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Abgerace

A low noise, wide bandwidth presmplifier and
signal processing filter were developed for high counte
ing rate proportional countera. The filter consists
of an eight prle Gaussian integrator with symmetricel
weighting function and continuously variable shaping
time, 7y, of 8 ns to 50 na (FWHM) precedad by a second
order pole/zero circuit which cancels the long (1/c)
tails of the chamber signals. The preamplifier is an
optimized coomon base input design with 2 asec rise
time and an equivalent noise input cherge of < 2000 rus
electrons, when connected to a chamber with 10 pF ca-
pacitance and at a filtering time, *,, of 10 ns.

Introduction

The signel processing filter described here realizes,
by use of a low noise preamplifier, a shortening filter
and a gemi-Gaussian integrator, high counting rate
performance for gas proportional detectors at minimum
signal charge or avalanche size. The ability to oper-
ate at modest avalanche gain enhances the high rate
performance by reducing space charge eifects, plus all
the usuai advantages of ease of operation and long
chamber life.

The cperaticn of a detector at high counting rates
presumes an ability to resolve or recognize signals
vhich are closely spaced in time. The resolving time
of a proportional chamber is limited by several fac-
tors. The avalanche is extended in time by the diffuse
ionization cluster producing it and by other mechanisms
of the avalanche formation process. The signal current
we measure is a result of the motion oi the ions pro-
duced in the avalanche as they drift in the electric
field of the chamber. Approximate current and charge
waveforms for a point ionization entering the avalanche
region of a cylindrical geometry chamber” are illus-
trated in Fig. 1. The importent features of the charge
waveform for high counting rate applications are that
a substantial fractionm of the signal charge is collected
in a short time, a few £,, and that the signal current
continues for a long time (typically hundreds of uisec).
The characteristic chamber time vonstant, t,, is of the
order of 1 ns. The first fact providas the basis for
high rate cowuntlng, i.e., thet sufficient signal charge
relative to the electronic noise is collected in & short
time. The long "tail" of the signal, however, tende to
obscure the measurement of any following signals.

It is most convenient, (in terms of the high rate
measurenent system vhich foliows) to arrangs tha
weighting function of the signal processing filter so
that short duration unipolar signals result from the
chamber signals. The filter is optimized for high rite
application when the signal time width at the base line
is minimized for a given signal charge and electromic
noise. The filter described here has bipolar weighting
with leading lobs vesponse of a continuously adjustable
semi-Gaussian integrator and a second negative lobe
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reelized by a second order pole/zero shortening filcer.
Tha sheping time of the first lobe is related to the
time extent of the evalanche formation in the chamber
aod the electronic noise. The second lobe shaping
constants are related only to the characteristic time
of the chamber, t,. This rasponse is realized by a
cescaded secind order pole/zero shortening filter and
a high speed semi-Caugsian integrator.

The signsl processing circuits described here were
first applied to the time expansion chamber® messure~
ments of rclacivistic rise by cluster cmtin;,z and
more recently by fine ssmpling’ techniques. There is
also a growing interest in high rate position sensitive
detectors for dynamical studies in the biological sci-
ences™ and as a diagnostic tool for the development cf
fusion machinee.?

Shortening Filter

The signal arising from s point fonization entering
the avalanche region of the proportional counter is ap-
proximated by the relaticnship,b
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whera 1 (t) is the chamber current, Qq is the total
charge produced in the avalanche, a snd b are the anode
and cathode radii, to is given by [aXr(b/a)]/2 2p¥os
where is the positive ion mobility and V, the anode
to cathode voltage and is fllustrated in Fig. 1.

Relation (1) prowides a useful model of observed
chamber signals, except during the initial rise of the
current. An abrupt rise is not phyiically possible and
is limited here by the velocity saturation of the posi-
tive ion mobility and other brosdening terms, such a8
the time extent of the avalanche due to diffusion of
the primary ionization cluster.

From the point of view of filcering, it i3 useful
to view the chamber current signals as the response of
a linear network with impulse response,

h(e) = 'u—,_l-gm s @)
to an input signal current, i4(t), with a resulting
output current,

ic(t) = 1.(c) *h() s (€}

vhera * is the symbol for convolution and ig{t) is the
convolution of all broadening terms with the avalanche
signal, Qg/2tg1(b/a).

The output of the presmpiifier, assuming nagligidle
broadening dus to its rasponse, is

Vo) =R I1(e)ym(e)] %)
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vhetre By is the “transresistance” of the presmpiifisr,

The signal Byei (t) can, in principle, be recoversd
by passing the presmplifier signal through a linsar
network with response £(t) which (s the inverse of a(:),
1.e., £(C)%h(c) = 1, The response I(t) can, for prac~
tical purpcaes, be realized by two cuscaded polefzero
neatworka.

The function h(t) must be decomposed into a with-
emaiically tractable form if the filter with response
£(%), vhich when convolued with h(t) gives a suitably
shortenad response s(t), is to be found. For exasmple,
a decomposition into a sum of thiree axponentisl func-
tions provides a good approximation of h(t) and is a
desirable form for finding £(t).

h(t) = e{t) = A exp(~t/aty)+B exp(-t/8ty)4C 2xp(-t/yto)™
{5)

The suitabilicty of tle approximation obtained for
the iisted values for A,B,C,a,3, and ¥ is 1illustreted
in Fig. 2 where h(t)-e(t) is plotted.

Pole/Zero Shortening Filters

A pole/zero network is shown in Fig. 3. The
transfer function of this network in the Laplace domain
is glven by,

1
c P+? .
®) = s 6)
1 1,_,_5
T
R
uherel'-alclandk--;z—ﬂz .

The response of this network to the signal e(p) ia
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The time constant, T, is adjusted for T = 3¢,,
cancelling the pole at -1/8t,. The constant k is
adjusted so chat all terms containing time constant
T/k add to zero. The cancellation of all terms in T/k
by adjustment of k is not a2 general property of the
network but relies on the fact that ¥ >> 3 >> 1. The
network response to the sum of these three exponentisl
signals contains only terms with time comnstants Gty and
vt,. Similarly, a second pole/zero network, with re-
sponse f;(t), can be added with constants adjusted so
that the only remaining terms contain tise constant ct,.

The response of the first pole/zero natwork to the
sigral e(t) is

oy

Vg (6) = .99 exp(-t/at ) + .0l exp(-t/¥e) , @)

where T = 3ty and k = 2,5; and the output of the second
pole/zera necwork is

*\.79; ael.6; B=.185; 3=13.5; C=.024; v=1ii.

o

sz(t) - ﬂ’(‘tlﬁto) . 9)

where T = *t, and k -~ 1.6.
Connzcting together the chamber, pressplifier,
networks £y ard !2, the output signal is

Ve, (£) @ 1 (€)Mh(e)*E) (E34F) (£) = 1 (c)%exp(-k/ce)) .
20)

The calculated response of the ckamber with resporse
h(t) = 1/(1+z/ty), chamber plus first shorteaing network
and chamber plus two shortening networks to a2 signsl
1g(t) -(Q/tog) t exp(t/t,) is L{lluscraced in Figs. %4(2),
{(b), and (c), respectively,

High Speed Semi-Caussian Shaping Awplifiexr

The semi-Giussisn response is achieved by the well
knosm technique of cascading adiustable time constant
integrators. Eight integrators are used here to previde
2 nearly symmetrical respouse. The shaping tizes of
interest for high rate proportioual detector sigusls
require time constants as low as 1 nsec for esach
integrator.

The coupled adjustment of eight time ccnstacts
presents a2 formidahle engineering and construction
problem if conventional common shaft switching or
trimming methods are used with circuics of this speed.
The semi-Gaussian responre is zealized in an eight
pole cascaded integrator with fixed capacitors and
active resiators (bipolar transistors). The resistor
values and thereby the tise constant of each integration
stage are controlled by an adjustable bias curreat
common to all. Figura 5 illustrates the basic integration
stage. The small signal impedance seen looking into the
emitter of the common bese transistor Q; is to first
order registive and with re given by 25 -vli.’h.-

The trausfer function of this :zircuit, assuming a
purely resistive input impedance,

Loue (B)

1
= s i)
1,.(P)

BHL/T
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T

describes an integrator with time constant T = Cre where
e 18 a linear function of the bias currenc. 3he method
of cascading integrators is illustrated in the figure.
The output signal and bias currents of the first tran-
sistor axe the inputs for the sacond stage snd so on.

An aoalysis of a common base integrator circuit,
vhich includes its psrasitic elements, reveals that for
stabilicy considerations the emitter r.osistsnce must be
kept large compared to the base spreading vesistance.
This being the case, the description of the circutt
must be modified only to include the contribution of
the diffusion plus jumctiox capacitancer in the capac-
itor, C.

Figurs 6 illustrates the schematic diagrem of the
shaping smpiifier. The firat signal shorteming filter
is fincluded at its input. The second shortening fiiter
is approximated by the base line restorer of zhe output
smplifier. The casceded integracor is formed by tran-
siotors Q3-Q;. The bias current is coatralied by the
potentiomater in Q, emitier circuit. The trsmsconductance
suplifier, Q1,Q2, provide the input signel current for
the iztagrator. The cutput current of the final inte-
gration stage is comwverted to a voltage Ja “he wmoo




base awplifier forwsd by transistors G11-Q13. T-an-
siscors Qi4-Q1s form a high speed voltage amplifiar’
with a wraparouod base line rTestorer (4; and Qw).

The integrator signal cucrents are nominally ar-
raonged co ba small compared to the bias current. The
vesponse of the circuit is basically zonlinear since
the instantanecus sheping time is inversely propor-
tional to the signal plus bies currents, Large signals
of the same sense as the bies current are processad with
shorter shaping tfmes than small signals. This may be
an advantage for high rate counting applications im
terms of overload recovery, since all signals tend to
have the same time width at the beseline. The response
nonlinesticy say not, howevar, be generally desirable
and may lesd to ditfficulties fn timing applications.

Common Base Prazmplifier

A silicon bipolsr transistor has superior noise
carformance because of their higher available gain
bandwidth product than available JFET silicon tran-
sistors when used as the presmplifier input elament
for high rate proportionmal detectors. Although the
JFET-transistors have very low pavallel noise compared
to bipolar devices and are thereby used to advantage at
long shaping times for Si and Ge detectors, the shaping
times of interest here are very short placing more im-
portance on the contributions of the "series™ noise
sources.

A common base input preampliffer circuit can be
shown to have the same noise performance as common
emitter configurations with the advantage of achieving
well defined gain and low input impedance without feed-
back connection. This is an advantage for a high band-
width design in terms of the effect on the preamplifier's
stability of the detailed neture of the chamber imped-
ance and its connections to the preamplifier.

The noise contributions of the input transistor of
a common base amplifier was describad by Alberi et ﬂ.s
The xesults of a detailed analysis to be presented
elseuhct.,9 which includes the contributions of second
stage noise, is used here in illustrating the opti-
mization of the preamplifier design.

Figure 7 shows the schematic diagram of the pre-
amplifier. The input transistor, Q;, along with the
follower circuits Q) and Q3, comprise the preamplifier.
The preamp output is connected to a second stage common
base amplifier, Q,, through a pole/zero network. For
noise considerations, the collector snd emitter load
resistor of Q) must be large. The pole/zero network
replaces the pole defined by the relatively long time
constant of the large resistor and the capacitance at
the ccllector of Q1 (~ 20 ne) with a pole which has a
shorter time constant. The circuit, whean properly
terminated, has a transresiscance of 19 kii. The noise
performance of a preamplifier-detector combination {s
illustrated by an expression of the noise sources inm
terus of the equivalent noise charge at the preamplifier
i{nput. The contributions of independent series and
parzllel noise sources is exprsssed as s equivalent
noise chavge, ENCpop» 2L the preamp input by

el = mc + et

tot P s ’ 12)

where ENC_ and EI:. are the parallel and series con-
tributiond,

EC = 3 128, (T #,p) + 4KEC

L

+3 1 Pweerdae a3
Ry Ry T~

mc? =3 In % -‘:.!f +2q 1,51 ] W’ ) de (1%)
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vhere q_ is the charge of the aleciron, Iy a0d I;5
the first and second stage transistor base lesksge
currunts, k {s Boltzmson's constant, T the sbsolute
tempcrature, Ry and are the smitter and collector
load rasistors for first stage, W(t) is the weighc~
ing functiom of the filter. The emitter resistance of
the firsc stage is r,;, vhere ry; = 1/m the transistor
transconductance. T, is given by the product 7, x Cu
where Cpy is the total capacitance at the inrut,.

The relationshin» for the parallel noise 1illustrates
the importance of selscting high beta transistors,
thexrcby minimizing the leakage currents and of arranging
for large wvalue collector and emitter load resistors for
the input elemsnt. The importance of a high gain band-
width transistor in minimizing the series noise contri-
bution is evident in noting the contribution of the
transistor diffusion capacitance, C;, to the totzl in-
put capacitsrce. The diffusion capicitance is eazsily
shown to be given by the charge present in the trae-
sistor base which is proportional to the emitter current-
base transit time product. The base transit time is
vhat limits the bandwidth of the device. The higher
the gain bandwidth product (the bandwidth messuresment
most often provided by the transistor manufacturer),
at the emitter current of interest, the better the
performance. The input transistor emitter current can
be optimized with respect to the detector capacitance.
In the optimal condition the device diffusion capaci-
tance equals the capacitance of the detector. Ass: .ing
large value resistors fo: and Ry, and 2 ligh bera
for transistor Q2, 2 miaixua in the noise is found with

respect to I, by

2a
[% Fl
kT “IN k. Q)
I et e a ‘e 1 (15)
el 9, l:_ F2
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shere a LI W (t) ac {16)
L7 2
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and ¢ is the time width messure of the weighting
functTon.

Results

The impulse respounse of the Gaussian filter-shortening
filter combination is illustrated in Fig. 8. The short-
ening filter constants are set quite long here to better
illustrate the highly symmetrical first lobe of the Gaus-
slan integrator and the second Lobe of the shortening
filter, Figure 9 illustrates the pairsd pulse impulse
response of che filter, with shortening filter removed,
as coapared to that of an OKIEC 474 Ticing Filter Ampli-
fier. The time constsnts o. each filter were adjusted
for equal detector systam signal-to-noise performance.
The advantage of the symmet:=ical response filter for
high rate counting is clearly evident.

The response of cha preamplifier to an “‘mpulse of
charge (1 x 10% electrons) is shown in Fig. 10. The
massured ocutput signal shape corresponda to that of two
cascaded integrators with ~ 1 nr tiaa conscant which is
consistent with the ainimm shaping time requiresente
of the following filtera. The messurad input squivaleat
noise charge for the preasplifier with tramsistors snd
operating currents iliustrated In Fig. 7 for & umipolar
Gaussian weighting (MRt = 10 as) and an edded iapar
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capacitance of 10 pF is ~ 1700 electrons. The measure~
wmant is {n reasonable agrasment with the valua calcu-
lated using velationships (13) and (14) (1300 electrons).
Figures ll(e) and l1(b) fllustrate the response of a
datector system to Cu K x~rays. The gas proportionsl
chanber is Xe-filled at cne atmosphere. Figure li(a)
shows the raspouse of the syatem without shortening
filter to an electrical impulse of cherge injected into
the preamplifier input (bright trace) snd that due to
the x=raya. Figure ll(b) shows the improved response
obtained by including the shortening filter. The bright
trace again i{s due to injected electrical signal and {l-
lustrates the bipolar weighting of the filter and the
shortening of the chamber signals achieved. gha signal
charge from the chamber was, in each csse, 10“ electrons
(integrated over 1 usec).
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Fig. 1. Calculated output current and charge for
a2 cylindrical geometry proportioral
counter for a point lonization as de-
scribed in relation (1).
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Fig. 2. Calculated difference batween the function
h(t)=1/(1+t/t,) and the sum of threse ex-
ponential decompogition, e(t).
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SEMI-GAUSSIAN INTEGRATOR
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Fiz. 3(a) Calculated response of the chamber output
convolued with two integrations of time
constant equal to, t,.
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Fig. 4(b) Output resnrzase of the first pole/zero net-
work to the signal of Fig. 4(a).
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Fig. 5. Iilustration of cascsded iacagrators
formed by common base transiscors
oparating with common biss current
conzrolled resistors and fixed
capacitors.
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Fig. 4(c) Output response of the second pole/iearo net-
work to the signal of Fig. &),
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Fig. 6. Schematic diagram of the high speed
semi-Gaussian integrator with
shortening filter.
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Fig. 9.

Impulse response of the semi-Gaussisn
shortening tilter.

rig. 11.

Comparison of the impulss response of tha
semi-Gaussisn filter amplifiar and ORTEC
474 smplifier illustrating the advantage
of the symmetrical response for high rate
counting and multiple si;.al recognitiom.

Preamplifiar responsa to & ro¥ slectrom
impulse of charpe.

50 nsec

(a)

~

20 nsec

Fig. 12{a) BResponse of a Xe-filled chambar-presmplifier-
Gaussian integrator to Cu K x-rsys and to a
impulse of charge injected at the pre-
ampliffer input (bright trasce).

Fig. 12(b) Response of system with shortening filter
added. Note the vmipolar raspoase to
chamber signals and the bipolsr respomse
to injected charge.



