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ABSTRACT

A summary of a comprehensive analysis of theoret-
ical and practical aspects of position sensing by charge
division from resistive electrodes is presented. Frop-
erties of transformer decoupling of the resistive elec-
trode from detect bias voltage are analyzed and com=
pared to the usual capacitive decoupling methods. Opti-
mization and limitation of signal shaping is discussed
ag a function of diffusion time constant, signal rise
times, and noise.

Introduction

Resistive electrodes have been used in various
forms for position sensing in nuclear particle and ra-
diation detectors. There are two basically different
methods for sensing the position of particle impact with
resistive electrodes. Due to the distrihuted electrode
capacitance, the resistive electrode represents a dif-
fusive BC line. In the charge division method the posi-~
tion is determined by the ratio of the charge flowing
out of one end of the resistive electrode terminated in-
to a low impedance and the total charge. In the so-
called rise time method, the resistive electrode repre-
sents a part of an infinite diffusive line (if it is
terminated into its characteristic impedance). The po-
sition is determined from the difference in the signal
diffusion time from the point where the charge is in-
jected to the ends of the electrode.

The use of charge division with semiconductor de-
tectors was first proposed by Louterjung et al. Sub~
gequently, the method was used with spark chambers by
Charpak et al.“ It seems that the idea originated in-
dependently in different fields. As far as we could
determine, position sensing by charge division was first
obgerved_in resistive electrodes of photodetectors by
Schottky3 in 1930. Position sensing by the diffusion
time method ("rise time" method) was introduced by
Borkowsky and Kopp™.

Resistive electrodes for position sensing have
been used with a number of different types of particle
and radiation detectors, Semiconductor detectors with
resistive electrodes have been developed for use in
megnetic spectrometers?s®s .8, Single wire proportional
detectors wich resistive anodes have begn Hsif for x-ray,
charged particle and neutron detection »10, « Two-
dimensional proportional detectors with serial zig-zag
connection of the wires forming an electrode plane have
been developed9'12’1 Resistive sheets have been used
for two-dimensional position sensing with microchannel

plate electron mul:iplierala’ls. The importance of
position sensing along the anode wire inr multiwire pro-
portional chambers for use in high energy physics has
recently been emphasized, since it provides an umambig-
uous position readout for multiple particles. The use
of charge division in this area has been demonstrated16=17.
The firat large scale use of MWPC's with charge division
is in an experiment at the CERN 1sR18, Resistive elec~
trodes have also been used in position-sensitive photo-
detectorsl®. The deveiopment in this area had no con-
nection to the development of nuclear particle detectors
until recently.

When using position sensing with resistive elec-
trodes the choice has to be made between the charge
division and the diffusion time method. There is a
basic difference between the two methods,and there are
some differences in the practical aspects of implementa-
tion, The diffusion time method requires uniformity and
stability of both the electrode resistance and capaci-
tance, since the time versus position scale is determined
by the product of the resistance and the capacitance
(RpCp). In the charge division method, the position is
determined as the ratio of resistances. Thus the posi-
tion is determined independently of variations of the
electrode resistance (with temperature, for example).
Nonuniform distribution of electrode capacitance is
allowed, which is important in applications involving
series connection of two wires in multiwire proportional
chambers. The resolving time for the charge divisicn
method is about one electrode time constant Tp = RpCp,
for optimum position resolution and linearity. The
resolving time for the diffusion time method is several
times Tp. The charge division method is inherently
linear with optimum filtering. The diffusion time meth-
od is nearly linear provided the diffusive line is ter-
minated into its characteristic impedance and preampli-
fiers with high input impedance (and short connections
to the detector) are used. The charge division method
requires preamplifiers with low input impedance, and
they can be some distance away from the detector. The
diffusion time method is not suitable for detectors with
long and variable charge collection time, which impairs
the timing accuracy, while the charge division is inde-
pendent of the charge collection time. The charge divi-
sion requires g divider either in hardware or in soft-
ware, while the diffusion time method requires only a
time digitizer. This last point is sometimes decisive
in making the choice.

We feel that due to all the other advantages the
charge division is a method of choice for a number of
important applications, in psrticulsr, for multiwire
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proportional detectors, For readers wishing to pursue
further the diffusion time method, excellent desccip-
tions and further bibliography are given in Refs. 4, S5,
9, 20, and 21. Analysis of some agpects of charge divi-
sion is given in Refs, 5, 22, and 23. A fast and ac-
curate logziiciwmic divider has been developed and ex-
tensively usedl2, A dividing anulog-Ez—dlgi:al con~
verter was developed by Miller et al. A somewhat
slower divider is commercially aveilable (Ortec).

While the charge division mzthod is very simple in
principle, the optimizacion of preamplifiers, coupling
networks and pulse shaping with respect to position
resolution and linearity is quite complicated. The
purpose of this paper is to provide an understanding of
the method and to give an analysis of the sources of
errors, which leads to optimum solucions. Practical
design criteria for coupling networks and preamplifiers
are given. It is striking that even with this simple
method of position sensing, optimum circuits are quite
different for various applications. In this, the ratio
of the charge collection time to the electrode time
constant Tp = RpCp, and the electrode capacitance and
resistance are the most important deterxmining parameters.

Divigsion of Charge in Diffusive RC lines

In position sensitive detectors with resistive
electrodes the signal charge 1s injected or induced
somewhere along the electrode. It can be shown that
the position determined by the charge division method
corresponds to the centroid of the charge injected or
imaged on the resistive electrode. Due to the diffu-
sive nature of the line, it takes time after a charge
is injected until the charge arrives at the ends of the
line, .é'.’, until the ratio of charge is eatablishad
according to the ratio of dc resistances of the elec-
trode. The minimum measurement (or filtering) time is
determined by the accuracy of position determinutiowr
required, Thus, we are intcrested first in determining
the position error, that is position signal nonlinesrity
as a function of the measurement time.

Figure 1 shows four diiferent circuit configura-
tions in which the position signals Q;, Qp, Q-Qz and
the charge amplitude (particle energy} signal, Q)+Q,,
can be obtained. The properties of these circuit cone
figuratlons with respect to electrode and amplifier de
voltage decawpling, Q,+Q, sum formation, noise and prac-~
tical realization aspects will be discussed in lat:r
sections. The charge diffusion as a function of time
is first determined assuming that the resgistive elac~
trode is terminated at both ends into impedances which
are negligible compared to the total resistance Ry of
the resistive electrode. The effects of finite ampli-
fier tnput impedance and of decoupling networks will be
discussed separately. The diffusive line parameters
important in determining the nonlinearity, noise, and
termination (decoupling network) effects are

RD =R .4

CD =C.4

4
" RDCD = RC ¢ » (¢5)

vhere R and C are vesistance and capacitance per unit
length, £ is the length of the line, and Tp is the
product of the total line resistance and capacitance
(the line "time constant").

By solving the diffusion equation fcr chis case,
the charge at the enda of the line can be expressed as
series expansions,
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where Qg is the charge injected into the line and x is
the distance from the left end of the line expressed as
a fraction of the line length. From these serics we
obtain for the sum and for the difference,
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The signal waveforms are cbviousaly positiorn
dependent. To avoicd a nonlinearity due to this, the
overall filter weighting function must provide uniform
weighting for the time raquired for the time dependent
terms to decrease to an acceptable error. The weighting
function must not have any infinitely steep parts since
this would make the (series) amplifier noise high. These
requirements resulf in trapezoidal weighting functions
introduced previouulyz « The form of this function is
determined by the telation of the (parallel) noise gea-
erated in the resistive electrode and the amplifier
(series) noise. “uch a function i3 shown in the 5nset
in Fig. 2. For errors to be smsll (less than 107¢),
constant weighting will have to be applied for times
longer than t/Ty 2. 107, Then, the series (2), (4), and
(5) converge rapidly, and the rvemaining terms are,
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The errors in QI/OS and in (QI+Q2)/QS converge with

the same time dependence. It is interesting to note
that the error in (Q;-Q))/Qg becomes the same as in
Q1/0g but in one quarter of the time. The quantities
measured after filtering can be obtained by the convo~
lution of the above series with the trapezoidal function,
and the significant terms of the series can be written



in the form,

A o x - ksinmx . (9
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where k is the position error parsmetcr, Tp is thc width
of the trapezoidsl weighting function, h7p is the width
of the sloped part of this function, and A and A+B are
the quantities messured ot the output of the filters by
a peak sensing or a sampling device (snslog-to-digitsl
converter or stretcher).

The position

A/Qg 1s shown in Fig. 2 for h = 0.2,
The position

error parameter k is plotted in Fig. 3.
erzor after division A/A+R is given by,

% 2y = k(1-2x) sin N R 12)

<A
A+B

and it is plocted in Fig. 4. It can be shown that the
same function with opposite sign applies for the posi-
tion error in the difference measurement (B-A)}/(A+B),
for equal pulse shaping applied to (B<i) and (A+B).

From the accuracy (linearity) requirements, the
oinimun width of the weighting function can be determiped.
At Tp/7p = 1/2 the maxicum fractional crror is » 7x1077.
It decreases rapidly with increasing 7o, so thst at
*p/Tp = 1, it becomes ~ 2.6 x 104, Heze the charge
division method can be considered fnherently linesr.

Noise, Filtering and Position Resolution

Noise added to the poaition and charge signals
deteraines the porition resolution. The diffusive line
represents a dissipative position-aensing medium, and
its noise is inherently present with the signal, In
addition to this, noise ia generated in the amplifiezs
for the position signal and for the charge (energy)
atgnal. The amplifier noise can be made negligible in
most casea by proper design of the input circuits and
of the weighting function.

In general, tha noise of the suc signal is smsller
than the noiss of the position aignal since most of the
noise generated by the reaistive electrode is cancelled
by summing the outputs from the two enda of the electrode.
The noise in the sum (A+B) channel is importaant aince it
adda to the position nofse whan the diviaion ia performed.
This also becowes fmporcant when good energy resolution
is n;lded (as with germanium poaition aensitive detec-
tors).

Added to the position signal Q) or 0,-Q; is the
noise generated by the resiscive elactroda. Thia noise
source appears in porallel with the input of the smpli-
fier for Q) in Pig. 1. Tsr Tp 2 0.5 T, the effect of
the capacitance of the diffusiva line can be_neglacted.
Than the equivalent ncisa charge 1o given by<d,
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<p it the width of the weighting function, and ap, i
& nondicensional form factor. For the unipolar trap-
ezoidal functicn assumed, apy * 0.733, and
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If we get 7p « 0.87p 20 that the flat top of the trap-
ezoidal function is equal to 1/2 =y, we get for the
oinimun roise from the rasistive .Yectrode,
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The best position resolution duc to only the resistive
electrode noise is then,
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This resolution can ususlly be realized for low capac~
itance, high resiatance electrodes, where circuit con-
figurations in Figs. 1(a) and 1(d) are applicabdle.

As will be shown in s later section, trzansformer de-
coupling with coomon-base input stage has practical
advantages in detectors with many wires and where the
electrode resistance is low.

The noise analysis for circuit configurations in
Figs. 1(b) and 1(c) is quite complicated, and only the
noise rasults are presented here. The noise contribu-
tion by the common base atage is oinimun when the con-
tributions by the base current shot noisa and the col-
lector current shot noise are equal. This "matched"
condition is achieved for,
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vhete £, = %§E is the emitter dynanic resistaace, n {3

tha secondary/primary tranaformation ratio, h., 1is the
transistor amsll signal current gain, 7 = R D*“ZRDFA'
Cs is tha stray capscitance at the input of the ampli-
fier and ap, 13 the uetgh:tng function form factor for
series noise, given by2
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The minicun noise is then,
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In these results it is assuoad chat the effects of the
transformer’s inductance are negligidle, that is,

L/Rp > Tp. Lf this 48 not satisfied, an increase in
oolse st low frequancies zesults dus to the esitter
current shot noise, because of a lower impedance in the
emitter circuit. This type of notse becomes divergant
et low frajuencies, and thus it Tequires s bipolar
filcer weighting funcetion (sscond order low frequency
cutoff). A bipolsr weighrning function, is aiso destire
eble to reduce bsseline fluctuetions 3 high cvent tatee
in applizations uhere besnline restozation and pole-zeto
cancellation are impractical.

A an example, ve assume s resistive electrode with
Rp = 30000, Cp = 100 p¥, *p » 0.3 usec, trapezoidel
f?lte! with =g = 0.25 uses, he, = 100, Form factors eiw
ag) = 40 gnd ayy; = 0.733. The aolse due to tho resis-
tive electrods ls,

EHCF = 4,4 K IOJ tos electrons.

The noine increase factor due to the s=plifizr, fxom
Eq. (20}, 18 1.07. To aschieve & position resolution of
1% FWHM, o signal Qg » 1.1 x 10° elscerons 19 zequirad.

The nolse added to the chargs (enargy) signal tn
the sum channel (s generated partly in the asplifiar for
Qy + Oy and psrcly in the resistive electrcde. The ve-
nil:tve alecerode as seen by the sum smplifier (in TFig.
1(d), for example) cer bt repressnted approximataly by
the 2lectrode cepacitance, C,, in series wich s resis-
tence, Rp/l2. The noiso due to thess tuo scurces ap~
pears o be in ssries with the datector us a cupscitive
signel source. The equivelent noise charge is then
approximutely given byll,

»
EXCI = WT(g + R)/12)(C, + cb)z ::l Q@

where apy is the weighting function form fector for
series notne given by Eq. (19), Ry ta the amplifier
equivalent series noise tesiscance snd GA is the inpuz
stray capscitsnce. From che expressions for noiss in
the positiun channel, Eqe. (13) and (20) snd in the
enazgy chsnnel, Eq. (21), and from the expressions for
the two weighting function form factors, Eqs. (14) end
(19), tha sbiaps of the trapezoidsl weighting function
can be optinized. The minimum wideh of cthe flet top is
determined ifrom the linesrity condition. The width of
sloped parrte {8 made only a3 wide en necessnry to make
the contribution by the series noise sourcen to both the
poniticn and che sum eignel amell.,

In gone csses, particuleriy vhere *p a 1/2 *p and
€y or €4 in large, che nolan in the sum chennel cen be
89 high as 1/2 the noise in the position chsnnel. The
position varfance, after the division A/A+B, can be
shoun to be,

-‘2_ A --2' 272 - q 5 23
e Y2 LW T Taen m X Faaea @] o 2
vhete By o, p(2) 1 the cross correlstion coetficient

of the position channel noise and the sum channel noise.
The position dependence of the position resolution (s
tllustraced in Fig. § for che casa,

FR ]
Yen T G- Severs]l peaks of equsl ares are shewn in
the upper half of the posicion scale. Only che pesks
at the upper end of the scale are sffected, where caxi-
aum broadening of the poslition pesk s = 127,

Siznal Haveform ynd Filter Optimization

in all discussions of the linesrity requirements
and the position resolucian so far, it wvas assumed that
the signal currenc ie an ispulse (delte function). With
most detectors this s not the case. 1t can be shown
that the chsrge collection time (i.e., the current
signel uwideth) can be larger cthan the weighting funceion
width without affecting the linesrity of che retio
A/A+B vith postition, provided chec the veighting function
in both channels, A and A+3, s the sace. Thus, the
chorge division meched 19 insensitive to vartacions tn
the charge cullecticn time.

The woighting function width has to be chosen so
as to saCisfy chie linearity requitecsent ¢ 2 4 =, and
to maximize the ratin of the signal znd noise st the
aqueput of the filcer. Thus, for chsrge collection times
shorter thsn 1/2 rp, the position resolution rezsins tha
ssow as fctr sn impulse. For longer charge colleccion
times the opcizum width of the veighting function and
the best position rescluzsivn sra detzrsined by the
signel current waveform. Wo assume here as an example
signal curzent of the form,

. - .Q_' . -t/‘.’l
in Ty

forte>0 (23)

Normalized spatial resviution {calculaced and
cessured) ss s function of the ratio ~p/7y 18 shoun in
Fig. 6. Optioum value Of this retio 18 (Tp/“plone = 1.78
snd the opcisum normalized spatisl resoluction fugc:ton
value L8 2.58. This lesds te sn optimum signal to nolse
ratio of,
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An iuporeant curcent wavefors, which arises in ges
proportional detectors fe,
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vhere (. L8 the tocsl checge observed et the time [
vhen poiltlvl fone reach the cethode, end t, is the ctime
persmater deternined by the mobility of polg:tvc ions,
redit of snode snd cathode #nd the voltage between them.
The besc position resolution for this case occurs for
?p/ta as b,



L.

In bLath cases, tix noise would be decreased, and
the pasition resoclution improved, if Tp were incressed
to a nev value 27p by incressing the resistance Ry of
the resistive electrode.

Clreuit Configurations and Resistive
Electrode Design Considerations

We shall first discuss methods of decoupling pre-
amplifiers sttached to thy detector from each other's
operating conditions as vall as from any biss voltages
present on the electrode. Figure 1 shows four prac-
tical aethods for decoupling pzeamplifiers. Three of
then, Figs. 1(s),(b),{c), derive the poaition and totsl
chatrge (particle energy) informatiocn from one electrode.
The fourth, Fig. £(d), uses two electzodes in the detec~
tor. In tha first mechod with cspucitive decoupling
the cherge (energy) signal hes to bs obtained by sum-
oing preamplilier or sheping smplifier outputs. an
accurats ¢qualization of the gain for both channals,

03 and Q,, hes to be performed. Otherwise, a non-
linearity in the ratio A/A+B with poaition is intro-
ducad. In the other three methods an accurate summing
{is performed before any amplification, by the trans-
formers in Figs. 1(b) and (c), and by the opposite
electrode in Fig. 1(d). The summing is accurate in
Fige. 1(d) and (c) asince the whole signal charge is
passed, afeer charge division in the resistive electode,
into the auzning prascplifier.

The circuit Lo Fig. l(a) 13 subject to s pesition
nonlinesrity under certain conditions. In this circuit
the cherge initislly divides according to cthe ratio of
tesistances vith respect to the point of injection.

For equsl decoupling capacitances, Cp, the charge is
eventually distributad equally to the two amplifiers.
The error is proportional to ?Flcbnn. This ecror can
usually be ssde smell. However, with low values of

RpG: 1037), large values of Cp, sre required (& 9.1 uF).
If the resistive alectrode has to be st & high potential,
for detector construction reasons, such capacitors be-
coze impractical in detectors with cany wires snd read-
out channels. 1In such cases transforcer decoupling s
easier to icplement.

There are fixed offsets in the A/x»B ratio due to
e finite input impadence of the preamplifiers. A low,
stable, and reproducible input {mpedsnce is easily

- achieved in large ssalgproduction with cransforaer

coupled common base input stage shoun in Figs. 1(b) and
(c).

From the discussion of noise, it is obvious chat
the lowvest noise is achieved with configurstione in

Figs. 1(a) and (d).

Finally, s position ertor is possible if a voltage
shange due to the signsl is sllowed to occur in either
ths resjstive electrode, or in the opposite clectrode.
Such a voltage change induces a charge uniformly dis-
tributed slong the resistive eslectrode (and therefore
with its centroid in the middle of the electrode).
Associasted vith position dependent response of Q) with
time, the voltage change results in both s nonlinearity
and g displacement of the ratio ve, posifion function.
This error can be made negligible by making Cp,/Cp 2 50.
Cpe L8 the decoupling capecitance for the sum vignal in
Figs. 1(c) and (d). It is interesting that the differ-
entisl configuration in Fig, 1(b) is insensitive %o
such errors due to its symmetry.

A new circuit configuration for very large tuo

dimensional ("asres'') detectors with large capacitance,
large resistance, and therefore a high o is shown in
Fig. 7. The intent of this configuration is to reduce
the 7, (i.e., the resolving time) and the noise with a
single charge division readout. The resistive electrode
is divided into N sections, each with resistance Rp/N
and capacicance Cp/N. A charge sensitive, FET input
presmplifier with a lov input impedance is connected at
the node of esch section. The outputs of these pre-
ampiiflers weighted in arithmetic progression form the
position signsl, and weighted uniformly, the energy
signal. Esch section beh as one independ dif-
fusive electrode with totel time constant Tp/N¢ instead

of Tn., This system achieves considerable savings over
luhd?vtllon of the detector with o separate entire read-
out system for esch subdivision. It also prevents dead
regions and embiguities et the boundery of each sepsrate
resdout since the position and chsrge signals ars con-
tinuous over the whole position range. The noise is

still determined by the total detec:of capacitance Cp/hf”
Eq. (16), for optiounm filtering Tp =~y Tp/N%, 4

From this discussion, the most appropriste con-~
figurstions for particular detectors are indicated.
Capacitive decoupling can be realized with lowest noise
with more elsborate preamplifiers snd it is suicable for
single wire detectors, two dimensional detectors with
zig-zag cathodes, and detectora with several vires at
or near ground porential. Capacitive decoupling in
Fig. 1(d) is applicable to semiconducecor detectors, but
it i3 varely applicable to proporcfanal detectors, since
the opposite electrode (cathode) msy not be sccessible
for signal extresction. Transformer coupling in Fig. i(ec)
is suitable for large scale production of readouts for
oany wires, and for anodes as resistive electrodes ot a
high potential. The transformer configuration in Fig.
1(b) is the best with respect to various second order
nonlinesrity effects. However, the position signel of
both polerities, Eq. (8), has to be processed (digicized).
Alternstively, signal proporctionsl to the sum signal
Q+02 has to be sdded to the position signal Qp-Q; after
filtering and stretching.

We have used 3]l these configuratf ona, except the
one in Fig. 7, Lo practical detector systecs. Sowme of
these are described iu Refs, 13, 17, and 18. 1In all
proportional counters atainless scteal (or nickel-chromium)
wires werz used as reaistive electrodes.

The discussion in this paper points to desirable
parsmeters for the resistive electrode in cases vhera
these are under control. The lower limit for Ty is
determined by the charge collection time in the detector.
The charge division method is insensitiva to chaerge
collection time varistions, and the charge collectian
tioe can be longer then Tp and/or Tp while preserving
the position signal linesrity. The only consaquence
is a sxaller signal in reletion to the noise, and thus
poorer position resolution. For tha case whers Tp is
shorter than the charge collection time, Tp cen be in-
cressed from the optimum value for an lmpufle signal to
improva the position resolution. An optimum for this
case i3 achieved if the electrode resistance Rp is in-
creasad until *p equals spproximately ZTF.

For & given electrods capacitance Cpe the resistance
Rp should bs reduced until 7p/2 is approximstely equal
to the detector charge collection time (or to s value
obtained for s perticular sigral current waveform, as
shown in the preceding section;. This is in order to
schieve also the shortest resolving time (higher event
rates), better energy resolution, snd smaller timing walk.
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Figure Captions

Charge division input circuit configurations,

(a) capacitive decoupling at both ends
of the resistive electrode. The sum
Q;+Qy has to be formed extermally,

(b) transformer decoupling, The difference
Q;.Q2 is formed accurately by the
transformer, and the sum Q;+Qp by the
lower amplifier,

(c) transformer decoupling, The sum Q;+Qp
is formed accurately by the lower
amplifier,

(d) capacitive decoupling at one end of the
resistive electrode. The sum Q;+Qs is
obtained as the total signal on the
opposite electrode of the detector,

The position signals A and A-B, at the out-
put of the filter amplifier, as functions of
the position X and :he weighting function
width ~ T, is the resistive electrode

I
RC prodhct? D

The position error parameter k, Eqs, (9), (10)
and (11) as a function of the weighting
function width TF/TD .

Nonlinearity, i,e., fractional position
error as a function of position,
Kk vs 'rF/'rD can be obtained from Fig. 3,

The effect of large noise in the charge
(energy) signal, Upper half of the position
- -2 172

scale is shown for UYep % 9y - All

peaks have equal area,

Normalized spatial resolution vs shaping
parameter TF/TR for a signal current
Qg -t/v
waveform i, = == e R .
in ™R

Multipreamplifier configuration with single
charge division readout. The effective
resistive electrode time constant is reduced
from 7, /N2 5 and the mean square position
noise 1s reduced by N2
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