peaking time
of ve(t). Observing that di = 7, du, dvefdt = {dvefdu)-1/t, and that voln) =
= (A/{Cp + C)}u}, the total root-mean-gquare noise resulting from (4.13)
and (4.15) can be written as

(118) ﬁf}'=A[i j:[r'(un=du+ bty J'mu)rdu]'
' ¥ T ’ (Cn+ CI), ’

The two integrals in {4.16) are two numerical shape coeflicients that can be
easily calenlated from the knowledge of wt). To clarify the time domain
method, some examples will be discussed.

4'2.9.1. Triangular shaping. From fig. 4.2 the following expression of va(f)
can be obtained, With T = T, ve(t) = (ANC, + M1 (u) -4 — 20— 1)
(e — 1) + (e — 2)-1x— 2)).

The integrals in eq. (4,16} have the following values:

Jf’(ﬂ)du = % R J‘ (f'(u))2de = 2.

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

— a 2 1 i
b Al Ll
(4.17) {73 A[ =G C.)*]

The signal-to-neise ratio is

_ Q
e= [2(04'1“)((:1) 4+ G+ 213y}

(4.18)

and the equivalent noise charge is

WS

(4.1%) EXC == [3 2 {Cp=+ C) -

i
r,‘,] r.m.s. conlomb .
Ty

as already found, (3.8).
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) f! o . i 1 . ‘l
Jifuuldu s - exp - 2 jdu = i
- 1
The

FOBL Ieaiesijun Fe otee beconics, therelore,
A b '
(4.20) [ L. [ o — T ] .
~Ltu (O O ™

The sipied-to-noise g
Lively, by

o (2fe}Q
1.1
: ) ©= {{€p 4 T™ C,)' lafry) + br '

allo i the equivali vt poise elurge are given, respee-

3 5 X ]

{4.22) ENC = [(t.:u + O 5— + br.,] r.m.s, couluiub .
. . M

as alrcady fonnd, (4.16).

A0 Pleeewiso prrabohe cugring. A Deeewine paesbalic d-rospon: e cun

be obtaned hy Sl agdeing s warmalised Tuticvian khown e g g4 by
Ar(C, €y Pl Wiky b wlideh the piesewine parabolie Shikp bn vorgtiticted
trom its wecond detivitive is shown in the sune flgure, "The sigual wlapitude
s {Qjic, + ¢ )AL Ve voot v siuiee OULRBUL N0k i, ACCUIINg Ly, (4. 14),

[U;’]i = . lt! — f{f (“)I’dlfr + '*';i_—(;‘ )2 ff (u}du]

The values of the two mtegrals ave 8/3 and L4135, respectively. The signal-to-
ROISE ralio i

{4.23) e '-‘““Q.—““"""“‘""""'—"'
[{Co+ Cp* 18/3} (L) + b{14/15) Tt

dud the equivakeut o charge is
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1'1.2.4. Trapezoidal shuping. The trapegoidul response to o d-bnpulse
detvetor eurrent is shown in fig. 4.5. The contribution w the eutput noise due
to the serics noise source is equal to that of the trinngular shaping with peaking
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time 7,. The contribution due to the paralle] noise becﬁmes instead

< A 2 i
(.29 = g [(§ o v

The signal-to-noice ratio g is given by

(4.26) o= ¢
[a(Cp+ C)2 (2/ry) + b((2f3) Tt to)]'

and the equivalent noise charge is

. 2 2 b :
{4.27) ENC = [a((}n + C) ;; + b (5 T+ r,)] r.m.s. conlomb .

It can be taken advantt.;ge of the example of the trapezoidal shaping to make
4 statement of general validity, A Pprocessing system will be considered, which

Tv,_,m
vy (LIt ~t ] «
A
Corgi [T
o *E; ' Vap (E=1 ) 1t~ 2,
F
[}
i
!
0 [ —
t
fvmlﬂ
b)
, e o Diter-age o))
T M Ny~
o : v LTI LS TR RN
1 )
— T
‘. !
4
0 T [ —

t
'

Fi -
ig- 4.6. — Responscs v, (1) and #au(t) to the d-impulse detector current. The two

respansce have equal leading sad trail
: railing edges. The re e iMers
of a) for a flat-topped region of duration rf 19 renponse of 4) difters from that

i8 dc.\'(‘rib(‘-d b\ trl“' T (” Of ﬁ 4 6“ a'l \\'. I {
v . i " i
i!g,‘“ ﬂj fier, 4.“’1’ ] g ) ong ]t:h t;he hvﬁ‘v('-m d('Bcl"l hcl] b\ the

N‘gi\:' 1:?;0\\‘:1 i1.1 ﬂg.. 4.6, vd'_(f).:md ¥y, () have the same leading and trailing
*5 the peak region of v, , is replaced by a flat-topped region of duration
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T, in v,,(t). As the derivatives of v,, and ¢,, are equal, the contribution from
the white series noige iz the same in both cases. The presence of the flat-topped
region in v,, enhances the effect of the paralle! noise to the extent shown by
eq. (4.25) which compares the equivalent noise charge in the two cases:

(4.28) ENC!, = ENC!, + br,.

4'2.2.5. Ripolar shaping. Let ve(f) be the response of the analog processor
to a d-impulse detector current; it will be atsumed that os{{) has a finite width

'v,(ﬂ
a)

|

' vt
o)

T 27
0 \/ J—
t
Fig. 4.7. ~ Unipolar responge to the d-impulee detector cwrrent {a}) and bipelar re-
sponse obtained by delaying and reversing in polarity the previour ene ().

T and that it is strictly unipolar, as shown in fig. 4.7a). Tet v, () be the é-
responke obtained by applving to ve(f} the operator 1 — exp [— 2’} which adds
to vs{t) a signal equal in shape to v,(t) but delayed of a time T and reversed in
polarity. The bipolar signal v,,(t) is shown in fiz. 4.7b). Bipolar shaping is
rometimes emploved in processors intended for high counting rates ewing to
the following property. If the signal of fig. 4.7b) is passed through a transfer
function which has a zcro at s = 0, typical of an a.c. coupled processor, the
tails of opposite sign determined by the positive and negative lobes cancel
cach other for £ > 27 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 aimost climinated with bipolar shaping.

As far as the signal-to-noise ratio goes, however, bipelar shaping is worse
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g 4.7 leadls Lo The conciusion that bots sevies and porallel coninhntions to
the vudpui rouktoen siinte Boise are hevedsed of w0 factor 2 paaaig: N
unipidar Lo bipolae shaping.

A5 Contribution of the sevies V| noise fu the GHEpU oLy wes o o 80IE
partivudun cases = Ll el be the biatem) power spectn) density o che series
ke Whase cornibution to the wtad reol inean-syuare eatpul awoise hois to be
evali el A adready pointed ont, the colenlation his to be made in the e

e donin daad only seane cses of  particalar nterest will e -
Siderest iba Ly

Al Privugulare shaping, With referens 1o the whape shown i
gt A2 Lo the procedure Sollowed Lo delerunne the etfect of serwes aud
puralle} noise gencrators, the contribution due o the offew| Lerun is given by

w -
16471 ¢ IS (wr g, )it) 1642 §10 (ur ,, [2
¥ Rl ] o a"am"!" Hawry)
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Iy L]
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4o Hint e iy,
(PR e O R
2 a? L
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Dtonlueing Tor U segrad b vabge glven 1y nppendiz, Ve folliswing expiress
Kotk vblisied for the eubtribution of the o] tern Lo Lo outpul ro,
Nokie:

ll|2

(4.29) v o-Atod

The coutribution of the 1fjw| sccies term i the ENC is necordingly

2
o c)' (Co+ €) ~ 0.96¢1(Cy + C,) .

(4 30) ENQ .. 2 (

n

4'3.2, KC-CK shuping. With refecencs to fig. 4.3 and to the proredure

followed to deteruue the sigual-to hoise ratio fur the RC-CR shaping, the

following expression of 1he contribution given by the efja| teriu te the output
PGS, noike i 0lbaiyed

dx (4 == g .

- 1 Y
distrosiu. : ThOtteprad e valin o v srp ooy e fullon iy, e

FROCEREING TR NMIGHALS FPROM SubibSTat® BETRRTORR K10, 1 Y

slon 15 obtaed for v

- cdd
o) CREE

The contribuiion brought by the 1fja] scrics nose 1o the ol BNC s

N , .
(b2 ENC = ¢ (_:fn) {Co t G o 1086y + ()

434, ROQCEE shaping.  tihough the RO(CRP shaper, (:nu:.'fal,mg
o e cosende comteetion of Ghe apprasimate integration and 1\\'0‘ upprou.nmh-.
dilferentintions, is of lithe mterest in madern pulse provessings, il s useful 1o
evaliate its eflfcet on the 3jw| neise. 1 i the processor of By 4] .L]u.- l.l';uml'fr
function T(s) == (s1)3} + #1)* is introduced, bhe following ve(t) is obtuined:

A { t ]
T, o rr— -_— 1 - Bl
wl(t) = oo exp( Hr][ 7

which is shuwn n fig. 4.8,

A L. ""E {h]-[u—--!ﬁl]

r.“.-"h'l-vu'tlp[~'lz*ﬂg] i T

TR Y S 1 ..,.ig ‘:u gc }h
. B e — ““‘:"':;
Wi (VTN e

Fig. 4.8. - Wipolar shupe obtained by passing the step at the presmphifier outpat
turough the cascade sonuectiun of one approximate integrator aud two approXiwaly
differentintors,

The noise tn ovaluated from the integral

e f e ¢ LA = wi).
R [ T S
o L]

P'he value of the inteprd ds 4. The root-nednesquare output nose due tu the
jw| souree ey thev i

(1.33) AT, (L)
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The contribution to the total ENC is accordingly

(4.34) ENC = %(ﬁ)“ﬂ‘%_{_l‘@ (Co+ C) ~ 1.236)(C, + C,) .

The evaluations made on the ENC contribution coming from the series 1/jw|
noise show that it is independent of the shaper characterigtic time 1, 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 circuits will be discussed [18-27). From a
strictly conceptual 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-invarisnt chapers. If the comparison between time-variant and
time-invariant shapers is, however, transferred to the ground of actual be-
haviour, of requirements sot to the instrumentation which follows and of the
sdditional facilities they offer, the former ones have to be consjdered 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 subjeet 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 pulser are procesred in the same wavy, 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 arc 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 £0 that at their output the counting rate is smal and, in some configura-
tions, a built-in analog store facility ix easily implemented.

As pointed out by the anthors [27], time-variant shapers belong to two
different eategories aceording to whether shaping oceurs entire)y after gating
or whether o preshaping is performed before and shaping is completed after
the gating. The block dingram of a time-variant thaper of the former type
is shown in fig. 4.9,

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

The nttructive aspeet of thie 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 pated 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 approack, however, is more involved than the one adopted for
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o-a'i

ure delay
g ~4:>—-5— shaper (e
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 §-
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
4 occurs. The knowledge of the rexponse of the processor to a d-impulse detector
gignal 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 analvsed
and the contribution of the d-impulse describing the reries and parallel noise
generator to the root-mean-square noise at the measuring instant depends on
their time rclationship with the signal.

time - pated

” invariant _5___ integrater |
pre-shaping { T
9

(MTQ ::c,, ci@b

| experiment
logic enabie

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

The knowledge of the processor response to the d-impulte-like detector
current i8 not suficient 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 typer of time-invariant filters dees not claim to be a com-
prehensive treatment of the problem, but rather an intnitive approach to their
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Lo uvoid this effect, the time relationships shown iy fig, 4.11 are etuployed,
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switch ciused
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Fig. 4.11. ~ Timing scquence in a time-invarient sLuper of the fyst type,

Leis asswaed that the shaper winch follows the switeh has a d-impulse 7

TESPONSE With o preakl at £ = 1, ulod i bune width 2t and that tius response is
syddaet-,

Whenever Lhe experiment logie bequirements are met, a switeh Gty
Cottuand de generated with w time doration Ir,. A doubler which way be
aplin by the gote opuiang exertes in the shapor & response which roaches zero
w822y The aignal o be unalysed is deliyed of Ty BG 4 Lo appoar in the
iiddle of the vpening interval. Tho rerponse it excites it the shaper reaches
Hy maximuwn wf U end of the opening wterval, that is, when the respolise
Lo the splib doubiet js zero. The wnplitade mensurement is performned ab § == 2y,

T the el ot of split douldet is wvoided 1 the wiy shown, the rout-mean-
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awbd, bhcieforeg ull fhe S ampulses nnd doublets that aeeny whety the switeh s
apen exeite the sade outpuls, respeenively seft) or o), A Line-varant filer
uf the by pe just deseribed was emplovid in the cobierent-production expernent
of 7 anesens o the nucleus of 511250 The d-impulses transodtted by ibe e
eacile u Blnuseid 1oan active filer, The Lie refalionships Detwoen owiley
opeeing anil incoming detector sigial are wdenticad to Lhose depicted i ng. 4 14,
The 'ﬂlllljllll“d" Mmeasulfetent is pertoried on the peak of Che fivst Jube of the
sinusuid. Shartly wfter the peak of the first lobe, the sinusont 1s nonlinearly
dittigpread. Pl systemn has a very goud bebavionr atl high conding ratea by
virgue of a4 very weat, tail-free differentiation of the sivnads at tie preamphier
output and of the symmetrie d-response of the sinusunial Ilter w the hnear
mode, The cuse of the sinusotdal shuper after the switeh will be analysed here,
just to show i u practienl ease an exumple of evaluation of the signal-te woise
ratio. As siready pointed out, throughoar the opening interval of the gate
and as long as the split-doublet eftect is neglected, the shaper is described,
like a time-invarinnt one, by the responee vu{t) to & unit & detector curreut.
Yor the sinusvidal shaper

(4.35) T gall) = E:‘,Tf‘:“é‘ sin %-m).

The venpooge ol the yinosopdal phinper to w nuit § deliveped by 1he parallel
Bunan peisrathf 38 wll), while tiie pesponwe of the sipusobdul skapar 10 @ wun
0 tulivered by the acviun vollnge generator iy, ntourding to (4.14),

11.36) (ot Oostt) = 37 con * 141y,
«ln sty

The reot-niean-square output noise is, therefore,

Ll 1n
— Arad il At . 24 i
T LI A t — e e GIINR = =
(¥ la i J‘cos i dt+b(cp+ oy fbm zrndt]
1] [ ]
at 1 b A
= A4 [a *i- ;-"‘ -t (o; »{:—(-f,j-' 1;.] .

The signal amplitude is @4/(C, 4+ C,). The sigual-to-nuise ratio p and the equiv-
aleut noise churge ENQ are, respectively,

- -
(437) O ARG, T Co iy T bt

t t
(1.38) ENC = [J; (Cp -+ €2 ;3- 1 b, ,,] raiLk, eowlowsk .
w
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A method will now be presented which allows a straightforward caleulation
of the signal-to-noise ratio for the time-variant shaper of fig. 4.10.

Let (Af{C, + C))p(t)-1(f) be the signal at the output of the time-invariant
preshaper induced by a unit 4 detector current. It will be assumed that
p{t) has a finite width , (fig. 4.12a)).

A
Cp*Cy

-pm-unf

(4]

1

[7]
T, [ pit-tpat T
e ”

t, —I—t

Fig. 4.12. - a) Signnl at the preshaper output induced by a current & in the dotector.
b) Gated integration of the signal oecvrring at the preshaper ontput beginning at t =¢,.

A detector gignal of charge @ occurring at t = {, will produee at the pre-
shaper output the signal

A
C";,QTC. plt—4) 1t —1).

The switch opening is synebronized with the arrival of the detector signal and
the switch remsins open for » duration r,>1,.
. The signal {QANC, + C))plt— 4)}-1(t — ¢t,) is integrated over the time
interval (t,, §; + r,) and the amplitude measurement is performed atf =% ¢, + 1,
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,
w herc: no preshaping exists, in the time-variant filter of the type of fir. 4.10,
th‘o rignals arr'iving 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 (t,— t,, ) a8 well as those occurring between t, and &, + 7, contribute
to the noise at the measuring instant.

The « noise weighting function » is defined as the contribution to the noise
at the measuring time t = 1, given by & 3-impulse delivered by the parallel
noise generator at a time i, and expressed as a function of ¢, between t, — 1,
and 4 4+ 1.

The way of evalunting the noise weighting function at different instants i,
is shown in fig. 4.13. The neise weighting function at a given {, is represented
by the area of the shaded region of the signal indueed at the preshaper ontput
by a d-impulse from the parallel noise source.

This accounts for the fact that a d-impulre from the parallel source, which
is in the eame circuit position as the signal source, induces at the prefilter outpnt
a signal whose shape is p(t). The portion of this signal which enters the gate
is integrated and stored in the jhtegrator, therefore contributing to the noise
at 1 =1 4 Ty

Ag clarified by fig. 4.13, the weighting function can be expressed in the
following way:

Wt} =10 for ty<< t,— 7, ARd &> 1+ TR,
4 todep—ty
W(“) —_— c—-———-—-n+ Gl IP(T,— ﬂ?)dﬁ, tl_ T.< t|<t1|
[}

4
Wit) = a’;:—c'l J‘P(Tg"' z)dr, t<ly<ii+ Ta— Ty
®

tHep=ry
A
W("')=m‘ J‘P(ﬂ’)dﬂfa i+ Ta— T, < fy< t,+ Ts -
[}

Once W(t,) is determined, the noise contributions from the parallcl source ean
be evaluated by adding quadratically all the clementary contributions appearing
at the integrator output and caused by §-impulses occnrring in the time intervals
ty, to < dt, A8 ty varies. That is,

fy+ry

it = ._H'é_ [ '
(4.39) (V)= Tox C, [b ITV (:c)d;c] .

=Ty

By sliding in a similar manner the derivative of (4/(C, + C)p(t) through
the integrator window, the noise weighting function for doublets of current
injocted across the C,, C, parallel combination can be determined, The resulting
function, which ir the derivative of W(t) of fig. 4.13, allows the caleulation of
the output noise arising {rom the white term in the series generator of fig. 4.1.
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The rout-vna-square outpit noise due to the series generator is

furiy
-~ 1
{1.40}) [ j_‘ =4 [u J[H"(.r:)]“(l:&] .

L~y
Pl sirnal -to-noise ratio g and tho equivident noise charge BRC ure, respectively,
given by tae Jullowiig equations:
»
¢ [playdr
L

fatCo-t 00" IW @ as + 8" Wo !

L=y Wty

1

{(4.41) o -

{a(c., + QT s + 8" T Wiz aa:]'

L Ty r.m.s. coulomb .

{4.42) BNC= -
{ plx)dz

Both equations point sut Lhe fuet that the knowledge of two different funetions,
nituely p(e) for the sigual and 1Win) for the uoike, is required in the aualysis
of w tiue-varinnt shaper of the Lype of fig. 4,10,

Fwo exmnples will olarify the bobuviour o thnevarint #iors cuplirving
the gated inbogrutee. A proovesor in which PR s a unilunphitnde rectangle
of duration v, vusponds to n d-shaped signnl with the tunction of fig. 4.54b),
The nuise weightiug function, Instead, has the symmetric shape of Hy. 4.14¢).
The signul-tu-nutse rativ wud the equivalent noise charge are ideutical to those

LA pt-g)1t-e)
6E, t
04 a)
r— [
& )+, -2*-0-
integrator g4 .
output /]—c 3% o)
1 (-]
]
L
1)) e, hirr -
wit)
g4
' T i, €}
/\r’—;\ .
<] HI e
t-r, L S S P P AN PR

Pig. 414, - Wave forins at the inpus and st the owrput of she galed mlegrator (uj, b))
il woise-waghiling fwickiol: {e}).
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calculated in the case of the time-invariant trapezoidal shaper, with 7, =,
and r,=r,—1,. )

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

A processor for which p(1) is a triangle of base width v, = Tp Presents the
wave forms and the noise weighting function of fig, 4.15.

The signal-to-noise ratio and the equivalent noise tharge are identical to
thoee evaluated for the piecewige parabolic shaper and their values are given
by egs. (4.23), (4.24), where Ty = Tp.

0 il
. A p—
Y plt=t)1(e-t ) 2
——l
integrator I ) t
output
| @
' Co¥l; 2
| b)
: reset
1
L, LT ty+r, -
wit)
i
' ¢}
:.l T
Al T
1
[ 1o 1, (52 e

t

Fig. £.15. -~ Wave forms st the input and output of the gated integrator (o), b)) and
noige weighting function (c}). ,

As & general comment to sect. 3 and 4 it kas to be pointed out that they
were basically oriented to the analysis of shapers ruitable for energy measure-
ments. Shaping problems related to time meagurements, {or instance, were
purposely neglected. It is, however, important to qnote, among the shapors that
bave been omitted, the antisymmetrie-ramp one, whieh js employed in the
evaluation of the centroid of an arbitrary input signal [28]. The antirymmetric-

ramp shaper is of particnlar importance in some kinds of position-sensing ap-
Plieations,
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Tereud Kina: o e plIving actove deviers, Lo aceount. for the Hoce desteyiitad
Wi the deteetar and 1o analyse the nose suurees msnocivied With The petated
Bis nevworka, e will stili pe wssuied that the Presiuplifics consists of o volluge-
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Fig. 3.1, - Voluge aseusitive prenmpliticrs: employung s input device a grounded.
vinibter hipolar Lransistor (w1} wnd & grovndud svurce figldeefivor Lrasisistor {8)-

sensitive configuration of the 1¥pe showriin By 2 1a), b), where the input yetive
device ts ernher o grounded emitper bipulr Lruusistor or g growded-suuree
lield-vifeet toaugistor,

I Vath civeuite of g, 5.1, the output current froum the first o nplifying
deviee s injected inla sheal tae o e swplifier, g0 Ll b voltiie
Riiis ol The tua gy b alvy o Coi i A S R o Iy Whore
oo th braien, 0 S that ol e bichy-

ol pestat o

PRUCFRW N an Sk s 4l SRR B #

£, conuceted to the + Vi vedtage supply its ftanding base eurreat. The junetion
buold-cdeet wansisior is biwsed by counecing Hs pate to a epabive vollage
sutlree — 37, through the resistor Bo. The bias nciwork of fig. 5151 can be iaed,
with o pruper chuice of value and polarity of ¥V, also for depletion-type or
shliinceent-type MOS field el Lransistors,

The coutributiong delermmiug the a(fu) series noise spectruat and L b, (o)
Parablel spectrum will now be diseussed for the daflecent 1y pes of active deviee,
For this analysis the transresislonuce wnplifier £ will be considered toiseless.

511 Silicon junction ficld-cffeet transistor. The siheon june-
blon teid-clteel trangsior s sLili the leading deviee for low-noise applications
al valoes of the processing fimes, eibler T O 7, Fanging from g few hundrods
of muhusoeotnds Lo several tens of LUCTORCCONE,

The small-signal equivalent circuit of the silicon junction field-cfiect tran-
sistor with the noise sources ix shown in fig. 5.2,

G

. - . ey

Pig. 8.2 - Banall signai equivaient sisenit of the juneting nebl eifeet truuaistor uclsling
the domiuunt nowe sources.

For a therough tualysis of the physieal phenomens responsible for tie
hwise beliaviour of silicon fivld-effect trunsistors the reader can refer 1o the
uvailabile literiture [1-3],

From the point of view of the noise sonrces, the mulel of fig. 5.2 s o gi-
Plitied one. Amouy the srmplifications introduccd, the effect of thernal noise
i the ehiumed coupled to the gate has boen neglected,

In fig. 5.2 the twu curront sources with bilateral densities £, and L, account,
respectively, for the shot noise in the gate lunkage curvent and for the theruial
noise in the chiunnel. Thejr H#X]ressions are

{6.1) Z, = ql,,
(6.2 = 200y, .

B foe previoos relio s o hips g is the elecuron churge, ¢ =1.6-10-%C, k is
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Boltzmann’s constant, k =1.38-10-vJ {E, 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 cireuit dia-
gram 5.2b) the drain of the JFET is connected to an idenl current input. The
new equivalent eircuit is shown in fig. 5.3.

Iﬁ H]

6 4 6! o
) . o .

s T %o 4 19m,r'o's

Fig. 5.3. — Equivalent ocireuit of the junotion feld-eflect tramsistor with a series
voltage source accounting for the thermal noise in the channel.

In the cireuit 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) Tpu=2kp 2T

Jur

The transconductance g_, is related to the pinch-off voltage V_ and to the
drain eurrent I, in the saturation region by the relationship [6]

(6.4) far = 3‘;-:'77,

where the maximum of I, is I,,,, the drain saturation current. ,According
to (5.4) a deviee with a 1V ¥, would exhibit a Gor 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 deviee has typically 10 mA/V at I,=10mA.

The intrinsic eontribution to the paraliel noise in a silicon junction field-
effect transistor is the shot noise in the gate leakage eurrent I,. The values
of I, range between 10-* A and 10-W A at T — 300 X,

The junction fleld-eflect transistor is a majority earrier device whose gain-
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bardwidth produet is limited by the transit time in the channel. The gain-
bandwidth produet, which in terms of concentrated parameters can be shown
to be equal to the g, /(T + C,,) ratio, has the following upper limitation:

AL

(5.5) W,y << wit’

where L is the length of the channel! and g is the mobility of the ecarriers.

Comparing the equivalent circuit of fig. 5.3 with the general block diagram
of fig. 3.1, it can be coneluded that the preamplifier input eapacitance C, is the
sum of C,, and Cg,, that the spectral power density a iz represented by Zhe
and that the spectral power density b, is represented by Z,.

51.2. Bipolar transistors. The equivalent circuit which summarizes
the signal action and the noise characteristios of the bipolar transistor is shown
in fig. 5.4 {7, 8).

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

Luer Ryp p’ Cop ¢

s &
. (} -1 . . -y }

Fig, 5.4. - Small-signal equivalent circuit of the bipolar transistor including the
dominant noire sources.

ineremental base resistance, which depends on the hase standing current I
according to the relationship R, = kT/qI,, C, is the sum of the base-to-emitter
diffusion and junction capacitances. C,,. is the capacitance of the base-collector
junetion. In ordinary operating conditions the base-to-emitter junction eapac-
itance is small compared to the diffusion one and, therefore, it will be assnmed
that ¢y represents the diffusion eapacitance.

As to the noise sources, T, is the bilateral spectral power density of
the generator which accounts for the thermal noise in the base spreading re-
sistanee, Z, is the bilateral spectral power density of the generator describing
the shot noise in the bage eurrent and Z, the onc of the generator describing
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the shnt noder s the vollbcior caerent £ Piow X pressions are

(5.6 2. kTR,
fo T) 2,“ =gy,
(5.5) ose gyl

The cirewt of dig. o cun be transforined jnto it of fig, 5.5, where the shot

Ic,s

u C
O-.-. ——e

r

‘[ I v
IC v . E:) ‘gn,l (3
Fig. b.h. - Equivalent circuit of the bipolar transistur witl n serics vultage souree, Ig .,
aveounting for the collector shot o,
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noise i the colleetur enrecat is accounted Tor Ly the series voltage generitor
Sew The €, eupurituncr hus been represouted in parallei to €, w5 in the
practeal application of Ag. 5.1a) the colleetor of the tennsistar Lennimutes toe
# zervipedunce input, o the asdivary opecating condition: Ugpe 16 negligihle
colspared 10 the base diffuaion wsipacitabee,

The speetiad power density X, is expressed by

- it lr|_'
15.4) Les= 14",

. Yuw

Remembering that g, = ¢4 kA, L., can be rewritten in a form close to
the ime seen for the therms] noise referrved 1o the nputin afield-effect transistor,
thut is,

(6.10) Loom= 2k 7

yu.l.l

Hothe thevmal voltage Tos kP = 25mV w7 = 300 K 15 introduval to
the vxpression of Hiap Ml il ratios

g?'" i 1;- and

S

g 3
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ate cailgared, d een B conciuded thad The Tetio bersees 1Ransomnlitisuee
i stadiieg curent Tor U tpolar transictor is more than an order of waghi-
tude Lirger than for the junction fiekd-effect transistor.

The spectral power density X | gives i first contribution 1o the series gener-
aler a ik the genersd dingram of fig. 3.1 A sceomd contnlation, which from
the clrewt dugrato of fig. 5.5 can be evaluited to be cqual to

{0.11) arq R

RBB (Gn +- Cl)I '

is due to 1he thermal nose in the base spreading resistunce. Therefore, with
referenve to g Gk, it can be weitlen for the white-nuise part g, of the senes
spectral power deasity

o.b (o
b.12 = 2K = 4 2k Mg -
12 ‘ gun T T G

huving neglected Cy,.. As.shown by (5.12), the contribution to the series white
noise introduced by Ry, depends on the C_/C, ratio, being zero at Oy = 0
and approaching kAR, . when €, % 0. The base spreading resistance in &
nucrowave hipolar transistor featuring typically more than 5 GHz gain-band-
width produet at o collector current of 5 mA ean be in the (10-15) Q range.

The bipolar transistor bis o Lirge parallel noise source reluted to the shot
noise in the base leakage eurrent, The spretral power density of the gencralor
b fu hg. 3.1 0w

(5.13) b= L, = gl .

The nsual values of 1, innuclear detector applicntions are jn the {10100} pA
L,

The guin-bundwidth produet e, in a bipolar transistor ean be ex-
pressed as {u]

mu 2.“ ll"l‘
(6.14) wem G5 ST,

where g is the savbility of minurity carriers in the buse region and L is tho
base widtl,

Although the presence of the large parallel noise requires that the hipuolar
transistor be employed at a value of the collector current substuntiaily lower
Uian the one at which the maximum of w, oceuts, thut is, I, below 1 mA, siill
vidaes of w, of 27 Gradfs can be achicved.

Y13 Uuds juuetion field-cffeet transistora, Compurid to the
stlicen tield-efiect tranastor, the Sclolky-barvier Gude junetion fickd-efteed
beatiatalan b v bbb g 0 pabio wnd ook buger wy, thic tratitee b
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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. 5.64}, with the detector d.c. coupled to the
preamplifier, only one source of thermal noise is present, that is, the one
associated with R,. Consequently

(5.17) by= gl + 2kT —.
Ry

Adding the b, terms of either (5.168) or (5.17) to the b, terms related, respectively,
to the bipolar transistor, eq. (5.13), or to the field-eflect transistor, eq. (5.1),
the total speetral 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
importance of &, contribution due to the parallel noise in the amplifying deviee,
and b,, contribution due to the detector and biar resistors, is subject to the
following considerations. If the active device is a bipolar transirtor, b, largely
dominates. I, instead, the input device ic a field-eflect transirtor 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 hiag resistors, b == b,.

In the ease of germanium bulk detector, which operates at eryogenic tem-
peratures, the dominant contribution to parallel noise comes from the bins
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 5.1 summarizes the expressions of the gpectral power densitiet a, b,, b,
for different combinations of detector type, bias network and active deviee.

Tabrx 6.1,

Type of input active dovioe

Si JFET Bipolar transitor GrAs MOS FET
MESFET !
0.7 0.5 C} L) Moo
a{w) kT — WP —— 4 Rpgr o2 P — £ 2 oyl M
Gar Jun " (Cp+ Gy or 0] In |l
by{w) al, qly 1, ~0
Type of detector and connection to the preamplifier
Si d.e, $i a.c. coupled Ge d.c. Ge n.c.
coupled coupled coupled

2T 1 1 1 i i
b, (m) T S Rty T orLT | — — o~ BT e ~2kT I — —_—
S (R,+ R.,) 7, [R.-*“ R.,]

PROCESSING THE 2IGNALS FROM S0LID-S3TATE DETECTORS ETC. 81

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

Reealling eq. (3.4) which can be written as

- a'
Te = l/m (Cn'*' CI)!

and the expressions of a,, by, by in table B.I, it can be concluded that, for a
fixed value of C, + C,, 7, is limited by the base current noise in a bipolar
transistor to & much smalier value than in the other devices, For instance,
neglecting the terms by, 7, would be of the erder of 10%C, + €,) in a bipolar
transistor and of the order of 104C, + C,} in a junction field-effect transistor.
The presence of the detector lenkage current and of the thermal noise in the
bias resistors may actually reduce the value of r, 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
deviees 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 referenco {i4). Combining (4.8) and (4.27) the following result is ob-
tained:

a In2 2 +
(5.18) ENC = [2 ;! (Co+ C 1+ 4 - e(Cy 4+ O+ 3 b+ ba)Tu] .
M

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

The second one, due to the 1/|w| term in the power gpectral denrity of the
peries generator, iz independent of T,,.

" The third one, due to the parallel noise, it proportional to rf‘. According
to (5.18), the BNC has a minimum at 7, = +/3r,. The value of r, at which
the minimum of ENC cceurs is unafiected by the 1fjw|-type noise.

The following interesting comments about the behaviour of the ENC as a
function of 1, can be made with reference to fig. 5.7 [14).

As shown in fig. 5.7, the bipolar transistor has an optimum EXC at a value
of 1, of a few tens of ns. The ENC for a junction field-effect transistor would
be a continuously decreasing function of t,,, 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 us range.

The MOS transistor has an initial drop of the ENC as a function of 7,,, which
reflects the behaviour of the white component a, in the spectral power density
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of the series gy tunteg foblowat by a sebthing to Lhe yulye delerin 4l by the
Of o] nuise,

The enrves of fig. 5,7 are theuretical carves ebtuined with typical viduues
of the pacativrers of Gible &1,

T urder to arityse the effoct of serics eflee] gty the ise of 1 MOS with
€2 LWV Y feen chusen.

The vadue ol ¢ would be considerady smuller iy o Schottky-barvier field-
Cleet transtdi,

It ssa) low-poise design, bused vipon disereie op Liine and thick-fim

circuit reihizationg, the elwice of the pat active device is restricted Lo bipoiar
or silicon punetion fivld-efioct ruisistors. GaAs ficld-etfect transistors cover 4
domisn of applications close to that of microwavye bipolar trunsistors, thay i,
short processing vimes, 1n all Liese cunes the contribution of the ¢/lw| nuise
is either neglisilile or Basked by the term introduced into the NG by the
burive White apectral power deusity g
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6. - General comsidermtions about shaping.

Sumo genevil ounsidarations abont shaping will now be wade s onter (o
outding bhe choice sriteria thil must be wihopted i the demign of 3 tyw noise
provesser for Ligh-encrgy okporiments, The conntriinty Wit wifeet tlie vahie
of the procewsiug time will be divcussad, e noise ehwrnteriniies of suie busie
Sluipers ure wumtiavized in toble 6.1 Each shiper is ddeserbod by s « Duoise
welghiting funetion s which in the cuse of tine-invariani cirenits as well as in
the Gase of tinwe-varisnt ones with ne preshaping betore the gate coincides
Wikh Lhe response to w deleetor urrent having the shape of o d-iimpulse. 8yn-
thiests suggestions of the shupers, based apon the time wavariant o the timg-
varkad approach, are also given. \Whew cither impleinentution is clearly net
worthwhile compared to the other one, the eorresponding space 15 lefl void.

The cquivalent noise charge is given for all the shapers.

The values of 1,, that mininuize the syuivalent noise charge for CVUry Processor
are also presented for all the processings with the exeeption of the runented
cusp for which, as is obvious, the ENC is g nmonotonically decreasing function
of 7.

The last colanu of table 8.1 gives the ratio between thie equivalent noise
charye evaluated fur esch processor at the optimun 1, and the equivident noise
chivire aetievatde with v indefinite UL,

il iy of the opbunion BN values, summarized for el processor
I the Lot en i of cabibe Lo stope Lo the Tulowany yen gl ottt . Fahe
ab be eXpionael as el lu bty b COo i Where @ is a cocdlent Targer than
bowlied represeais the o wope. winet aetor e of (he negual shapuer eompared with
L i el e by o idviticsbeelsp weighting fuoction, Fur e and
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TaBLE 6.1, i
' Noise Posaihle Possible TN Equivalent
Shaping weighting time-invariant time-varisnt noise sharge - . EEGy
function implomentation implementation r.m.e. coulomb et (4a, b HCp + )4
denl weighting
iden network
infinite A_ employing {da_b_ {0, + O, oo 1
cusp et the principle MR
of fig. 3.4
weighting
, network
truncated ousp 5 employing {48,040y, 4 O 1
tu the principle {1— exp [— 2y fr) 1) =
of fig. 3.4
, e
triangular _/\_ | B i (AL
T 1 M - _'J'l D [2“-(01: + O ™ + 3 b, "u] ﬁ(s‘) (Ch+ C) Lo7
AN
0ty
J. (- astay o
trapesoidal /_\_ fries} Fre o i 2 i e\t £,
i - - ul.d .
I, L—- - .[2a_(cn + or o +b, (3 ™+ r.,)] ﬂ(b-) {Cp + G} 1.07 [l 4 0.45 r,]
E T\ T
(LT AR
W)
T L« &
RO-OT /T : , Ly b )
B, C = R,C,= 1y % i -/\ 3 [“-(Cn + 01)"_—' + bty (E‘ {Co+C=1, 1.36
M w,
piscowise A
) I 8 1 14 i 6 fa, i
parabolic o _.;_ ol 10 [5 a0+ O ;-;( + T b, r"] 2%(-5:) {Cp+C)) 1.26
sinusoidal '
1 '
lobe DR : (:_) (Cp + G} 1.28

Fitter

nt 1 t
['4' a,(0p + G t—;' + b, "Lr:l

-
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b, the cxpression ol table S0 will be introdueed. Asswinng, for the sike of
sunplicis . it Wie inpaut deviee 1o o teebitelfeer transistor and writilig a, 1n
the approvinete torm a, = EPfr aad 1hat the dotminant eom fibubion 1o
b, s the o ddevermined by the deie tor e surrent, which s cortanly
Wine e Lhe Gee el o Yoo Tebperature Siodetector, ENC L can be owiotien,

L0 o e e plrueesar, e

h'l
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|
LN, “I ({(CLiCr 1 Lyeiy, ""‘]

dahiu
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The previons relatiouships show that the optimim ENC and corespanding
€ et be expressed, apaert froms o constant, by 1o product of whree factors,
Une depending on the ginn-bandwidth product of the preamplifier input device,
which i related to the devier technology, the gecond ou & « mismateh term
and che third o the detector chiaracterist s,

o ienidvats of the various processors has been carried through by neglecting
Vi apertiad power densition i the serics Feneralor afew), whose speetrum s
Been glasbinwsd to be wlte wl Liobe led v,

Bpectral power dousitles with lnear w dopeindence, typical of divlectric
loskesn, have been neglected in the purallel gonerabor, whose spectrwin lw
Jins been asimmed 10 be white el labeled b, [1-3).

Buth weplected Kinds of noise, that is, series 1 apocteal density wipd parallel
w speetiad denstly, woullb auiradues into e espression of the KNC 4 Lty

Whick s mdependent of T, i, Lherctore, the value of Tyape b WaTegted
by Lhis approsination.

A was abready ponuted out, the operating conditions of innsd eXPeriments

in Dighovneegy physies are sk thit the noise due o dicleetrie Josses is ov
whehned by the yoise with o spectrin.

The same cousideration applies very often also to the surieh 1/w noise. "The
exeepbion s oepreseited by Whe cise in which s MOS trunsistor is employ ed
w5 Lput deviee, Phe correspowding ENC has the Ty dependence ilbustrated iy
hg 5.7,

Tabl: 6 1 alliws the

el

ovalaation of Lthe cunsidered Processing systems onee
the wehtug funetion is ehosen, the churaeteristios of th

¢oinput devier are
sasigntd ol the delecton pasmineters, capscitivnee wnd loakage curienl w
Wil

Hoan the detertar gl ienmplilier b networks, are known.

Sotuneher mnpottand adpect 38 the clioie or e

Bt eugspder Liole of LY P THYE 3 RO TR PR R Y TR suprest Lor 1y Ui vadue
Whh v o Phe oot e ta b 1 I i waonth \'l;.]vi:;tullill;’.. I
DA P R T T I N S Y TR
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Consideralions telaied Lo connting rates aml pdeap effects pon an upper
Brutadion to the usable 1.

The mituatlion i Jargely duleeent, depending on whether the detectors are
crrploved tooa Ased-target or ik cobliden experinuent, .

n mevers! bxed-target experinents Lhe detectors are subjecied to very
Bivh coanbing vales, Bp Lo il polses per sceoaal dornag lllu- aveclerator
sl 10 o particle is deteeted al w given imstaud, the probability lh:ul‘.uthcr
P aeles arrive wition o bime duterval 1, frome the previons vae o [4-4]

(6.1 P o= 1= exp{— A1,],

A being the average counting rate, 10 a deteetor current pudse 15 being processed
atol anctber pulse occur- within the processing titne, then pile-up oceurs.
Licpending on the charactersties of the shaper employed and on the mutuad
time separation, the auphtade measurement oh the second evend or on both
of them may lead to a wrong result.

This wicans that the second event or both events have 1o be rejected to
avoid pile-up inaceurncies. Let 7, be the precessing time, that is, the total
time peeded Lo process an eveat., The value of 7, depeads on the detector pulse
duration and ob the shaper, Lot P, be the masimum tolerable pileup prob-
ubility, Phe proecssing time 7, must be chosen so0 as to satisfy the Tollowing
relationship:

1 1
(6.2 ey In T

- Pn

For pstanes, w bimeduviersn b drngulor shuper wiTa e widilo 2y, resjandbs
Lo o rectangular deteetor current of duration 1, With o sigial of 1ot durition
21,4+ 1., This ean be assumed to be the processing time of the system.

Hoa value of 2, lower thun 39 is required at o counting rate of L0* pulses
per second, then 21, 4+ 1., st not exceed H0 ns. Jo these circulmstauces,
the upper limitation set to 2, + 7, by Lhe counting rte requirenent s becones
i andatory one and, therefore, the signai-to-noise ratio must be optinueed
under this coustraint on the processing time,

1t Lis 10 be peinted out that in a segmented deteetor Jike o wierosto,
whure the counting rates on the individual steips are smaller than the connting
riate A on the whole deteetor, is still 4 which determines Lhe processing Linwe.
Otherwiae it may oeent thiat pulses carrasponding to twa different events in
the deteetor overdap s time, Bhoreby crenting ambigonties i Liw assigniaent
e the sirnad to the proper event [7) ‘

to e onn ey eodliders o assiae us meaehines Gt will 2o into opreration
ol fubiee, Hee cer ot v reguivinents are by b lees g Phe Lo

. N STt s Ll - H L} J
separalivin belw Sl croings is el Ul prucessog tines o the g
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r:ilon can bc efnplo;ved.. In oollider experiments the npper limitation to the
Eor (;ess;ng time is determined by other constraints. For instance, by the detec-
eakage current. In other cases the upper limitation may come from the

need of making real-time trigger decisions,

elec(';)rt;::;ar ef;ects like ballistic error, signal induction on the honcollecting
€8 oL 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
current
-8
a)
f fltyat =y
g-it)
Teou —_—
t
shaper T
response
b)
PR - @ wlt)
g ’nl | __ _=__. Q- vit)
1
|
|
1
Tu, b

—

Fig. 6.1. ~ Response of the shaper to a s-impulse-like detector curr

of finite duration: a) detector current shapes, b) shaped signals ent and (e & pulec

deﬁil:;rprocessor a?ssumed a8 8 basis of this discussion responds to n 4-like

Jetector ct:rrcnl, \}'ﬂ.h the signal Qus(f). A detector current of finite duration

t;;: ,mspugl c;rr(’i;mg the same charge as the 8, excites at the processor output
onse ¢Jo(t) which reaches its peak at a Iater ti .

peak amplitude than Qua(t). e and hae x smaler

The ballistic error is defined, according to fig. 6 15}, as
. H

(6.3)

" Oy
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The effect of ballistic error is limited to a reduction in the equivalent noise
charge, related to the decreased output amplitude in the case of detector pulses
having the same shape and duration.

1f, however, the duration z,,,, 88 frequently happens, is a random variable,
then the ballistic effect contributes to increase the statistic uncertainty in the
measurement of Q aund, therefore, it has to be kept as small as possible [9, 10].

Analysis of the ballistic error was done by BALDINGER and FRANZEN, who
ghowed that the term {6.3) can be expressed ag

1
{6.4) _ Cp— V= — &t:ollv:(fm)ji(w)(“l_- z)tdz .
H

In the previous relationship « == t/z,,, and a, is the centroid of the detector
current pulse normalized to unit area

1
oy == xi(E)dx .
L]

As pointed out by (6.4), the ballistic error is proportional to the second derivative,
that is, to the curvature of the 4-rexponse ve{t) at the peak point. Therefore,
a flat-topped ve(t} is required to reduce the ballistic error. A flat-topped vs(t)
would eliminate the ballistie error for all the detector current pulses having a
z,,,, Shorter than the dnration T of the flat repion [10). If 1, if & random
variable with values ranging between 0 and 1,, no amplitude fluctuation would
be noticed in v(t). For instance, trapezoidal shaping represents a good com-
promise between noise performances and ingensitivity to collection time vari-
ations in the detector, Conversely, v(t)'s having an angular point at the instant

Q-VO(IJ I

t

—

o o —— i —————

0 M8 Ity,p

Fig. 6.2. —~ Parabolic d-response for the ¢valuation of the ballistic error.
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Cronsrtadh s illustraiod an tig. 6.38), ¥ the inpat pediaiiee of fhse pl\n-mnr-
phiier conueciod Lo strip &, though suaudl, s finite, rm;:nul ilppu;{.r; '.lf:fuhh
it The capacilive couphug bedwoen sirip & and strips A — ]‘, I Ti_ 1 l't'.\pﬂh-‘
side [ur bhe vijection of two signuls, proportioual Lo l.]u-,‘ derivative uf Ih-.a ul:;.
Appearing o the sleipy K, nto the cuutimumb'.]Jl‘l'rurllplmm‘n‘ Ag;u-ln, t:l‘l{)hn-:.:”:
Bigiads have 2600 b avea and their Linig acpratition s deterinmied by the durat

e Ise ab strip K.
8 '(])l.:u}:ilamun of lludncl.iun sud cross-talk signals requires round-topped or,
hetrer, al-toppel pidses volt) of suitabic duration. . -

The pheyomain that set o lower limit to the duration of veit), n.uu(,'_\l
biklistic error, induction und cross-tulk on the nonclecting uil\:uls"ndm,(.-umlunlu
with the pile-up sifect which conversely gets an 1I|l|N‘i" Liitastion l‘o Lhe fn!o-
Corsipg Lrne, iy Jead to inconrpalibbe requireents for Uhe cllli'a'lt»lull. ltf.lfi[’(l).
Tl ineompatibility cah be sonielilnes reoved vuly by reducing, in fixed-
Largel experitients, the connling rate A
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7. ~ Capacitive matching botween detector and prelmpliﬁer !

The forbhoonn‘ng oonsidef-at:‘onu apply only to the contribution to the ENO
due to either thermal noiee in the channel of fleld-effect devices or to the shot

noise in the collector ourrent of a bipolar transistor, According to table 6.1
such s contribution s given by .

(7.1) ENCl= 217 X (¢, 4. ol):fl
g Tn !

where R, is a numerical parameter characteristic of the shaper employed (4.16),

and a coefficient 2 0.5 < y < 0.7, has been introduced to describe with a single -

expression both bipolar and fleld-efloct devices, Ag already pointed out, the

9a/C, ratio represents the gain-bandwidth i
» " product w, of the device emp] .
Equation (7.1) can, therefore, be written T ploved

3 C, Tu or T [\ C, -(‘T

(7.2 EN l=2 L(cn"'al)’f_l_ 4 hl C ¢ G Ul
) (4 krw = =r i Al +(”” Cp.
The gain-b?ndwidth Product w, has an important significance in the application
of the dev:cle to low-noise amplification of signals from capacitive sources [1].
The device charge sensitivity can be defined ag

(7.3) 4, _ 414y,
4Q, — dv, 4g,’

where dI is the output current change torresponding to the amount of charge

4Q, deposited on the input capacitance ¢ and T,
i8 the voltage
Az, by definition, ! ! ge across C,.

a7,
a4, g

L] i
v, av,’

Gm =

=N

eq. -(7.3) shows that the charge sensitivity of the employed devjee s expressed
by its gain-bandwidth Produet .. It ean be snpposed‘now that both ¢ 'm’d
C, can be lincarly controlled in such a way that thejr ratio, that is fh'o- ;ia -
bandwitdh product, remains constant, [2-4]. , e

. For Instance, such a control can be achieved by paralleling n snbdevices
with transconductance 9, 80d input capacitance C.. In thig case o

fu= N ? 6‘| = "Cl.

and the ratio g_/C, is equal 4 i
o mbdew‘;& | q ° ¢../C,., that is, to the gain-bandwidth product

PROCESSING THE SIGNALS FROM SOLID-ATATE DETECTORS ETC. s

Another way of controlling g_ and C, is based upon the control of the cross-
gection of the device.

In bipolar transistors, within the range of values of the collector current
I, where the gain-bandwidth product is independent of I, and the junction
capacitance negligible, so that C, can be assumed to be determined by the dif-
tusion term alone, #. 8nd G, are, within a good approximation, linear functions
of I,. The values of g, and O, can, therefore, be controlled throngh I,.

Whatever is the method utilized to control 9. and C,, it can be seen from
(7.2} that the equivalent noise oharge attains a minimum when, (', 8 made
equal to Cy, that is, when the preamplifier is capacitively matohed to the
source {3-8}. The value of such a minimum is

(7.4) ENC, g = [Sk.'l' zh c,,]'.
Wy Ty

According to (7.4) the equivalent noise charge in the condition of capacitive
matching is proportionsl to the square Toot of the detector capacitance and
inversely proportional to the square root of the e, t, produet.

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) ENC¢=ENC¢0M 2mt !

where m = C,/C,. In the highly mismatched case, m< 1, eq. {7.5) becomes

1
{7.8) ENC,~ ENC.ox e

To give an cxample, the case of a detector capacitance of 1000 pF and of a
fleld-effect transistor with C,=10DF will be considered. The condition of
capacitive matching, implemented by paralleling devices, would require
100 FET’s. This, of conrse, wonld be hardly feasible. As pointed out by (7.6),
however, the ENC depends on the squarc root of m. Thie 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 mismatch from
C/C, =107 to C/C, = 4:10~* with a reasonable number of devices in par-
allel. Going up with m, as pointed out by (7.5), the ENO 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 vahies of 1, such that the contribution of the parallel noise to the
total ENC is negligible with respeet to the contribution due to the collector
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shil o, capacive matchiag can be reaticed sore easily with brpular Lrau-
SiBLUCE,

Mo achiove capacitive hutehine, two parsineters are availubie, They are
the tapul capacibanee, which vun we Conibbedled through whiv collecto current,
whdd the nwnbier of deviees which can be connceted in parallel. By naig ia
each Irasisbor g telitively lurge CUITent, bul not too lute 1 onder 1o uvold
puastble oo drups due o high Hyeetion elivcls, the capaeirive tatehing can
be achieved with o sinaller nuiwsber of divices thau e vhe case ol ticld cifect
Llitsisl urs,

A wmiterent appoae b to the G pacitive matehing batween defector wnd pre-
aiphiier is busca upon the use 0f o tabsioymer between Bhem (lig, 7.1),

2 0w
| shape e

""’Tg f”} g':lq : T

Fig 7.1 - Capaciuve inatching based upon transiormer coupling Letween detector
rod premumplitier; v ny, - e i,

The contribution iven by the white eoniponent 4 iy the seres Feerator
b the Lot cpivalant invine sharge roferrcd W ihie input of (he Processor 7.0 1

VI o SN T A ML N Y ( N/ ., l/ ‘.f";)'(:,,,
Pue " Tu wy ta la b O u

The eoutribution ENC! presouts a Hiuimum, as 4 functioy of ni, for u¥es
= O /0, that s, whey the condition of eapacitive matching is met, 1ntroducing
thie guin-bandvidily produet wy =g 0, uto (1.7), i is cias by recopnized thut
F.‘Nt‘,‘m, that by, the eyuivalent poise charge iu the situation of capucitive
Witclung, bao aguin the expression (7.4),

Thetranclormer lued approach 10 capacitive matehing has some limitations,
A reul austormer would sdd ty the total ENC a yoise contribution vonnceted
with maghetic losses it Uhe core The finite maguetizing lnductasee would
serioualy spol the mignal-to-ucise ratio uidess Lo polar eliuping is employed.
Besides, transiurmer toupling would be wwsuitabie if the presmplificrs bave
Lo be located i . sieong magnetio fleld. Exhaystive aualysis of the downains
of wpplication of trauslormers and of their lutrinsic limitations is availible
in the hierature [, 14, £1).

Botli ways of realizing 1he capivitivy tntehing between detector o), - P
SLBCr Pevics il s lar i ab deliaeving an wdegu el bigh chargy o,
frows L dete e tu e P danijristie

Boie to be poauned OUL, 0 g e
that the eupuitive o

Wooriiende Wothe beat Wil s o e

RTINS ST,

o g

PHOCENSING PHL SHORAERY FieuM SObT0-aTae BaTiOMRe &1 Y5

i ¥
cierfy avidluble at the sowree bo the eapaoitaioe C conpceled o paradlcl to €5,
With reference to g 1.2, the energy stored on O is

' SRR
’IC o U'__ . Q ____f D

1 O - PR
3 Gvis= s NG, G A0, (0 + 0L

. . . T
This expression atiains o maxinwn for € = ¢,

M“’? Tc,, =,

Fig. 7.2. ~ Energy transfer to O,.

— x ——d

Capaeitive matching can be employed also to reduce the (‘«Ollt;ribl.ll ivn to t.he
ENO arising from the 1{jw| component of Lhe spuctral power density i the serice
geuerator, Such w feature iv important in the application of MOB transistors
Lo maplification of signuls from cupacitive sources [8].

The prebiem of improving the charge transfer betwoen dqul-or nad pres
winplifiers enu be taoklod also in other WAy that can be considered cither
siternutivee or conpletiuntiary to the oooe disousacd se fur,

For vmilahery, gy swiuglng butwesy delagtor and mumnplmqr Bempaiey
by w deeonphing usductur bus alresdy boen proven 9 by femtbic sud (o give u
t&-uuugl;glblu reductivn in Lhe syquivkient noise gharge, . -

All the previvns eousiderativae, though .Hu]mﬂ-tuu In puy '.'"’"w‘"”' wl}
beeonie wl ttmosl stuportance in the applicstlons of wilicun eulorimotry, where
detector capacitsnecs of some nl wre furescen,

REFLERENCES

(11 V. Rapika: IKEE Yrans. Nucl. Sei., NS-.ZO, 182 (1973). o SLF

(21 T REsan: Detection amd signal processing in high-energy physics, in Proc. §.1.F.,
Course LXXXIV (1981), Duta dequivition in High Energy Physics, odiicd Py
G. BoLogna and M. L. Yinceill (Nogth-Holisnd Fubl. Co., Amsterdsw, 1883),
. 26. o

4] llll Garrs, & Hwisono and P. P Maxyrepi: 1EEE Trans. Nuel, Sei., NS.30, 310
L e i ¥ ! tinme, totee awid

[ V. Kasikas Position seasitive semicondsctor detectors- Sipial )nm;*’l -‘ ,I e
Josilion rendoat, o Nite o Dheotres jor High Fuergy l"Ly!!ch, '----OT‘S'L"V' )
Workahop bot il Feaewdut, Chdobor 15-16, 1954, edited Ly T }'nu:n.l- {hush), o 2L

18] V. Rabkene, Nwel Duatruw. Mothods Phys. Kes., 226, 2ud {1984).



96 E. GATTI and P. F. MANFREDI

(8] P.F. Manrnep1: Solid stots telasooper for lijetime mMeasurements, in Procsedings
of the Cenferamce on the Search for Oharm, Beauty and Truth ot High Energies,
edited by G. Brriin: and 8.C. C. Tivo (Plenum Press, New York, N. Y., 1084),
p- 257.

[7] C. Bussorats, 8. Cova and E. Garrr: Z. Angew. Math. Phys., 22, 14 (1971).

(8] V. RapEEA: Summary of noise relations for lguid argon ion chamber. Calorimetor
noles, Brookhaven National Laboratory, 91973 (1973).

(9] P.P. MaxFrEDI and F. Riousa: Nucl, Instrum. Methods Phys. Res, A, 235,
345 (1985).

[10) E. Garry, P. F. MaNrrED] and D. MaxioL1: Nuel, Instrum. Methods Phys. Res.,
193, 530 (1982).

[11] R.L. CHask, C. GRouy, A, Hrisono, C. VALETTE and G. Wa Y8AXD: Fast elosctronics
Jor a metastable ruperoonduoting dstector, in Procoedings of the II ISPRA Nuclear
Elsctronics Symposium, Publ, EUR 5370e (1975), p. 29,

8. - Bipolar and junction field-effect transistors in elementary preamplifier
configurations,

81, Preamplifiers employing o singls active dewice, — Some elementary
preamplifier configurations employing bipolar tranaistors and junction field-
effect transistors will be discussed here., They are the common-emitter connee-
tion of fig. 8.1a), the ¢ommon-base connection of fig. 8.15) and the common-
source connection of fig. 8.1¢) [1-5).

The three elementary presmplifiers of fig. 8.1 are followed by three different
shapors, labelled, respectively, I, II, III, designed in such a way that the three
circuits respond to a d-impulse detector current with the same output signal
Qva(t). To evaluate the equivalent noige charge, the active devices will be
represented with the circuit models of fig. 5.2, 5.4.

The shapers of fig. 8.1 will be again considered to be noiscless and Presenting
to the collector of the transistor or to the drain of the JFET an ideal, current-
sensitive input. The total input capacitance of the bipelar transistor will be
assumed to be equal to C, and that of the JFET to be C = Co+ Cpy,. The
time domain approach of subsect. 4'2.2 will be employed for noise caleulations
and the measuring time Ty, of the shaper will be adopted as a reference variable,
br putting in {4.16) u = t/t,. The following parameters will be introduced:

(5.1) b= [lojun au,
(8.2) b= f(oau)tdu .

For the sake of simplicity, the index o used in the previous seetion to label

the input capacitance and the transconductance of the individual devices will
be omitted,

—m e e

PROCESSING THE BIGNALY} FROM 80OLID-3TATE DETECTOR: ETC.

a}
shaper I} -—?t V.{t)
RALY
shaper | [--e
b)
. 0-8 I I,
-£
Q- l:,(ﬂ
shaper TH | ——e
¢}

Fig. 8.1. — Elementary preamplifier configuration employing bipolar and junction
field-effect transistors: ¢} sommon emitter, ) common base, ¢) common source.

The three bias resistors R,, R,, R, are of negligible importnnc_e irom 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 trancfer functions, while their thermal-noise contribution will be accounted

for by the relevant current sources with spectral densities

. 2kT 2T _ 2T
{8.3) f“ = T', Loap = Tm v Lpe= -

A similar consideration allows to short circuit R_,. in the model f’f fig. 6.4,
yet accounting for its thermal-noise contribution with the ideal series voltage
;sourcc with spectral power density I,,. [6, 7]. . ' g

By earrying through the calculations, the following cxpress_lonf are obtmni :
for tlie equivalent noise charge referred to the input of the circunits of fig. 8.1:

a} Common-emitter amplifier

(8.4) ENO= {kT [(c,, (_H;_”” 2+ 2R c:,)f;!. + (9,3' E;.’ + 1%,) h,r.]}'

™
~m.s. conlomb .

.ﬂﬁ&: i
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e
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5 bhe adplicenit-of angalay Bregueney ol the devieo

e CoInmun-son ey apifier

14 y)t 1 & “ery
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¥ Wy oy Iy,

r.an.s. coulwnh ,

Lu eqe. (8.4), (8.5}, ¥ = CfC, aud in eq. (8.6} y =
Gapuctiinee nornsdized 1o the device

Comparison between (8.4) und {8.5) leads to the following comments. Tl
oqaividout uoise charge for the cormtog-buse and the colnon-eRutler cune
Jeotions difers only for the nuise dne Ly the bk resintory L, R, Usuully

X, in much lrger i #, ond, shorefors, the conunuisewmitler configurutiun
huw a shightly sumaller KN

Pl sepuvalent e

C,fC, represent the detcetor
input capucitance,

churge of o bipobur trunsistor hay Lwy terag m Lhe
brackel whioh muliiphe, the sonllietont & Pk ,),

Qe deteenined 1t sbot poise Hik ble enlivetn current gah be o |Hunacd

w0, - Oy L e ender one, datesiined by the thermal nolke 1t the
Luse spreadiug resistunce iy “By.Ch. At values of Oy much larger Lhun Cy,
both texme are proportional w Co. U the collector current s raised beyond
1mA, the downint term beeomes the one related

with the base spreadiag
reseslabee,

Tustead, at vihies of ¢, smalker tha €y, the neige contribution due to Lhe
base spreading resistance can be neglected 18]
Tu the abbinee o noipe due Lo

the external biss nelwork {8.4) and (8.5)
beconie equal, The KN

s a funetion of y preseuts g Hiaam for

- [1 + {f.! w '.;‘Ji_
? A

It v, is 6o short that wlth < flhyfhy), the minsonm ENC oceurs

Wit an, in the condition g supacitive matehing botweey det
M cipmeilanee |4, 8.

Tl beduviony o
Bt of coyrven .

(8.7

for ¢ a= 1,
O 2Ll by inlop

e L e o function of Yo ig llusirated iy fig 8.2 b

Ao ey oy avd vadue of w, r, and with Lhe BUE g

Liast gppueigog,: Cr K U e parainetor,

PRONELAY, KGR Srahakl PO e RFTR Bt Y aid it

=50 mil) =3 =20 =0 =0

4y

L]

Bl =P mP) =

Ty

e

YaintYana

W

¢

14)

10

chasgr ax 3 funelion of * for & bipolar transistor, § = 100: a) 7, = f0jw,,

Fig. 82. - Normnlized aquare of the cquivaleny, noime

b te= 120w, €} 1, = 240je,, &) Ty = 4600 .
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The curves of fig. 8.2 clearly show that the value of y at which the minimum

ENO occurs moves away considerably from y — 1 as w, 7, I8 increased due
to the effect of parallel noise.
For & given C, and for assigned values of 8, »,, T,,, the value of C, which
gives the best ENC can be easily fixed by adjusting the collector standing current.
Comparison between the expected behsaviour and some values of the
ENC measured at different y's is shown in fig. 8.3.

0 i ! ! 1 1 | i 1
0? 1072 10! 10°

)'-‘ =G/t

Fig. 8.3. -~ Comparison between the theoretioal behaviour ( ) of the ENC a8 a funo-
tion of y~' and some experimental pointa {s); f = 50, Op = 100 pF, v, = 180/w,.

In the case of a fleld-effect transistor, as pointed ount by eq. (8.3}, the value
of y which makes the ENC minimum i y = 1. This condition of capacitive match-
ing, however, cannot be met as O 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-effeet transistor.

8°2. Preamplifiers employing parallel connections of bipolar and junction
field-effect devices. — Ax pointed out in the previous subsection, the minimum
of ENC ae a function of y can, in principle, be achieved in a bipolar transistor
by adjusting the collector current as G, 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,
Also in the case of bipolar transistors, however, the parallel connection has a
bencficial effect, that of reducing the noise contribution due to Ry, 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
8t 1mA collector current.

e AR

10}
PROCESSING THE $IGNALY FROM SOLID-STATE DETECTORS ETC.
10 )
%
T a)

actrens
L] -~y
T

(Enc:)mr. m.%. kel
[

L A L A 1 L

L 1 200 300
0 oo ColpF}

eved elin
Fig. 8.4. - Reduotion of the noise contribution dne to Ray n.ohli alu:;,- In::llw aﬁ
two. b.ipolo.r transistors: experimental curves; theoretical v :
o oas8 b), Bgy= 160, f= 10 w, = 2n-10* rad/e.

The curve b) shows the eame dependence for the parallel connection of two

nsi working at 0.5 mA each.
tra!gzc;r:;ison bet:'oen curves @) and b) confirms that the va]‘;m o!czl;:eEn?:n:(;t’
. = 0 is unchanged, on account of the fact T,hat the t,o'f.a‘l .ts;szl 6 o
tlreretore, the parallel noise are un;lbered, while the sensitivit

r capacitance is reduced. o '

thes::ﬁc?reduition results from the decreased noise contnbutn::a f;‘;r:mﬁm; r:
achieved by paralleling two transistors. Curve ¢) refers to two
parallel, each working at a 1 mA collector .currcnt. 4 therefore,

This situation brings about an inerease in the Ipa.ra-l.lel n-:\'lts.v“ {;{ ton ENC
a larger ENC at C, = 0 and a further reduction' in the gensi ]; t«zr ot noise.
te C., which accounts for the reduced contribution of the cof eg and v, and 3

Nne,xt, the question arizes of finding, for 'given va.lu:ias tzrs v:hich gives
fixed h, and h,, the parallel combination of bipolar tran -

ey
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sphmiiin BHC Ty paasibs tien vxist, §ige v dsts in Bxing the nuunber n,
of Lrunkistors 1o be puralleled and determining e ordingly the vadue of Con

i the indioduad Lransistors which gives the minhwam BN, i
The other one cousists 1n fixing the stamlbing current in U fudividnal trug- 1
sistors wid G dneding out the natmber o o doviees thial Lave L0 i e licled '
Loncieve bie guniunnme KNG Thie Toinn appivach, lixed nmnber e Tor
Yuea #hd LL0 L Lhe Lelluwing values.
. wiey h[t
{8.5) Yo, = hy [1 + "'p."u '.‘-IJ '
H _————l-_!--—- '
(5.9 ENC, o= 24720, - M l/l O tuhy 1 4 B ot
LAMTY n“)a _‘Hi 'i' ﬂ hl 'I' +' n, Waly,
The approsch based vpon & fixed working point in the individual Cransistors,
Lhat @6, €, assigned, gives for the number of devices n__ which mininizes
the ENC and for ENC_,, respectively,
1 [ 3 ¥
{8.10) N, = ._(‘.'1{ 1+ 2w, R.‘*:' f’!]
Cua L + (kofhi) el i)
and
. h L RN S sy "
. IN( oLper ; ml'",l e C
8 11) bh("".nla“a okl Cp e Tu ['1 + }"(l + -u-:ﬂ—- -;::) (1 4 LA |.n'0u(¢i- E;:)J .
For the fleld-effect transistor the mivimum ENC is achieved for ¥l As
I mont of high-cucrgy applications 7, iy shart cnough to make the pareallel
nuike conlribution negligible, the cquivalent woise charge ERWC, ., cun be . !
expressed as ‘
" e B, )b f
(8.12) ENCy o, = {85107 Cy .o
Wy Ty

8'3. Compurivon behween input stages employing bipolar and junotion ficld-
offedt irunsistors, - The snalysis of subsect. 8'1 and 82 vpeus up the possibility
of compuring diferont configurations of bipolar und Held-effect inpul stages,
duterniining in the (G, 1) plune the regions where either colmponent gives
better noise performances {4}, The prosent discussion will by earrwd ou in
SOnucction to the piceewise rarabolic shaper whose paranscters by md b, liave
e Iul]uwing Vil

ThooRtisig Ts BENAYE il AoV AYATY FETHS0ES W Ay

It will be assnmed that the devices employed in the input stages are o bipolar
Lranaisbor with o LGHzf, and a junetion ficld-effect Lransistor WILL g =2
= WmAY and U = v pk, featuring accordingly a 30% pud/x Wy

Ag 4 fisb case, culbipurison will be made betwien 4 bipolur transister whoge
working poind is udjusted ab eweh vilue of Uy 80 as 1o sabisfy {8.7) and the
porallel combination of JFETs Wiilcl at every €, ensures the capacitive iuutel-
ing. The boundary curves thab in the {0y, 7, )-plane limit the regions whore
the former i put stage hus smallep or larger ENC thun the lutber one are show
i hy. 8.5, The eurrent gaiu § is assumed as a parameler. luis shown iu 1ig, 8.6

F 1Y

£, Ins)

pargiieied JFETs
U /p' T rad/s

0

wf H&I" =150
w,*2110%adjs
L single bipolar
transistor

1 1 i 1
0 80 160
ColpF)

1 L

i
20 320

Fig. 8.5. ~ Boundary ourves in the (Cu, 1y)-plane separuting the rigions whera u
wiugle bipolaz sranmstor gives & maaller or a larger ENC thuy the patullel cunbination
ol JFETs required for capusitive matching.

that, at any 1., o value of €, can by fomml beyond which the hipobas HLAKY o
berolws uiore woigy than t JFET ene. This ean be axpliiniad Ly The yey g
that, weesding o bhe eguivilen « it of fhyr Bod, as ) e s the '““‘
ol the neike gond rator Lo Whio b wppears at the B port i coscs :

A gueuind step, the prodalled con binutivi of g, Uﬂﬂh"“‘n’r"
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is the number which, scoording to (8.10), minimizés: ENC, in the operation at ' 100
fixed C,,, can.be compared to the parallel scombination of JFETs required for
capacitive matching. The new boundary cutves in the (05, Ty)-plans are hori- &
zontal straight lines. That is, for & given f of the bipolar transistor, the bipolar E B A=100
stage i8 superior, regardless of the value of Cp up to a certain z,, beyond which E - singte IFET -= gg
the FET stage takes over (fig. 8.6). The parallel combination of JFETs required l 200 9,10 mAlv ~= 70
- —~=- 60
q - € =10 pF — 50
£
paratlieled JFETs o
' 9, /¢, =10" raa/s . -
100 singte bipolar
“or ‘-’;: ' . transistor at optimum ¢,
-;' - 8g T Ry =150
E - . w, -2"-10. rad/s
. - t )
i 0 59 0 26 5 %0 60 200 240
' =50 z LA
E Er z Fig. 8.7. — Boundary eurves separating the regions where a single 'bipolar transistor
o - put to work in the optimum condition (8.7) features & smaller or a larger ENC then a
20} - single JFET.
paraiteled
3 bipolar transistors :
u'p_:: .:::nr: dafs ¢ bipolar transistor has s better noise behaviour. This property of the bipolar
1o} . 3 transistor was successfully exploited in the early days of application of the
! silicon telescopes in high-energy experiments {1].
A 1 1 1 ] 1 1 1 A ‘
0 30 tsoc 740 320 400

o(pF) REFERENCES

Fig. 8.6. ~ Doundary ocurves separating in the (O, Tu)-plane the regions whers the
paraliel combination of the optimum namber of bipolar transistors, esch working at
a fixed Cy, features & smaller or » larger ENC than the parallel combination of JFETa
required for capacitive matohing.
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fig. 8.7. Asshownin fig. 8.7, the region where the bipolar stage features a smaller i (6] E. Gart and P. T, MaNFREDI: Nucl. Instrum. Methodi. Phys. Res., 226, 142 (1884).

: : . . .F. K , H. 8 d C. Exo: Proc. TEE,:120, 823 (1973).
ENGC than the JFET one is considerably broader than in the previous cases. : {:} f w,“;';:lx .ndU;:?Lg:fL?nIEE J. Solid-Btate Cérewits, 3C-15, 24!: (1880,

In particular, the larger is C,, the wider is the raoge of values of v, where the : (8) H. Srietzn and E.E. Hatizn: IEEE Trane. Nuel, Sci., NS-32, 419 (1988,
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%, - Feedbuch preasipliter struclures,

W Bk diagran anulysis, - Wil the only exevption vl the grounded-
B sonneetvn, whicl, s sbebianes cuipdoved alusie gl s wi aliractive
Iealtites o shord 1iselinge- and a ood Leahabudssicng aalnhiy, wl the othoer Cul)-
Hgudatons wie rather tended ws iapal stages ol fecdbacl, b s,

Under by potheses of broad valishity, the exprossions of e LENC as well
us e red of the SOt praritive diseussions tade on BLugens cunaisling of uye
of ooty piadicled devices can b extended te the ense in which the reviewerl
COLlgurbon . are etuployed ag inpub stages of 100 lack preamphificrs. It iy
sflictent dur this to wskume 1t i) 1he second-stage naise is naghigible and i)
e endbaeh Woop araand Le Ieamplitier does not change the Siguul Lransfer
function from Lhe delector to the ~lLaper ontpnt us well as the noise weighting
function, cxeept for & constant factor. This statement has been hoplicitly
alecady eliecked in subseet. 81, when it has been obiserved that the common-
enutter and the common-base configurntiong, assuning the noise fromn the ex-
ternal bius resisturs neghyable, have Uie same ENC,

The preseut section is devoted 1o fvedbuck prewmplifier structures em ploying
ware active clunents in thy foap {1}

The basie configurations thnt will be diseussed are shown in fig. 9.9 slong
with the PGt put traufor i), Liuns eviduated iy Lhe Siapliled iy poh-
eaid of INFILE i g Che atnplify thg puond ey, They wrey reapoctively, w chapge-
BuRsItive condiguration (8)}s & ourrent-seusitive coutlguration (b)) uud » vollage-
selsitbve vue (o)) |2-6).

To w betier approximation, the three smplifying blocks of fig. 9.1 will Lo
represented with a single-pole tinusfer function

(9.1 Pls) = .1%-:_'%26,

Where g, is the total Lransconductanee of the block and the purallel of & and ¢
3 Lhe nuternal load yeross whieh the eurront 9ar ¥ Hows, tiiercby producing
the voituge pain. 1), yeneral g, may be Ereutes thun the transconductanee of
the input elage, for o current guin may exist between input slage and R, ¢
load. Ouly whon suels  current E&iD is unity, Yar = F.. The guin-bandwidt),
produet of the wmplifying block is G /€ und tlhis is usuadly sinaller thay the
wy of the devices cmployed in Lhe input stuge,

The mpnr capiwitaince of Bhe ampluy g blocks with the main fecdback
Okeu s lubeled € g 9.1,

4 S . ) .
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Fig. 0.1. ~ Feedback preamplifier configurations: a) charge sensitive, b) eurrest
sensitive, ¢ voltage sensitive.

contribution from the external network can be made negligible. The feedback
resistor B, gerves the only purpose of providing a d.c. vetarn for {le h!.u§ CUITENLS
of the input device. It can be made us large as 20* Q in the cuse of u lield-effect
transistor ioput wnd of the order of 10 Q or more with ; Lipolir miput su’gu.
Throughout the range of values of 1y, either deviee is intended 1o cipe With,
the contriLution te the ENC arising from the therma) uuise in B s arnadly of

minor inportunee. N o
Evaluativd of the impedance Z, presented by the charge-sensitive loop lf'
parvalled ta ihe o)) 4 O, capacibanee shows the following inh'rusllluy i"‘“j"“l'i-)r
Itk dnterani tune voanslant £ 5g mnads cyual to £, the m:ugmh_ulv |74, h:n.;
the - Co b chowa u bg. 0.2, Phe d.e. FEYTERE It iy ibat.illhu‘t
‘ b Gt b voncluded that Z, = Ofy, v, troin doe, up tv ll
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Fig. 9.2. - Frequency dependenee of the magnitude of Z, for a charge.sensitive loop,

frequency determined by the gain-bandwith product of the amplifying

block [1, 2).
Such & resistive term, which depen

ds only on the total transconductance

fur #nd on the ratio of two capacitors, under certain conditions ecan 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 & broad range by a

suitable choice of furr O, C.

Srmall valucs of the cold resistor are required in segmented detectors in order

to reduce the time constants with which

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 can
be done on the basis of the equivalent circuit of fig. 9.3 which puts the cold

registor into evidence.

Q.8 -[ -[ 1“-"::1 LA v, (t)
té]‘% I'q It‘, ot SR T, (]

p———

Fig. 0.3. - Equivalent circunit of the charge.sensitive loop with the cold resistance

into evidence,

The amplitying block of fig. 9.3 is

represented by the transfer function

— fur BI1+ 2R C), in which the cancellation condition RC = R,C, has

been employed.

Usually R,C,»(C,+ C,+ C)Cg, .
ocutput signal e,(f) in responsc to the J-j
by the input time constant,

C,) and, therefore, the risetime of the
mpulse detector ecurrent is determined

(9.2) = (Co+ 0+ 01)"“"0'—6,‘-

T Yy
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As pointed out by (9.2), the preamplifier risetime depends on the tota) capacitance

shunting the preamplifier input port and on the cold resistance. Equation (9.2)

can be, alternatively, written as

1 1

(9-3) T = g.l-,fO CJ(CD'!“ CI+ C')t

which expresses 7, as the reciprocal of the gain-bandwidth product of the
amplitying block divided by the feedback return ratio. As pointed out b?r
(9.2), in order to keep the preamplifier risetime small at large detector capaci-
tance, thée cold resistance has to be adequately reduced, which can 1.)? done by
increasing C, if the gain-bandwidth product of the amplifying block it assumed
to be constant.

The signal at the output of a charge-sensitive preamplifier has usually a
very large decay time constant, according to the need of keeping R, larga to
red;lcc its thermal-noise contribution. In order to clip this signal, without
intreducing undesired negative tails, pole-zere eancellation is performed, as
shown in fig. 9.4.-

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

—a

nit}

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

¢ 8
(9.5) Vifs) = s FT1RT,"

The voltage v,{t) can be expressed in the Laplace domain as

R, ¢+ 1/R, C, —
(9.6) Vi(8) = — Vols) }‘i'! &+ (B + R)(R, Ry (1/Cy)
R 2+ 1/R, G Q !

=R i T (T T BRI (1[G 0, ¢ + 1B G

Pr s
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B bl gt g vs e ik, Y. (68 Chusen so ag to cuncel the pole 5 ==
=2 = VIR O the Previeus Lationship becotnes

- - o I, 1
(v.7) ) = = e T T e ey
LU (ORI M Roph R0
whiclorooas thal the origival gignal o) has undergune elipping to the redneed
bHOC constant (1 B H0R, Fa))Cy and samplification deteriuined by the ¥ (R
rali
LKy nnde equal to 2000, . (B.6) yicdds

. , Cy, 8 1R,
9. = . U e e =—Q ot X U
{ 8) }l“') lu(“u‘abl (” - ‘) Q C K, P ]fIf,C,
1 the condition of pole-zero cuncellation &C =1L, C, is mel again, {9.8) be-
colies

(0.9) T =-¢Zn,.

In this ease the input -to-output velutionship is  veal transresistance —- (G/C )R, .
Within the intrinsie band width lmitations of the wiplifying blocks, the con-
figuration 9.4 Preserves the detector current L1 THYTI

U i be concinded thut w charge-scngitive loop followed by g pole-zero
cancellation with &, « g implencats n eurrent-senitjve cobtiguration. Such
i couliguvation s botter noige berfurinunees than the one winploying resintive
feedback, shown iy g, 0.3b),

914 Current-sensitive configuration, The eurrent-sensitive coy-
figurution of fig. $.1b) juesents, bisides the Wuise Bourees i the {Heatuplilisr
module, the therni-noise contribution from the feedhack Tesistor . ‘hix
FesiBbor ciinol be mude w0 large, otherwise the pole determined Ly £ and the
SLIaY cupavitunce weross it would spoil the closed-looy rigetime,

The frequency dependence of (he maguitude of the input impedance 2,
presented by the current-sensitive preawplifier in paralle to Cy + €, is shown
in fig. 9.3, I the frequency range of intere. the inputympedances by an indue-
tive character. 'Phis Wiy result inlo au uscillutjng Tespouse ab certuin valuoy
of the detector capacitunce. At very small detector capacitance the cirenit iy
Lot eritical, but its input impedance cun be not as small as desired. 10 .
vanbtige of the resistive feedbuck prewiaybitier over the otlier Olusk g thwl, in all
the appheations regidring that e detvelor eurrey shape he pregerved, po
Pl cera con R o i weedend Sueh wn advuilage becowes impartant in
[T TITR P Cocters bl farg Nhthbias OF weruigition ehanncls,

e npy cobivndu pobee gy taiitollution on thowsands of
Preioeg RIS Ry

4
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Fig w5~ Frequogey Aepcndence ol (he mggnitude of the input impedanece in the
SurcuL-Bsnkiive conliguration,

9°1.3. Voltage-sensitive configuration. In the voltage-sensitive
configuration of fig. 9.1¢) the externul feedback nevwork adds & contribution
to the wiite speetral density in the series noige gonerator. Such a contribution,
in the practical case i which B, » R,, iy equal to 2kTR,, By choosing K, sud
R, suitably small, that is, 8, ~1 (), the effect of the external bias network
o the preamplilicr poise becomes nogligible,

The voltage-seusitive configurution prosents to the detector an impedanes
of purcly cipacitive nature, Suel a capucitance bas heen lubelled ¢ in fig. 9.10)
to etnplinsizgs the fuct Ut €], by virtue of the sorics volluge feedbuck, b smallor
thun the seuld capuvitance » of the astive devirag,

by vhe cunfigurubion 9.1 Lhe tulationship botween the oharge deliyeped
Ly The deteotor andt the output vultayge depends vis the deteeton s it o,
If, however, the detegtor is Lolidly depleted s the maintiony thivige efleeta
uirjug the csperiment are negligible, Oy can be considered stable wuil reliable
eucugh o guarantee an adequate sceuracy in the mewsurcinent of .

The voltage-sensitive preawmplifier hag two intervsting features, First, itg
risetime is independent of the deteetor capacitance and, therefure, the presu-
iHiter can be fast enough even at very darge ',

Sccond, eontrary to what Lappens with the charge sonsitive and current-
sunsitive configurations, thie voltuge-sensitive preamplitier does nut load the
detector upprociably. It becomes, therefure, very suitable to sense the 1otal
voltage across stacks of serics-connected detectors. This feature hus been ex-
Pivited Lo purioniu multiplicity measurements with telescupes of silicon detectors,

9°2. Basio low-noixe inverting amplifior, - Some oxamples of low-noike
proepmphiicr aesdgn, able to cope with different experimental situntions in
rlomentary - prticte Physics, will be deseribed in this sibecetion Before o e
Bhis anndysis of the spreitic cirewils, u rather generid clreidt dingeans o1 low 'H-nlbl'
Hverting aiagitier will be illastrated. This clrewit, shown a dig. ¥ 6, provides
& basic building voek wrouud sl charge-scusilive loops of the 4y pe sliuw
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in fig. 9.1a) or current-sensitive configurations of fig. 8.1d) can be rea.lized".

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

-£

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

According to the circuit disgram of fig. 8.8 J behaves as a transcondnctance
smplifier which injects a siznal current gt into the emitter of the common-
base transistor T,. The colector of T, is connected to that of T;, which acts
5 a current source. It ia 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 — 9./8C, where Cis the total capacitance uh’unt.ing P.

The noise sourcee in the eireuit are represented by their spectral power
densitics. They have the following meaning:

1} Z,. is the spectral power density of the generator which accounts
for the thermal noise in the base spreading resistor of a bipolar transistor if
employed as input deviee in 9.8,

2} Z, is the spectral power denaity of the parallel noise related to the
fnpUt bias current, £, = 91, or I, = ¢I, according to whether the input deviee
15 & field-effcet or 5 bipolar transistor,

A B T LT Y

4 .= mn

TROCESSING THE 3IGKALS FROM SOLID-STATE DETECTORS ETC. 13 -

3} I, is the spectral power denaity of the thermal noige in the channe]
of » JFET or the power density of the shot noise in the collector current of g
bipolar transistor, I, = 2k7.0.7 fa or I, = gl respectively,

4) I, ,Z, are the "gpectral power densities of the thermal noise in the
resistors R,, R,, L., = 2kTR,, Z,, = 2kTR,.

5} Z,, Z,, are the apectral power densities of the shot noige in the hase
currents of T, and T,,
Ly = eI, Ly, = el,, .

8) Zyp;s Zan; 87 the spectral power densities of the thermal noise in
the base spreading resietors of T, and T,.

7) Z, and I, are the parallel and series spectral power densities of the
output stage.

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

In the cireuit of fig. 9.6 the contribution of the shot noise in the collector
currents of the common-base transirtors Ty, T, to the output spectral power
density I, ix emall compared to the contribution due to the base enrrent noise
of the same transistors. For this rearon, the generators that would represent
the shot noise in the collector currents 6f T, and T, have been omitted.

The inductor L has the purpose of reducing, in the frequency range of
interest, the contribution to Z, due to Zp, and X, .. A high quality is required
for this component, which must featurs very low stray eapacitance, must be
able to work at relatively large currente without core saturation and must
have an inductance between 10 and 160 mA,

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

For these reasons the total output epectral density of the noise, L,, will
be evaluated in the absenee of L, with the understanding that, if L is present,
its effect can be accounted for by putting Ss, = 0, Zan; = 0.

The output spectral power density is given by

.:,.,, crn:
B TR

(9.10) Zolw) =~ [Zﬂlzl(w) Poa+ Zonga+ Ep 4 +

. 1 )
+ZB.+§?+2}:;“+£:.+ ZI};F"C'T, +zv- )
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The Fourier transfurm of the output signal is

H
(911) Vut‘”) - I(‘”)Za(m)gu j(‘l‘l(} .

From eq. (910} 1he relative importance of the various termes van be Ve, -
gobed, dn s weli-designed preswplifier, £, or L9 + X, ure the dominaut
terms. Howovor, wheu L s vmitted aud low sapply vollages ire used to reduce
consumption, the vadue of R, Imay tieen vut to bo wob sufficiently large amwl
Ha Nk contributiog iy be not negiygible,

Fu reiunee the conlebutions due to the #hot woise in e base currents 4, nud
I,y it is advisable to fix low cullector currents in 1, wud Tuy thab is, Jess
than 1 mA,

The low-noise amplifying block of fig. 9.6 can be transformed into a charge-
sensitive luop by conuecting hetween input aid output the parallel combination
of & capucitor and & resistor. A resistor of comparatively Jow value, £ ~10 kQ,
eonnected between iuput and output implomeuts a current-sousitive pream-
plifier, "

Y4 Proctieg! preamplifice sonfigurations. - This subsecting wviews s
precphiner synibgurationy bhat buve Leon oveloped during thy i fow
Yois Ty wpecifie wppdteationg in ehaneniury purticle gehiysies,

Tue olreil o g, 0.7 18 & vurrent-yonaiiive vullgaritivn Jdeslyned for ipierg.
surlp slgnul procesing |7, 8).

Ay sbown i fig, 9.70), the Lransistory Ty, T, imploniunt Lhe inverting pre.
amplidier around which the corrent-sensitive toop is desigued. The Lransistor
T, provides additionu) voltuge guin. The cireuit 9.7 g buing extsusively used
bt CERN iu associstion with microstrip detectors,

The preammnplitivr shown 1 lig. 9.3 i3 & common-bage configuration, wile
that of fig. 9.9 is a charge-sensitive one [9),

Comparison wis made butween tho noise performances of the threo pream-
plifiers of fig. 9.7-9.9 with the special aim of investigating their bebaviowr at
short Processing thacs [9).

—et+£

T

YO e —. r—

-*E-*S R r}-{‘maper }*‘
pole-zare T
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Fig, 0.8. - Commos bawe pr, ahegdidiug,
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+ +F

145R,C, H shu.oerl_.

pole~zero,
cancetiation

PFig. 9.9. - Charge-sensitive loop.

For this purpose, the same fast bipolar transistor, a NEC specimen featuring -

8 5 GeV {, at I, = 5 mA and R, . between 10 and 15 {}, was employed as input
stage of the three preamplifiers. Its collector current was fixed around 0.7 mA,

TarLE 8.1.

ENC, (r.m.a.0.)

wit) Preamplifier
) charge ourrent common
sensitive sensitive base
R,= 150 kD R,= 10k} R,= 22k}
Ry = 27 k2
A 1265 1434 1434
]
[ -
-.125ns
|
A 1786 2020 2020
B 50ns L_
ENCy/Cp, [r.trn.e./pF)
Tt} Preamplifier

oharge sensitive

current sensitive

common base

18 18 18
- [
8%ns
I
_;'/I:\ 14.7 14.7 14.7
~=t b
50ns
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The results obtained are shown in table 9.1, which presents the values of the
ENQ at C, = 0 and the asymptotic slope of ENO ve. O, for the three con.
figurations of fig. 9.7-9.9 and for two different noise weighting functions,

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

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

+6v (D ' ' .
c" 1k i 1kQ LTRE
100nF I gt : o alfferentiat |,
ot biooa (k. 3 output
_ 100 T e line ariver [~
¢, neonn ] 8
test D—>4 {0 1008
* ¥
GO P Rk BFR 92
ground 1000 T,J
Tl. 5‘9
F
® ‘ BFR G2 sram M
detector R, 100 %2 BFR 92 ,J TG
Qnr
3130 ()] T - @
£y . 7pF 170 Cy Ry 2
c, ¥1oo nF RN LU S 29
-8y H——-

Fig. 9.10. - Preamplifier consisting & of charge.sensitive loop followed by poie-zerc
cancellation.

Figure 9.10 shows a complete preamplifier based upon an input charge-
sensitive loop, transistors T,, Ty, Ty, T., T, a pole-zero cancellation and ampa-
fieation section consisting of transistors T4y T, and passive network between
their emitters and of a differential output linc driver [10).

The noise behaviour of this preamplificr is close to that described in table 9.I.
The circuit is commercially available in thick-Alm hybrid version, with either
& single transistor or two paralleled transistors in the input stage. In the latter
version, aiming at reducing the noise contribution from Rppy 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 applieation, with a detector capacitance of about 80 pF and a shaping
implemented by a semi-Gaussian prefiltering with 25 ng FWHXM followed by a
gated integrator with 70 ns gate width, it featured an ENC of 2200 elec-
trona r.m.x.

Baged upon a configuration similar to that of fig. 9.10 is the preamplifier a.
with field-effect transistor input, stage developed by the group of Milan for the o .ry
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Fig. 0.11. - Preamplfer for very large detector ¢apacitance.

transistors T, to Ty, of s pole-zero cancellation and amplilying stage, transistors -
Ty, Tu, vud of 4 balanced antput stuge, trunsistors T, '_f,. fan].

The eyuivalent uoise charge reforred to the input is plotted as » function
of detector capacitunee in fig. §.12, '

. The imensurements were porformed using an erfe-type weighting function
with &« FWHM of 30 ng. Fhe siope of the noise linewidth vs. detector capacitance
plot is about 5.8 r.ms, eloctrons/pP. In applestions with detectors of very
large eapravitance und whien the constraiut of very high rates is present, operation
BL saies of 7 shorter thau the preamplifier risetime may be uect;ssary. In
;-:::; cu_se,. the ueed wrises of spabilizling the prewmpliffer risetime, otherwise
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Fig. 0.12. - Equivalent noise charge a8 & function of dotector capacitnuce Cp;
I, = 6.87 mA in each of T, to I, transistors.

and, as in the case of Hg. 9.8, no curreut guin oxists between the input slage and
the output, then g_, = g, = ¢l /kT. At fixed collector current {,, g_ has
thermal coefficient of & 0.3/°C. This means that the extent to which the risetime
is uifected by thermal variations in g is negligible. If o field-eflect transistor
is emploved as input deviee, risetime stabilization requires more elaborated
cirenitry, for the trunsconductance of & feld-eflect transistor is more dependent
on betnperaiure,

I'he stubilization of the ioput cold resistance in a clnrge-sensitive lovp is
baked wpon the principle sbown in fig. 9,13 {4, 12),

In the cireuit of fig. 9.13 the smiptifier A, the trausistor T and vhe resistive
divider R,, K, implement a feedback stabilized transconductance sniplificr,

IMig. 913, - Ciuge-sensitive prestaplifier with stulidiced celd resistance.

e
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The value of the transconductance ia 1/R,. If the condition R,C,= RC is
met, the cold resistance appearing at the preamplifier input is, accordingly,
R,C/0,. Two outputs are available in the cirenit 9.13, the uanal integrated
one is taken at v,, while a fast output, closely reproducing the detector current
pulse, can be taken at ¢,. The latter signal can be of some usefulness if fast
trigger operations have to be performed. In the design of this preamplifier
& low valne 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 ae-

. quisition from silicon telescopes durin
' They were associnted with detectora

g the first part of the FRAMM experiment.

rate during the accelerator spill was about
An example of preamplifier of the type 9.

of 700 pF capacitance and the counting

10* pulses per second.
1c) developed to sense the voltage

signal acroes u stack of series-connected detectors is shown in fig. 9.14 [13].

+ 6V

L}
——)}—40.1pF

rl
L,

Fig. 9.14. = Voltnge-senaitive preamplifier.

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

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

An interesting feature of the preamplifier of fig. 9.14 is that its input ea-
Pacitance can be zeroed. The gate-to-source capacitance of J appears at the
input strongly attenusted by virtue of the series voltage feedback applied to
the source of J. Positive fecdback from the output to the base of T, via the
voltage divider R,, B, 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 effectiveneas in the control of the input capacitance -schieved wi.th
the R,, R, voltage divider is shown in flg. 9.16. As pointed out in at.lbaect. 91,
one of the attractive features of the voltage-sensitive preamplifier 1.5 the very
small dependence of risetime on detector capacitance C,,. As shown infig. 9.16,

Fig. 9.16. — Input oapacitance of the voliage-sensitive preamplifier as & function of
the attenuation ratio X of the R,, R, voltage divider.

the risetime of the preamplifier given in fig. 9.14 after an initial decrease remains

constant around 6 nk up to 800 pF detector capacitance. ‘
The noise behaviour of the voltage-sensitive preamph’f‘ler analy?ed with a

triangular, time-invariant shaper with 100 ns base width is shown in fig. 9.17,

curve a).

400
ColpF}

1 L
0 200

L
600

. 0' Cp. s .
Fig. 9,18. - Risetime of the voltage.sensitive preamplifier an l..hmction p. A
g

A
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the detector capaeitances for the
e-onded couligurativy of fig. 9.14,

A volt-a;;u-smmitiw' ditferunen Cundearation bos heen ibi-v

| claped hy vgupling
EWO Citesits ol e ¥ pe showi i g 9,04, : s
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10, - Lincur smplifier and shaper,

The wignal dolivered by the proamplifier has to go through further processing
before buing prasented Lo the nriplitader-mesnuring system, Sucl o Proveasing
Cutkanls ol npifluastion wd shapang.

Bliping g beon wxbunatively disgussed in xeat, &, 5. 1t has been poiuted
Ut that sone kinde of ahuping opurativane—it. woull be better 1o MY BOing
Kinds of nolww woghiing fungtivog-—oul be aplenemted, e both time in-
Vil or time-varisnt ways,

Other weighting functions wre prelerably implemented in oue of in the other
wiry, The present trend in elementary-particle physics relics upon the synthesis
of the weighting function bused upon gated integrators. This trend finds its
explanution in the fact that, as pointed out already, in mest of anilog sigual
acquisition chaunels o galed integrator ig preseut a8 a part of the churge-sensing
aualog-ro-digitul converters,

Belween preamplifier and gated integrutor, a lineur-amplifier system i
tequived, whose purpose is that of matehing the sigual level to the alupjitude
rauge required by the gated integrator and to perform on it the time-invariant
preshaping. '"he smplificr system uwy be a potential source of both inaceuracy
in the amplicude measurcment wnd of gpectral-line broadening caused by base-
line shifts at Ligh countiug rates. Basclive shifis oceur in a.c. coupled amplifier
systeme because of the random superposition of the tails thut follow the
pulse [1-3).

The effect ia explained in fig. J0.1 which shows the Lehuviour ol o d.c. dovel
blichiog notnurk, KO difforentinton on a rectiugiulol signal appdied at the
fnput, The pat sinal is slaictly wu polse ad Lis ki ampiitade Fowind w
wirith 7, wlich 18 dupposed to be i oloter Lhan e difterentinlor time .
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It : 1

c

Fig. 10.1. - Negative tail following the positive pulse and due to the RO differentiator.

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

T
{10.1) - Vﬁa exp [— ‘IRC] .

Asgume, for the sake of simplicity, that the input pulses have a very narrow,
d-like amplitude distribution. The random sarrival of the pulses with average
rate 1 creates a stochastic baseline. According to Campbell’s theorem applicd
to {10.1), the mean value of the baseline is

{10.2) e 1

independent of the time constant RC and its variance is

Art

(10.3) ST

V.

The original indefinitely narrew pilee amplitnde distribution would undergo a
retalive broadening deseribed by the standard devintion

Art
(10.4) [ﬁé . .
1t hax to be pointed out that bageline ghift may be present also in d.c. conpled
sYstems employing pole-rero cancellations, if these are not correctly adjnsted.

It iz worth disecussing now in which situations baseline shift and related
statistieal fluctuations are important.

The most critical condition is that of a telescope of gilicon detectors in a
fixed-target experiment. With reference to (10.4) it can be said that in a pulsed
accelerator the time constant RC caonot be made very large, otherwise a long
settling transient would be present on the baseline at the beginning of every
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machine burst. For instance, in an a.c. coupled amplifier working at 10* pulses
per sceond, each pulse lasting 100 ns and with & RC time constant of 10 us,
the baseline shift would be 10% of the signal amplitude and the standard
deviation of the output amplitude distribution would be about 29%. At low
particle multiplicities, auch a contribution to the line broadening is not negligible.

Three clasgical zolutions 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 bipotar shaping (4-8]. They are rchematieally illustrated
in fig. 10.2. The cireuit of fig. 10.2a) is the well-Xnown time-varian} baseline

a) €
. . originel signal
— [ 1 4
. ldifa,r s /\
r e M' . b
1
swilch s
control s iy o
eircult - <
delayed and
. inve-ted signal

b} vit,3-vity)
L PP Yo v

ey LA
——
t
tq t, - \/butar signal

Fig. 10.2. - Thres ways of avoiding baseline shift at high counting. rates: a) baseline
retorer, &) sampling the baseline and the peak of the pulse, ¢) bipolar shaping.

restorer. The incoming poritive pulse throngh the switeh control cirenit opens 8,
thereby making the differentiation time constant associated with O infinitely
larger. At the end of the positive pulse, the switeh gets closed. Tails of negative
sigﬁ 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 cffects 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 gecond, must execute a quick
level clamping after the pulse and this elamping action must last until ?hc
next pulse. As a result, the faster noise components for which no correlatfon
exists between the values immediately preceding and immediately following
the positive-going edge of the pulse undergo a /2 increase.
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The method i by s0.20) cameels (he basehne coliponent by measaring
the peak wmghitvde of tie sigiad with o dogble siupliyg ui the Lot way e foru,

Aa 1y bhe ellect o one hgh-fregueney nawe, the double Sutupling benwves
cxactly hike the buseline Festorer, that is, it introduces o V2 onse Worsentng,
dn faed, the cosulling wogliting fubclion in L. eriginad one inverled in pobirity
and abehayed of w otie uterval equal wo itg wilth,

B ane Lo shuws how o first-ordes tutd o dution ean be aclucved by
Unig ipolar shuping, it 1h, by wddig Lo the origie.d sirnak the sanie Bignal
verted whd delaved. A ulready pointed oat, b, Galiing, colapired Lo
the vuipotur ouc based wpon the sane kil of sigual, Cooruduces 3 2 deterio-
Fallon an the noise, For g gober.d approach to the swrew-badanced wave Loging
sud, snoug them, the one Eiving the bkt wose for a dehped overall widu,
tho Feinder can refor to paper [4],

It ean, therefore, be conchuded that the three methods of reducing bascline
Bl ft desecibresl in lig. 10,2 wll degrade the equuvalent noise cliarge of » cotupusible
pinouni, ut leust if the domivant nuise term is Lhe gerics white one, Such u
degratlation is haedly tolersble in geveral axperimentad condittona of vlementary-
purticle phynos, where the sigasl-vo-wuise ralio is intriusicnlly poor,

Kifort wius wecordingly concentrated on o Prasible wuy of achieving the
duiarud coniting rate periofhaness witly ghe sligghlent yuerifieo in sigil-gosnoise
Fubly. A wielhod wis 16t siliigenl, o blogd periadicad stabilizad ing of the anpliior
Byslean, which W preven w et the slated rgquieiend, Thy ilea it 1y Bisew
Ul s shawioan fig. T3 {14)

Al fust sigind path in the diagraie of By 10.9 15 dee. coupled from the
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deteetor to the ADC tnput, provided that the switeh S is upen. In this situstion,
1T the pole-zere cancelution netweanks ou the signal path wre properly adjusted,
the pulses wlong this puth are sivictly wnipolar and nv baseline ohif BUC LTS,

The Jiear processur us & whole cal be considered ws 4 tinte-varinat shaper
preceded by o Laneinvarisot preshaping, The time-variant shuping is unple-
hcided by thie pated intugrator provided m the ADC. The tine-invariant pre-
Blhiping resuls frow the jutrinsic baud width Limitations i the suiplifier sy st
for the faster veabizutions, und fron woue hnped iregrations in the slower
verstons, The tine-varisnt preshaper can be assmned to be Gausmian iu buth
casos ainl the complete noise weighting funclion is wliost trapezoidal with
etfo-type Jeadug and railing sdyes.

The d.c. coupled fukt ohanncl eannot work alone, for the thermal and long-
term drift would introduce slow instabilies in the vutput baseline, In order
to avoid this, A correction path hus beey intreduced, which implements the
periodicn) atubilization. The vorrection path includes the switeh 8 and & long-
torm iutegrater whoss output voltage is fed buck to the preamplifier. The
corructing phase takei place duriug the iuterburst periods of tie wecelorator,
when the beam ia off and uo radistion faliv on the dewstor,

The switel 8 remniun slosud throughout the interburet poried. The feedbuok
loop, which wieirelon the Preamplifier gutput vtage, the wmplifior, the switel
Hownd the longaern integrator, fureus the wutput of the atipifler tu woro,

A ewrroeting voltage builde up aeroin O, wineh goeonnts fur a1y lungderm
Bl b dedte o the wignud processor, Al bhy bugmning uf the noxt molorptor
sty 8 epens aguin. The corresting veltage stored on £, lowever, Gusp the
working peinkh in the umpliter stable during the weeoluralyr hut, A pow
correeting phuse, whish bay the purnoss of yuduilig Lhe goerepting volipysg
on U, starte ut the begiunlng of the sest interbueil porod. The suquence of
acquisition and correction phases ls shown 1o fig. 10.44). Figure 10.4b) shows
that no bageline shift ocours during the sccelerator burst, despily the high
pulse rate ut which the picture was tuken, more than 104 1. p-&. The effect of
wrong vperation of the switch B i shown in fig. 10.40). ¥ 8 iy left permanently
clused, then the system of fig. 10.8, with the feedback not interrapted when
puises are deliversd by the detector, behaves aa an a.c. coupled amplifier,
Bincline shift takes place at the beginning of the accelerntor burst aud then
the baselive settles 10 the negative value predicted by (10.2). The dependence
of the centroid of u spectral line on the counting rate is shown in fig. 10.5 for
buth correetly operated and permancntly closed switcl 8.

With the switch 8 correctly uperated, Jous thon 0.3 % centroid shift oecurs
Faising the counting rute up 1o ~3-10% pulses jer second. U, instead, 5 is
Ieft pormasend by cluned, u hirge variation 18 noticed in the ecatroid position by
ViFyi, fhe cannong e an the stase 1aage ws before.

© Pl oshinviour of the peaiodivally wlabslisd sinplitier system wt high counting
tides &oabeo deseribed by the spociea ot fig, 10.6,

[
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detector current

a)
ie)
beam on " beam off deam on beam off
switch switch closed switch witeh closed
open open

beam on
switch

open

Fig. 10.4. -~ a) Sequence of acquisition and correction plases. b) Bascline at the am.
plifier output with the switch 8 correctly operated. ¢) Baseline at the amplifier output

with the switch S permanently closed.

+ 0.5 channel switeh open

B I —* n). > during burst

(5
™~

(&)
prd
o

centrofd pesition channeis

tef*shift switch permanently
closea
308
JOOI i llllu.ll lIJ[||.I
w* 0" w

counting ratel{p.p.s.}

Fig. 10.5. — Depondence of the cantroid of & spectral line on the counting rate: a)

awitch S correctly operated, b) awitck S permanently cloned.
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Fig. 10.6, - Landau distributions of negative =-mesons recorded at three different

counting rates: ——— 2.7 103 p.p.s., aaa 6.1-10% p.p.s., ese 104 p.p.s.



130 koaartrr ol 1 ¥ RANVRY I

Fageere 20 6 shoews 1ol b ighidioand SHAPE VarkLon vty i Lie Laadau
distntodion of wwmanuiis-teniang pacticles Ly nwrcasug the eounting rulc
[TFTRN YRR R Lo TR TN

The peicipie of povjodicsd LaseHae stabninza o s preseady beigs vinployed
LA B R Cpanieate, Whete B proved 1 i stccesntbl uc bty -
exele abone qequi on rols bl sdivon il perinanivim active targeln 1t
thoroaglly vonbnd ats capabuity of visuring vilstanding counting rate
perforianees witliont dvrading the intensie eqidvalent noise chiarge of the
Geieeiol prost iiee iom mbly.

Hiphly s cnted detectors, libe wicrostryy plues, cveu if et Laved dn
lixed-Lgel evperimenty, do nob pivsent wsualiy critical probleims ol Luselie
phifl wid biseline Hucinations Deciuse Lhe aversge duty cycle in cao)l acquisivion
chuntid 16 nilinlt, fows than 1%. Fur these situniious, .. coupled wiupliticr
Systeing nre suituble. The auly requircment which bas te be met iy that the
differentialing time constauts in the umpiiiers be adequately short 1o cuable
a yuick baselin, sottling Lo the Slunding value ub the beginning of the aceolerator
bursts.

in the collider applications, us tong i the spacings between bunch russings
nre of woverad iicroseconds, the baseline problems wre negligible, Thin stuteinent
b remdemaed by the renark that s collider exponmviaty wll the dotectors are
sepmented andd the traeks are sprrad over o Lt wolul ungle, ‘Pherefore, the
sunating rules wn che wdividupsl doteslgr scgioents will be dulinitely sl
The situation might change e future large bndron enlliders, wher Wy ting
Telween e crossing will be a fow teus of nanesscutds whd the nuwber of
chinged tracks per event will be lurge. The macbine parutieters for these
colliders, however, are Uil wnder iuvestigation wnd o couclusion tan be
drawn as yet,

Befure couctading this section, some alternative ways of realizing the shuping
tunction will i deseribed. A first exituple is shuwn in fig. 10.7 [14, 12]. A.ccord.
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ing Lo the civenit dingram preseuted tivere, the cutput of the Charge-aensitive
promphibier is spht abong cwo wiys, cach SN i PeSTSEOR, @ 5WIlel s o
capacator. A teodupat ateplifier takes the difference of the valbiages slured
un U capacitors. ALt == &, sbortly before the arrival of the pulse, tie Luseline
b ramplal by closing and reopening S, and the crrsesponding vodiane js 1o
o the televani capiseibar. AL ¢t solae Lo sl Lhe arsival of the PPirkie,
5, v clused and reopened snd the value v(t,) is held, Av > 1, the vohage at
the dilference amphtior vutpni provides the step awuplivude o be micasured,

Wit)

é—}h np[—(lﬂ, :‘])

Wty —*

Fig. 16,8, ~ Woightiug fnstine realiged.

T cleguil of Hyg 10.7 hmploments the weighting tunction show 4 fig. 10.4.
Buel w function iy identical $0 e one which wunid be obtained by npplyg o
doduy line clipping to the step respouse uf wn uppreximate inteygriador,

The sauiple und beld uperation and the difference of the two sumpios, there-
fure, replace the delay line with two advantages. First, the deluy Lotween
the two suruples, - f,, can be easily changed by acting upon the relative position
of two logic pulses. Becondly, the cirenit of fiy. 10.7 lends itself to a possible
monolithie integration, while obviously the delay line impicmenlution of the
saine weighting function does not,

The present trond of rewlizing in menolithic form the high-density trout-snd
circuits required by lughly segmented dotectors will benefit from the pussibilities
opened uy by the principle of fig. 10.7. More genernlly, shuping can be based
upon sampling the voltage at the preamplifier output ab the instants by by
holding the saraples in & 4 1 eapacitors and then combining the sunples with
Burtulde v eents. For mstaaee, w thind Path in the civeust of Big. 10, wndd the
fotiowing linear combination of e spuples o), vt (2, - )

2e(l) = ot — o{2y — 1)

woill dmplenient a bipotar weightig function (134,
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It might be argued that sampling the preamplifier output at ¢ = ¢, requires
& trigger signal which precedes the step at the preamplifier output with a fixed
time relationship, otherwise a delay betwcen 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 4, can be made indeed available, as the
events occur during the bunch crossings, that is, at a conatant time distance
from each other.

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

e e r(t)

low-pass
- filter
)

clocky frequency f,

LA

T &5 wep
s ?—:," i

Fig. 10.9. - Switched-capacitor approach to optimum processing i the presence of

white noise, I, is & prefilter with a ocut-off frequency lower than Serock-

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

Thecapacitor Cis connected between the ontput of the low-pass, band-limiting
filter and ground, thereby charging to the output voltage v. During the other
logie state of the clock, 8, and 8, are closed, 8, and 8, are open, The capacitor
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O is now connected between the inverting node of I and ground. [ty charge
Cv is transferred to C,. The voltage at the output of I as the resylt of N
sample and hold operations at the clock rate f, ix

Vift) = % 2”(‘:’ ’

where v{t,) is the voltage stored on O at the i-th sampling-holding operation,

Between t' and t*, when 8, is closed and 8, is open, ¥, is stored on C,, while
it is stored on C, between ' and t*, when S, is open and 8, is closed. At ¢> t,
the voltage at the output of A provides the best estimate of theitep in oft}),

The process ends by resetting the voltage across O, to zero. The low-pass
filter performa the function of band-limiting the signal with a cut-off frequency
lower than },/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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tl. ~ Conclunive remarks v sy probleaus of analoy Processing,

Butie of the caperimental sitantions deso ribed vobhe anboduetion wilt v
Fevitwed now and the related probibemss of sose wod ctilbang rales will he
toasidertd apaan, in order Lo outline praclsat sohlivons, The ore denimiing
condition, that is, the v B I L ed-target experinents, will be wssuimed
ab i refesence,

IV Silicon tolescopes. - By virtue of the short collection time in the detees
Lor couuting rates of sevesa wailliow pulses per pecund wre theoretically possibic,
Ta wchicve these rules moa res) S¥stoan, two puoblems bave to he soived. First,
optimizing the egnivalent noise chiarge ub proces.ny tunes Lhat are constrainedl
tu bean the range of o few tens of nanveecunds. Secoud, designiog an wraplidier
system capuble of working at these rutes with negligible spectral-jine degrada-
Lion |1}

The wesi appropriate preamplibier solution looks to be based wpon micro-
Wave hipolin transistors with low R, .. As the detector capaciluuce cun be
uot small, frequently execeding 100 PF, capacitive mwatching between dotector
and pressuphiier s sdvisabie, .

Lo wopue with the counting rates, the use of the perivdical stabilization ip
the amplifier kvstein is nndatory.

Avulog procesors bnsed upon hipolar-transistor preamplifices snd puriedicyl
stabilization are presently vinglod ol in wssecinbion with the silicon ucbive
turggels of NAL, WAT), NAl4 experiments [2-5],

They wll employ 11ne-vurtant shaping realized with the guted Integruto,
uf charge-sensing ADC,. The sualoyg processors of NAL eXxperiment, for instance,
has L following charncteristivs. The noise weighting funetion results from the
cauvolation of a Guusstan pulse with 25 ns FAWLIM and of a rectanyle 70 us
wide, The equivalent naiye churge with a detector capacilunce of alout 80 pF
I 2200 clectrons roos, The Landay 6pectra ut several multiplicities of min-
imumionizing particles, taken ag u counting rate of 10% B-p.5., are showny
in fig, 111 [2).

W2, Germanium bulk detegtor, ~ Tiq Betbumum bulk detecwors emwployed
i NAT cxperunent were of twe difierent priches, 50 pin and 100 Rt Owing
to the long pach thay e vhurge carriets have o travel wlong in their collection
thotion, the colliviog Limes and their fucluations are considerabily Luger than
nsiheon telescapes  bor Chis TEARGL AOUZCr LUbC Conslanly i e Lussesiay wriin .
Pevalispers g 4wty MR witkdow had do by vinployed. Preshapiug v s
wehioved oy e ke liuns,

Fi : Cbwiion results from e convolution of aa Lt
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Chamiian pulse with 200 us FWHM widl w b00 o5 wide rectingle. The Cu it e
presented by ench eleetrude to the preataplier, busicidly due to the conne Lionis,
is ul the order of 30 pFP. The snmli deteetor capacitance and the long duvatio
of the nuise weiphtiog function suggest the field cfivet Lransistor as the oy

(-

countsia.u.)

m
s
-

? 4 [3 [} I
Ao, of minimum-ienizing parteie

Fig. 111 - Landau distributiona obtained with the NAT silicon aclive target: a) odd
wliiplicities, &) even wuliiplicities,

suitable input device in the preamplifier. The amplificr system ¢mploys peri-
odicud stabilizution wnd, like 1n the processor associated with the gilivou target,
time-variant shaping is implemented by the gated integrator of the charge-
sewsng ADGs. The equivident poise charge for the GUrnLium win g processors
B AOW cleckrens Bae. .
“Ehee podae ol the Tocaban disbeibid wns of two ol four nuaiiua-ionizing

pari.deh wfe rhowy iu tig. 1.2 16
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11'3. Miorostrip deteciors. — The position Information in a microatrip detector
can be read out according to two different approaches [7T]. 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 etrip-by-strip readout is shown in fig. 11.3 [8-10].

amptitier
FA shaper
[ amptifier
- PA shaper [t
L
amplifier
. - PA shaper | |——
L
amplifier
[ ™ Shaper
amplifier
PA shaper

Fig. 11.3. ~ Strip-by:itrip readout from a microstrip plane.

As the figure points out, in microstrip 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. If the preamplifiers are of relatively large size,
like in the cane of thick-film circuits, for instance, the connections between the
strips and the preamplifiers are long. The contribution of the fan-out to the
total capacitance at the preamplifier input becomes dominant [7]. For instance,
a printed-circuit fan-out designed to connect a microstrip detector with 50 pm
pitch to a set of hybrid, thick-ilm preamplifiers would present at each ountput
more than 30 pF. The capacitance presented by every strip would be of
{5=-10) pF. The signal-to-noiec ratio, therefore, is badly affected by the fan-
out circuit.

Besides that, & configuration of the type shown in fig. 11.3 introduces
serious problems connected with the size of the front-end electronics and with
the number of cables needed to convey the signals to the remote-end electronics.
These two difficulties can be overcome in » fixed-target experiment, where the
number of strips hardly exceeds 10%, but would make the method unussable
in the barrel-type microstrip assemblies foreseen for some collider experi-
ments. Consequently, while present fixed-target experiments are still bared
upon discrete or thick-film circuits in configurationr of the type of fig. 11.3,
& monolithic approach to the design of the front-end electronics with a built-in
demultiplexing circuit to reduce the eabling problems is pursued for collider
applications. Scveral systems have been developed during the last few years

. 1
-
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for low-pmse duta segistion from o o oeip detectors employing the stnp-
by-btltp recdout s I hephecounimg-rat. Lppdieatious, the solulion Lased oL
bipobur-tran-i tor thick-tlay preampimicer of the tosesamtence type wnd de-
serthed an subsect. %3 Las boen extoutively uned ot CELRN [3].

Sueh w preamphtior w partiendarly suited for processing times shorter than
S8 Dk ancl inpart capiecilanees of the weder of Bu e, that s, for spphicaiions with
Lt prinded-eirewt boalls uot eaxcesbively Lage. Within these Duitatiou,
e presmphii s Donelits from the good noise perfornacces of the oipolur
franstslory al +onleab0r earrents that v more than al ceder of agnitede
wwer than bhe naualb drain currenes inoa hebd effeer transistor. 'Phis resulis
o smad] power dissipation, which s an advantage inosuch o barge front-cud
systemn fs vuerodrip detecoors require. The preaupliier ean be used i ungo-
crabitne with o Fst amphlier and o threshold diserininator which senses the
strip hut, e which case the shaping is of time-invariaut nature, implenented
by the natural band widih limitations in ihe preawphfier and in the anplitier,
Alteruatively, if the pulse heyrht analysis is advisable, us it bappens when
mivsostrip detectors are employoed in treckiug systems, the gated iivgrutor
atthe ADCinpul pertorms in the shready disougsod Lashion tine-variaut shaping.
To merustig applications, the use uf A gated integrator rather than of o wimple
tleribninatur, vyven o Whe purpose ta just Qud of seaing the ok oi Lhe atrip,
hits the sdvuntage of o mueh better gejectinn ol sl elipge fuduetion up
the potcoliveting atiopy ne well we oF groac-tulk gignats. Croas-1alk wnotu bl
probles o waerontrp detoaplors of Bl goteh vendout with large fun ont,
printed-cieenit bonrds fvatueing s bigh dunsity of condiesive patbs, A alfyre
nutive solutivn of microstrip rendout is presently being eiployed in WA7S
experiment at « KRN [30). The analog chanuels, intended for g Btrip-bry-slrip
resdout, consint of @ elarge-selsidive preminplifier with s JFET input stuge,
of an KC intcgration and of a track-und-hold anplifier, The outputs of the
trach-and Livkd amphiier are digitized by sitwlog-to-digital converters operating
in a subtiplexed way, -

Every ADC serves 32 analog channels. The shaped analog signals are fed
jute the track-and hold aeplifiers, where ther peak amplitude is stored upon
receipt of W titniog compand. 1 the Caperient trigger requiroments ane e,
then the wnalog atorage is confirimed 1o enabls the multiplexed wnalog-to-
digitul conversion to be performed, Otherwise o tast elenr is sxecuted o the
wnilog mermoricy. The system is inteded for wpplication with o vertex detector
cotsisting of 16 pucrostrip planes with 30 i thickiess and 54 an ko,
The cquivident noise ehirge referred to the proamphtiers’ input s wbout
JOUHE elet teons ran s,

L wpsder to vt the spplication requireinents of wierosteip detectors in
collidder v e g revenr Lol b cedonos st efior b presently bensg chan-
melloat e 1 st Proon el e ot ot i cecrpae,e Ly e

PR FTRORS N T Ll blioaw U000 g g
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shuper and an analog utaplexer which has the purpuse of reducing the number
ot cables leaving the front-end ciccuitry, The teshnvlogicad approncn wlowed
80 i e based on VLBL MOS cireuits [L1, 12,

Thas solution, though suitable 1o unplement a shaping employing the analog
switclung functions of fig. 3107 and 10.9 ws well as the analug maltiplexiogy
uperations, leads to rather poor neise perfoviances in the preataplitiors,
A CHPET-MOSKFET compatible proeess, with the JPET ws Jow-nowse input
stage and the MOS traucistors implementing the other functivns, would be
certiuinly more suitable. T feasibiliny is stild to be nivestigated.

Al frunt-end electronios employving MOS transistors ouly is presently
wnderguing the Jaboratory wsts, The basic cirenn diggram is very sinulir (o
the one showa in fig. 10.7. The outputs from severnl channels nre multiples od
on a wingle anaiog hine by a system of wnalog switches, This process of infor-
mation serializing is controled by u elock generated on the chip and tukes
place durimg the period between two cousecutive bunch crossings.

The use of a monolithic techbnology does not allow the realization of
resistors of large vulue. Therefore, an aiternative solution must be found to
the problem of the eharge resot on the prewmplifier feedback capacitance C,,
reset which in discrewe or hybrid oireuits 18 implemented by & resistor in
paralel 1o €. The altornative solution adopted siplayy 5 switeh jn parallel
b Gy us wbown fohg, HL The awiluh 8 1 clused g wioet of the wing

Fig, 11.4. ~ Switch-actusted charge reset,

between buuch crossing. A few hundreds of nancseconds bufore a bunch cros-
sing 8 is oponed. Once the baseline at the preantplifier vutput bius setiled, the
satuple al 4 =4, is taken (fig. 10.7), Passed the bunch crossimg aud after the
second sampling instant, ¢ = Ly Bk closed again, 'Phe deseribed solution is
feasibiv, wl conrse, beeanse of Lhie prediciabic time of occurrence of the events
which 12 g charneteristic of cotiudiyp CA UK,

foe Leelreely of the type of caintacn actapted for the preasphilices, b
LR every b s v o, L Ulbprii a0l vasch preampliier
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in increared by the presence of the adjacent circuits. This statement is ox-
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
presmplifier can be expressed as

.

= %((20..-1- 0,4 G+ 261,),

Fig. 11.5. - Effoct of the adjacent preamplifiers on output noise of the K.th one,

where ¢ is the input root-mean-square noisc assumod equal for the threc
preamplificrs. Ar usually the values of C,, eapacitances are larger than C,
and C,, the presence of the adjacent preamplifiers increaces the oculput noire
of the K-th one of ahout 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, hax 1
double-track resolution which is close in value to the employed pitch.

A method which allows & reduction in the number of readout channels, more
neeuracy in the evaluntion of the single-track position by virtue of it inter-
polating nature, but a Jower double-traclk resolution, is based upon charge
division and is shown in fig. 11.6 (13, 14). As shown in fig. 11.6, there ix one
strip readout cvery N,

The hypothesis of ideal charge division between the two readout preampli-
fiers will be assumed at first; the paralle] capacitancex will be accordingly
neglected for the strips that are not read out. For the xtrips 0 and ¥, to which
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I v, Vi

amplifier
shaper

.5
O =
r
¥
.

Fig. 11.6. — Position interpolation by charge division.

the preamplifiers are connected, the two eapacitances C, account for the sum
of the preamplifier input capacitancos and for the strays. Let &, 8, 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, v, are

t

F .

N—i
TF e

Q
P = 'é'; W Opgy,, =

Q)

The noise at the v,, v,,, outputs is given by

G 'C. Cn ]
Vyx = £ [a +J_‘NlC, + 1] + i ¥C, + j\rl_’ )
(11.1)

Yy .?.C. = Cl
Crax = & [E‘—: + 17“'(“-,."' + 1] + 615,:'6’ e °:+1L_f'|é"-

To cxplain the basic metheds 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 ¢, + ¢,,, = Q/C, iz position independent
and can be considered ag a normalizing factor to obtain a position information
without any dependence on the charge @, that is, on the energy released in the
detector. In the ideal case of noiseless readont. amplifiers, the position is recon-
structed by taking either quotient

1’H-l. i
1.2 — T L
a .? P4+ LS Ny
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In b rurmer case 1he tecndt is o linear function of the co-ordiuate © easured
Eoon the voadowe paatapditier €5 b Lhe Totler Gue positoon s evaluated wiils
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Fig. 11.7. - Sigant as & fusction of the co-ordinale i with Lhe two interpolalion
thebhiodds,

The dependence of the signal amplitude on i is shown in fig. 11.7 for the
LWO Cascs.

The effect of nose m the bwo eases enn be anidysed by writing, iy phive of
(LU0, (00 e et yrotienty

(1) RTIR BT

LTIV T P B
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wiid

[] -1+ v R Y
(11.3) Yivsn s b e Uy

'
Vpere + Ypan + 0y - Uyn

where the suflis s slands for signal and the suthix N stands for noise.

Eor v, cand vy expressions (11.1) have o be introdueed. Tn the setua)
situation, when diserete or Lhybriil preampliners are emploved, the ten e,
Largely donliuates sud Fowr Pypyn Cal be accordiugly written simply as

T N
hN — Yy C N 1+hLN — %ty N
(] 1

¢

The varisnce of #/N is given iu both cases, (11.2°) and (11.3'), by

CH(N —d)r 7.
{(11.4) 3’1' T+ 3"?] éq,
wlere ¢f is the square of the r.m.s. noise referred to the iuput and wssumed
to be the same for ali the channels.

The function in brackets is plotted in fg, 11.8.

w-n? it
—r tF
‘I,u W N ,

g e,

ru]z L.

—

Fig. 11.8, — Depondence of the §/¥ variunce on the § no-ordinate.

All the analysis developed so far disregards the effects of the Tvrallel capucit-
ances in the detector and apphics, therefore, Lo the case in which U, O, where
C, s the cigmvitance ol b diodes deter ua by the steips thid ure pot sead
ol wad Wie dbepleted N oregion beacath e

i the condition 0‘,.:;‘;(.‘_ is et et e Ladderdype capacitive network
resulbugg leom the G, €, eells iu serics tuiroduces wi wlbennation in the charge
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appesring at the preamplifiers’ input and would affect the position measurement
with a nonlinearity 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 s suitably high C,/C, ratio.
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12, -~ Conclusions.

During the past few years, severa! 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 germaanium active targets, the silicon microstrip
detectors and the CCDs used for position-sensing and for vertex reconstruction
purposes. More recently, large silicon detectors have been successfully tested
ne sampling' elements in calorimetry, while new devices, 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 experimenta 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 sclid-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 community of high-
energy physicists & number of instrumentation solutions that have been de-
veloped with the aim of making the high-encrgy applications of golid-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 ‘Iutegrals. Series and
Products by I. S. GRADSTEYN and I.M. Ryzik (Academic Pregs, New York,
N. Y., 1985), whence some of the results quoted in this appendiz were taken.
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CHAPTER 3 :

FILTERING IN ENERGY MEASUREMENTS
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By applying a slandard variational method
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FINITE WIDTH CONSTRAINT
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[t us Introduce now a new cConcept

related to ihe prowessing of a signal

I an y pOmb uf the S}‘SCL.'m, where aiso
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THE WEIGHTING FUuNCTION
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Eq. (&) represenls the most general Linear
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either when the time occurrence of the
event (s known ((for INSTANCE IN COLLIDER
EXPERIMENTS WMH VERY SHORT BUNCHES )
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) CORRELATION MER{OD REQUIRES A DELAY /p
FOR PROCESSING THE SIGNAL OUTPUT BEFORE
THE ARRWAL OF THE EVENT,

9) THE PEsUCT IS OBIAINEDAA TIHE [p+ ],
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PROCESSING WITH TIME- INVARIANT FILTERS
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FILTERING IN PRESENCE of FLICYED AND DiltECY 1
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