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Abstract :

We present herewith the results of an experimental study of the multiwire
proportionnai chambers (MWPC's) used in the Barrel RICH particle identifier
of the LEP-DELPHI experiment. Emphasis is given to the problem of detection
efficiency and to the measurements of the charge induced by a single photoelectron.

Nous présentons une étude expérimentale des chambres proportionnelles multi-
fils (MWPC) utilisée par l'identificateur de particules Barrel RICH de l'expérience
LEP-DELPHI. Nous avons insisté sur le problème de l'efficacité de détection et de
la mesure de charge induite par un photoélectron unique.



1. INTRODUCTION

DELPHI, one of the four LEP experiments, is equipped with a Ring Imaging
CHerenkov detector (RICH) for hadron identification [lj. In order to achieve a
pion/kaon/proton identification in the momenta range 0.17 - 25GeV over nearly
4jr solid angle, one liquid and one gas radiator are used. The liquid radiator is
a 1 cm thick layer of perfiuoro-hexane and operates in the proximity focusing
mode [1,2]. The gas radiator consists of perfluoropentane and its Cherenkov light
is focused with the aid of parabolic mirrors into a photosensitive drift volume.
The photoelectrons created in the photosensitive volume drift in a homogeneous
electrical field of Ed = 0.6kV/cm, parallel to a magnetic field of Bz = 1.2 T,
towards a MWPC placed at the end of the drift region (fig. 1). The wire address
and the associated drift time give the coordinates of the conversion point while the
third coordinate is given by a cathod strip readout. No charge measurements are
foreseen for the experiment but, in order to fully understand the chamber behaviour,
we implemented an electronics chain to study the detector response. This paper is
devoted to the detailed experimental study of the MWPC response.
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Fig. 1. Longitudinal view of the DELPHI Barre) RICH.



2. CHAMBER DESCRIPTION

A full chamber description can be found in réf.[3]. The detector has a high gain
(~ 2 • 10°) to assure a full single photoelectron detection. The photon feedback
is strongly reduced by putting cloisons between the anode wires. Positive ions

originated from avalanches are prevented to escape into the Barrel RICH drift
volume by using a gating grid [4]. The anode wires in the sensitive area are 60mm
long and 20 fim in diameter gold plated tungsten wires held in a distance of 0.5 mm
and a pitch of 2.62mm above the cathode planes (fig. 2). The cathode consists of a

1.6mm thick a GlO p.c.b with strip pitch, width and length of 4mm, 3.8mm and
47 mm respectively. Strips are grouped in blocks (8 in total) by 16 and cross talk
between blocks is strongly suppressed by using guard-strips between them. Each
cathode block covers 16 wires. As a total, each chamber contains 128 wires and 128
strips giving a total of 256 individually readout channels. The cloisons which serve

as an optical shielding between the wires consist of 0.25 mm thick and 9.75 mm high
alumina sheets and are equipped with 4 equipotential equidistant strips (Sj — S4)
placed above and parallel to the wires. The gating grid consists of one layer of

wires placed at the transition area between drift-tube and chamber and forms part
of the chamber. The gating wires are running parallel to the anode wires and are
placed alternatively over the cloison sheets (G1) and the anode wires (G2) in a
distance of a few millimeters above the cloison sheets. The two groups G1,62 are
powered separetely and, depending upon the voltage on them, photoelectrons are
either driven into the chamber or collected by the gating wires (fig. 3).

For our tests the applied high voltages were : Uc,USl = Uc 4- 500, U8,, =
Uc + UOO1U5, = U0 + 1700, USl = Uc + 2300, Ua j = U32 = U33 where Uc is the
cathode high voltage (in Volts). The anode wires are grounded.



1 Cathode strips
2 Guard strips between blocks
3 Outer guard strips ( not read - out }
4 Anode wires
5 Alumina cloisons
6 Cloisons strips
7 Focusing /gating grid wires

Fig. 2. Schematical view of the MWPC.

(b)

Fig. 3. Calculated electron trajectorics[3; : (a) gate open, (b) gate closed.



3. THE EXPERIMENTAL SET-UP

The layout of the experimental set-up is shown in fig. 4. The chamber is placed
in front of a small test drift volume. A gas mixture of CH4 (75%) + C2He (25%) +
TMAE circulates into the drift volume which is kept at a temperature of 4O0C and
1 atm pressure. U.V. photons are created by an HS flashed lamp and enter into
the drift volume in a direction parallel to the anode wires by a small slot opened
in front of the quartz window. The anode and cathode signals are amplified and
transmitted over 40m to the digital and analogue electronics chain. The whole
system is triggered by the U.V. lamp, free running in the frequency of 500 Hz. The
trigger signal of an interesting event starts the TDC clock (125 : 4 MHz) which
stops after fixed time limit of 32.5/^s. The reading of TDCs and ADCs is done by
CAMAC functions and the host computer is a NlOO Norsk Data minicomputer.

U.V. light spot

cath. strips

sense wires

Pig. 4. Schematic view of the experimental set-up.



4. THE ELECTRONICS CHAIN

The analogue electronics chain is shown in fig. 5. The signal developed in a sense
wire or cathode strip is amplified by a current sensitive amplifier (TRA 403, Ikfî
input impedance) which accepts both polarities [2j. The preamplifiers are placed
on the chamber as close as possible to the anode wires and cathode strips in order
to minimize the input capacitance and impedance of the connections. The signal
is transmitted over a 40 m twisted pair link (Z6 = 100 fl) and splitted in two
parts S11S2. The signal Sj is directed to a discriminator and then to a multihit

TDC for time measurements [2]. The signal S2 is amplified by a video amplifier
(NE592) snapped and sent to a charge integrating ADC [5j. The ADCs used are the
Lecroy 2249W (11-bit resolution, 0.25pC/bin). We have equipped 32 such channels
in order to measure charges from the 16 wires and 16 strips of one block. We have
also equipped the 16 strips of the next block in order to study eventual cross-talk
effects.

TOADC

SPLITTER SHARER

NIM CARD

(Bchannels/cord) (Zc-10OU) [16 channels /card )

Fig. 5. The analogue electronics chain.



5. CALIBRATION

In order to obtain an absolute charge normalization of the ADC pulse height
distribution, all the channels are calibrated by injecting known charge quantities
to the preamplifier input. The set-up used for the calibration is shown in fig. 6. A
pulse generator is used to charge a 1 pF test capacitance CT and to open the ADC
gate. The capacitor denotted by C" is added to simulate the detector capacitance.
The charge injected to the preamplifier input is given by the expression :

— i/ T '9m — vir> ' >-, , .-,

where V1n is the voltage amplitude of the input pulse and Cin amounts for the sum
C" + Camp where Camp is the amplifier input capacitance itself which is SpF.

Gate out

out

TO
DISCRI ,TDC

Gate

in

Lcr
2249 J

Fig. 6. The charge calibration set-up.

The detector capacitance C" is 5pF for the wires and 2OpF for the strips. The
width of the input pulse is kept long enough (~ 9//s) in relation to the preamplifier
shaping time (~ 10ns for the wires and ~ 20ns for the strips). A 400ns gate is
centered around the output pulse preceding it by ~ 100ns as during data taken.
Errors in CT values could easily introduce an error of the order of 5-15%.

10
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Fig. 7. Calibration curves of the analogue electronics chain for (a) one anode and (b) one cathode

channel. The error bars represent the ADC count dispersion.

In fig. 7 are given calibration results for the wires and the strips. We have taken

care to stay in the linear part of the preamplifier charge response curve. This way

we avoid any problems related to the preamplifier saturation. The smooth curve

represents a third order polynomial fitted to the data. From the ADC pulse height

distribution (p.h.ds) we measured the ENC of the whole analogue electronics chain.

To do that we measured the p.h.ds for two different input charges q i , q 2 - Care has

been taken to stay in the linear part of the response curve. If the two spectra are

centered around A1 and A2 ADC counts respectively, the ENC is given by the

expression :
- Oi 1

ENC =
A-i-A

where

c : standard deviation of the p.h.d

qe : electron charge.

We obtained this way ENC ~ -1800 electrons for the wires and

for the strips.

• 5700 electrons

11



6. DISCRIMINATION THRESHOLD

The discriminator charge equivalent threshold and the noise of the digital

electronics chain are measured by the discriminator integral bias curve. The

experimental set-up used is shown in fig. 8.

pulse
generator Counter

fs

Attenua

izr

tor CT /:
Jl

ifTlpl.

^> ^

Discri

Vin

1VoIt

Fig. 8. Set-up to measure the discriminator integral bias curve.

By a test capacitor CT we send a charge <?,„ to the preamplifier input with

a repetition rate fs. By varying ctn we obtain the curve f m / f s YS Qm (fm IS tne

number of pulses recorded by the counter) which represents the integral of the pulse

height, distribution. From this curve we can deduce the characteristics of the p.h.d

curve. In fig. 9 are shown the wire and strip integral bias curves. We suppose that

the p.h.d has a gaussian profile :

~
cr\/27r

(?tn -

2<72

with a mean qth (threshold) and standard deviation a. The next expression is fitted

to the data :
" -Ii-

S'(g,»; go > <
dq

dq

where c!rz is the injected charge, ct/i is the charge corresponding to half the maximum

(0.5) of the rising edge of the integral bias curve, and o corresponds to the dispersion

of the differential bias curve. The o is a measure of the ENC.

12



We have obtained

2.03/C (-1267Oc-)
0.40/C (~2500e-j

and

CT'

= 2.62 JC
= 0.68 fC

16350e~)

for wires

for strips

The difference between q"h and g*ft is due to the fact that for the same input
charge the cathode signa! (due to higher capacitances) is broader than the wire
signal and consequently has a lower amplitude.

2 4 6

Injected charge ( f C l

Fig.9. Discriminator integral bias curve for wire and strip channels.
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7. INTERSTRIP INDUCED CHARGE

When a charge Qs is developed in a cathode strip a part of this &cQs is induced
by capacitive coupling to the neighbouring strips. Observing that the charge induced
to the facing opposite strips of the two neighbouring blocks is negligible we studied
the interstrip cross talk on the same block. In order to measure ac we injected a
known charge Qs directly into a strip and we traced the discriminator integral bias
curve of a neighbouring strip. The fit gives (fig. 10) :

Q°s = 32.3 fC

0* = 8.3 /C

ctc is given by the ratio g^/Q? (g;\ as in § 6). This way we obtained ac ~ 8%
for the first neighbouring strip. We should point out that this is an approximation
because the signal developed by an avalanche has not the same form as the one
injected by a test capacitor (difference in polarity) and in fact what we measure
is the ratio between the heights or the two signals. For ;his reasoi? it was not easy
to evaluate the ADC charges corning from the first neighbours the ADC's were
calibrated for only one signal form). The signal developed on the second neighbours
and induced by the first ones, had the same form as the injected signal. On these
second neighbours we have measured by ADC's (even if the signal was very weak)
a coupling of ~ (0.06)2 (relative to the injected signal) which gives : ac ~ 6% if we
neglect the coupling between on strip and the other strips with the exception of the
first neighbours (the same value is obtained if one applies the method of the bias
curve on the second neighbours).

O 20 1OO 140

Injected chorge UC)

Fig. 10. Discriminator integral bias curve for strip channels (for cross-talk measurements).
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8. DETECTOR RESPONSE

When an electron arrives near an anode wire an electronic avalanche is
produced. The detector signal waveform is dominated by the positive ion motion [6].
We can use the relations for current and charge used for cylindrical chamber. The
current induced by the motion of the positive ions from the avalanche is :

and the charge :

Ml + IJt0] (2)

where : Qm : the total induced charge,
ra,rc : anode and cathode radii,
Zo •' characteristic time parameter of the positive ion motion,
Ea : gradient at the wire surface,
Up : positive ions mobility.

For chambers with planar cathodes the validity of the above relations is
restricted to the region of radially decreasing electric field. For the geometry, of
our chamber this area is extended to about rc « 0.26 mm [7] and corresponds to an
ion drift time much longer than the electronics measurement time. The positive
ion mobility depends on the gas mixture and weakly on the electric field. For
75% CH4 + 25% C2H6 the ion mobility is p.p K 1.48Cm2V -1S"1 which gives
to w 13.5ns for Ea = 50kV/cm. The 6 response function of the preamplifier is
given by the expression :

where TO is the amplifier shaping time (rQ ~ 10ns for wires). The detector +
preamplifier response is given (in first order) by the convolution of the expressions

(1), (4) :

A(t) = I i ( t - T ) V ( T ] dT
Jo

Qm fl T _r/
= Vc1 ; / 6 * "UT

• 27olog(rc/r0) J0 < - r-M0

(5)
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°O 40 80 12O 160 2OO 240 28O

Fig. 11. (a.) Response curve A(t), (b) wires and (c) strips accumulated signals.
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In fig. 11 (a) is showen the response curve A (f) for various values of Qm.

Fig. ll(b) and (c) present real accumulated signals observed on wires and strips

(resp.) after the preamplifiers.
The probability that the avalanche initiated by a single primary electron

contains a total charge q is given by the Polya distribution [8] :

where q is the mean charge, 0 a parameter of the distribution and F is the gamma
function.

9. DATA ANALYSIS

By putting grey filters in the light path we reduced the detection probability
of the most frequent hit wire to less than 1%. For a Poisson distribution this

corresponds to a very small probability of having a double photoelectron achieving

thus single photoelectron conditions.

9.1 Event selection

The time spots from the U.V. lamp are concentrated in the time interval [£4, £5]
(fig. 12) which amounts to 96ns (3 TDC bins). The ADC gate precedes the signal

by ~ 100ns and is extended up to 400ns. We verified that amplitude measurements
are not very sensitive to a gate variation between 400-500 ns. Working with a very
low photon flux (~ 0.05 converted photons per trigger) in order to avoid double

photoelectrons we were obliged to impose an on-line selection by which we quickly
rejected events without photoelectrons detected. For anode efficiency of ~ 100%
we kept only ~ 5% of the total number of triggers. The photoelectron position is

reconstructed in the following way : In each wire hit we associated the strips hit
being into the same or the next time bin. This is because the cathode signal being
weaker than the anode one, the former could be in the next TDC bin [9]. We defined

a cluster by a contiguous group of hit strips. The cathode charge is defined as the
sum of the charge measured in the cluster hits. In the charge obtained this way, we
added the charge observed on the two cathodes next to either side of the cluster in

order to recover charges induced by the avalanche extension and did not give signals
over the discriminator level. Before each run, a test run was carried out with the
lamp off, in order to measure the electronic noise. This noise was subtracted from

the measured charge during the off-line analysis.

17



32 nsd time-bin)

„ 1OO ns

i r
2OO ns

(«dead time) gale (4OOns)

Fig. 12. Timing diagram showing the ADC gate position relative to the U.V. light spot.

In order to select events with a single electron detected, in the off-line analysis the
following criteria are given in order of priority :

1) Events with anode or strip hits in the interval t\,t% (t2 — I1 K 200ns) are not
accepted. This way we reject events which give signal partially placed into the
ADC gate.

2) A single anode hit is required into the gate interval (^,I3).
3) The selected anode hit must be placed between t4,t$ (light spot limits).

4) The hit wire must be one of the three consecutive illuminated wires covered by
the slot opened in front, of the quartz window.

5) A maximum of one cluster strip must be reconstructed and the total number
of hit. strips associated to the cluster must be equal to the total number of hit
strips detected into the ADC gate. This way, we eliminate events with double
photoelectron hits in the same wire as well as events with strips "fired" by
noise.

6) Events with hit strips in the tv/o extremities of the chamber are rejected in
order to ensure events well placed into the chamber active area.

With the above cited selection criteria the probability of having more than one
unresolved photons is estimated to be less than 0.7% (the same number is obtained
by a Monte-Carlo simulation - see below).

18



9.2 Anode-cathode coupling

The anode-cathode coupling (C ac) is a very important parameter for chambers
of this type because it determines the cathode detection efficiency. To effectuate
these measurements we should first of all make sure that the charge induced by
capacitive coupling by a cathode strip to the facing opposite cathode strips of the
neighbouring block is negligible (we mesured the charge on the two cathodes facing
opposite to the one in which the avalanche induced signal is observed).

In fig. 13 is given the scatter-plot of the total charge induced in the cathodes vs
the anode charge (in fC) with the detector operating at Uc = —1450V. We observe
that all the experimental data are concentrated around a straight line. The very
small number of points away from the straight line shows that the background is
low. The mean values of the accumulated data for \UC\ > 1375 V regrouped in every
single bin (1 bin = 5fC), are displayed in the same figure. The error bars (very
small) represent uncertainties in mean values. The coupling Cac is given by the slop
of a straight line fitted to the data. We obtained :

Cac = 0.597 ± 0.001

Events with total anode charge less than 6fC are not included in the fit in order to
exclude the most influenced by the noise and the discriminator threshold region.

9.3 Detector gain

In order to study the detector gain vs the cathode tension Uc we carried out
a series of runs for 1200 < Uc |< 1575V. In fig. 14 is given the anode charge
distribution induced by a single photoelectron as is seen by our electronics for
f/c = -1450 V. The Polya distribution is fitted to the data with anode charge

Qa > Qcut (where Qcvt = 4 fC) in order to exclude the discriminator threshold
area. The fit is not sensitive to any value of Qcut in the range SfC < Qcut < 7fC.
Table 1 gives the results of the best fit (ç, O), the anode efficiency E0, the cathode
efficiency ec, the strip multiplicity ms and the cluster multiplicity mc (fig. 15). ea,
ec, m f and mc are defined as follows :

roc, p. . , - (10)
Jn P(V)UI

where P(q) is the Polya distribution and the exponential integral stands for the
discrimination integral curve (S, q"'h, a

w as in §6).
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where N is the total number of selected wire hits and Nj the number of wire hits

without strip correlated signal.

ms : number of strips correlated to a reconstructed photoelectron.

mc : number of strip clusters associated to a hit wire (if mc > 2 the event is not

retained for charge measurements).

U

O.
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o>
•

O

30

20

10

(a)

10 30

Anode chorge ( f C )

50

-IO 30 50

Anode chorge ( f C )

Fig. 13. (a) Scatter plot of th<- cathodo charge vs the anode charge for Uc - -1450\, (b) Mean

values in eveiy bin of anode and cathode accumulated charges for }UC\ ^ 1375 V.
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The detector gain is expected to follow an exponential law [6j. The variation
of the log g (q in fC) with Uc is shown in fig. 16. The expérimenta' data are in a
very good agreement with the theoretical curve except for the point corresponding
to f/c = —1575V. In this tension the chamber enters into the instability region.
The fit of a straight line to the data with the point corresponding to Uc — —1575V
excluded, gives :

log q = Q -!- (3 j Uc (12)

or :

with :

(q in fC)

a = -14.702

/? = 0.0127 V-1

U0 = 470 V

240 -

160

80 -

10 20 30 40

ANODE CHARGE (fC)

Fig. 14. Single photoelectron anode charge distribution at Uc =• —1450V.
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Fig. 15. (a) anode efficiency, (b) cathode efliciency.
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Fig. 15. (c) strip multiplicity, (d) cluster multiplicity.
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Table 1. Results of the \2 fit of a Polya distribution as a function of Uc to the measured anode

charge distribution. The experimental anode, cathode efficiencies and strip, cluster multiplicities

are ea,ec,ms and me (resp.).

-Uc (V)
i

1200

1300

1350

1375

1400

1425

1450

1475

1500

1525

1550

1575

9 (fC) g(e-)
• gain x 10~5

1.66 ±0.02 i 0.10

5.42 ±0.15 0.34

11.89 ±0.14! 0.74

15.87 ± 0.15 i 0.99
r21.24±0.21 i 1.33

30.5 ±0.5 ; 1.90

35.9 ±0.8 i 2.24

46.6 ± 1.6 2.9

66.6 ±4.6 I 4.2

92 ±11 i 5.7

147 ±43 j 9

111x23 i 7

»

0.00 ± 0.10

0.01 ± 0.05

0.24 ± 0.04

0.29 ± 0.04

0.29 i 0.04

0.38 ± 0.04

0.32 ± 0.04

0.35 ±: 0.04

0.32 ± 0.05

0.35 ± 0.05

0.28 ± 0.07

0.56 - 0.09

X't^D

1.09

0.89

1.24

1.04

1.07

1.21

1.13
1.27

1.23

1.00

0.90

0.96

EJ.

(%)
30.3

69.1

88.4

92.1

94.3

96.7

96.7

97.5

97.8

98.3

98.4

99.1

EC

(%)
24.4

63.4

79.9

85.1

89.5

93.4

94.1

95.8

97.1

97.9

98.4

98.9

ms

1.01
1.07

1.19

1.27
1.39

1.60
1.67
1.84

2.04

2.22

2.36

2.50

mc

0.24

0.64

0.80

0.86

0.91

0.95

0.96

1.00

1.05

1.12
1.20

1.31

ICT

O

1100 1300 1500

- U c ( V )

Fig. 16. Variation of mean charge (q in /C] with Uc.
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10. COMPARISON OF THE EXPERIMENTAL DATA WITH A MONTE-
CARLO SIMULATION

To simulate our experimental apparatus we used the Monte-Carlo program
written for the analysis of the Barrel RICH prototype data, properly modified for
the planar geometry of our chamber. For the cathode behaviour we used the anode
to cathode coupling (~ 0.6) the measured interstrip capacitance coupling (6%), the
discriminator integral bias curve and we assumed a charge distribution parallel to
the wire given by the relationJ 1Oi (see fig. 17 for symbols explanation) :

r m = Br *-*"*'(*»*)
''(K2X)

0.32 F

O.24

0.16

OO8

-03 -0.2 -0.1 O

CHARGE DISTRIBUTION (GATTI)

0.1 0.2 0.3
X (mm)

Fig. 17. The cathode induced charge distribution T(A) as a function of A = xjd where i is the

direction parallel to anode wire and d is the anode to cathode distance (0.5 mm). In our case

Ks =: 0.27.

In fig. 15 are given the strip (ms) and cluster (mc) multiplicities with and
without the effect of feedback photoelectrons. In order to reproduce the experimen-
tal data we have taken into consideration the photoelectric effect on the cathode
strips as in réf.[2] but with a conversion efficiency reduced by a factor of 2. This
is probably ought to the fact that before our measurements the drift volume was
cleaned out by inner gas circulating during two weeks. We noticed as well that the
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used chamber was a relatively new one. The same results are obtained if. instead of
reducing the photoelectric conversion efficiency, we reduce the emission coefficient
a of the U.V by the same factor 2 (a - O.OG8 U.V.TC 9 ). With our experimental
set up we cannot verify if this is the dominant source because of the very short
maximum drift distance. To do that we needed to count the number of external
feedback p.e, going beyond the cloisons or detected after cvad lime, coming from
photon conversion into the TMAE and not from the photoelectric effect.

In fig. 15 we observed that feedback p.e are necessary in order to reproduce
the experimental m& for 1400 < Uc :< 1525V. They are also necessary in order
to explain the rising of the mc vs Uc curve for Uc > 1475 V. Anode and cathode
efficiencies vs Uc are also shown in fig. 15. The anode efficiency is defined as the
number of hit wires per trigger. The data are normalized to the anode efficiency
obtained by the Polya distribution (table 1) as follows : For a specific Uc we tike
the anode efficiency E0 as it is given by the table 1 and the number of hit wires
N^ per trigger given by the Monte-Carlo. The normalization factor /3 is defined as
/3 — £a/AV For example for U0 = -1450 V we had ea = 96.7% and Ar

w = 0.05 which
give /3 = 1934. The (3 is independent from Uc. The agreement of experimental and
simulated data is good. The small discrepancies, as for Uc — —1425V, are probably
coming from instabilities in the U.V lamp. We observed a good agreement as well
between the experimental and Monte-Carlo cathode efficiency.

We verified with the Monte-Carlo program that the anode and cathode effi-
ciencies are not sensitive to the presence of feedback p.e. This is due to the fact
that the main source of anode and cathode inefficiencies are weak avalanches which
do not give signal strong enough to overcome the discriminator threshold and for
which the U.V emission probability is too low. Indeed for Q < qfh -^ 2/C for the

wires and Q < —f- ~ 4.4/C for the strips the probability to have U.V emission

converted to p.e. giving signal over the threshold (q"h for curves and qfh for strips)
is negligible.

Conclusions

We have studied the single electron response of the DELPHI Barrel R J C f I
MWPC's. The gain on the plateau is ~ 2 • 10s, the anode efficiency is 96.7°;',
and the cathode efficiency is 94%. The anode charge distribution, the strip and
cluster multiplicity as well as the variation of the detector gain with the chamber
working tension are found to be in good agreement wi th the Monte Carlo simulation
program.
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