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Abstract

The gain of a multiwire proportional chamber (MWPC) of the LHCb muon detector was measured precisely. The chamber, filled with

a CO2=Ar=CF4 gas mixture, 55/40/5% in volume, was irradiated with a 1.3GBq 137Cs radioactive source and the current drawn by the

chamber was measured. By precisely determining the primary ionization current it was possible to evaluate the absolute gain of the

chamber. The dependence of the gain on the anode voltage and the gas density was measured and the need for a gain control system

during the LHCb data taking is considered. Our experimental results are compared with those predicted for the chamber gain by

Diethorn formula.

r 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The muon detector of the LHCb experiment [1] that will
operate at the Large Hadron Collider (LHC) at CERN,
consists of five muon tracking stations placed along the
beam axis. The first station (M1), placed in front of the
electromagnetic and hadronic calorimeters is composed of
24 triple-GEM [2,3] and 264 multiwire proportional
chambers (MWPCs) [4,5]. The remaining four stations
(M2–M5) comprise 1104 MWPCs and are placed down-
stream of the calorimeters. Each station is divided into four
regions (R1–R4) [1], according to their distance from the
beam axis. Each MWPC comprises two gas-gaps in station
M1 and four gas-gaps in stations M2–M5. In all MWPCs
the anode wire planes are centred in a 5mm gap and
consist [6] of 30mm diameter gold-plated tungsten wires1

with 2mm spacing.
In the present paper we report a systematic study of the

performance of a four-gap chamber belonging to the R3
e front matter r 2007 Elsevier B.V. All rights reserved.
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region of station M3. As the geometry of the anode and
cathode planes is identical for all MWPCs (two-gap and
four-gap), the results presented in the following are valid
for all the chambers of the muon detector.
2. Experimental setup

The set-up for chamber gain measurements consists
(Fig. 1) of a steady table which supports the chamber to be
tested and a 1.3GBq 137Cs source, screened by a lead case,
which can be moved by an automated mechanical system
[7] over the whole surface of the table. The dimension
of the chamber is �151� 31 cm2, the wires being parallel
to the shorter side. One cathode plane is grounded in
each gap. The opposite cathode plane is segmented in
24 pads: 12 of these are grounded and 12 are readout
by a picoammeter (Fig. 2). The chamber is flushed
ð�50 cm3=minÞ with a CO2=Ar=CF4 gas mixture, 55/40/
5% in volume.2 The source is collimated and emits photons
downwards. When the source is positioned on the chamber
2The same gas composition will be used during runs at the LHC.
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Fig. 1. Schematic view (not in scale) of the experimental setup. The 137Cs source can be moved by an automated system over the table surface. The

chamber current is measured with the source in the ‘‘ON’’ and ‘‘OFF’’ positions. The difference between these two values is the current due to source

ionization.
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Fig. 2. Schematic cross-section (not in scale) of the chamber. The source in the ‘‘ON’’ position, the connections of the voltage supply ðV Þ and of the

picoammeter (pA) are shown.
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(position ‘‘ON’’ in Figs. 1 and 2) the area of the chamber
illuminated by the source is circular and has a diameter of
about 10 cm. A 5 cm thick lead layer is placed under the
chamber for radioprotection. The thickness of the chamber
plates and the albedo from the lead layer are such that the
ionization is equal in the four gaps within a few percent.
The current ðiÞ drawn by the chamber is read by a Keithley3

6485 picoammeter connected to the non-grounded pads of
the four gaps (Fig. 2). For a ‘‘zero-ionization’’ measure-
ment the source is moved off the chamber to a ‘‘parking
place’’ (position ‘‘OFF’’, Fig. 1) where a lead dump
absorbs the photons emitted by the source.
3Keithley Instruments Inc., Cleveland, OH, US.
3. Measurements and results

3.1. Gain dependence on the anode voltage

The chamber current ðiÞ measured with the source in the
‘‘ON’’ and ‘‘OFF’’ positions may fluctuate significantly
because of the presence of eddy currents. Therefore, for
each V value, this current is measured several tens times
and averaged first in the ‘‘ON’’ position and immediately
afterwards in the ‘‘OFF’’ position. As an example, we
report in Fig. 3, for six different anode voltages V, a series
of measurements of the current i in the ‘‘ON’’ and ‘‘OFF’’
source positions. The full process is automated and lasts a
few minutes for each value of V. The difference between the
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Fig. 3. Typical result of a series of current measurements. The six figures refer to different values of the wire voltage V. In each figure the first half of the

points is measured with the source in the ‘‘ON’’ position. Then, without interrupting the measurement, the source is moved to the ‘‘OFF’’ position and the

second half of the points is obtained.
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Fig. 4. Chamber current measured at an anode voltage �1pVp1 kV.
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ionization is collected, while at higher positive voltage the charge

multiplication is observed. The line is drawn to guide the eye.
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average current measured with the source in the ‘‘ON’’ and
‘‘OFF’’ positions represents the chamber current IðV Þ due
to the radioactive source. The measurements were
performed in the voltage range �1pVp2:76 kV. For
jV jX500V the power supply was a CAEN4 model SY2527
mounted on a rack and connected to the chamber through
a �5m-long high voltage cable. With this experimental
setup the fluctuations in the measured current increase in
percentage as the voltage V is decreased (upper charts in
Fig. 3) and become comparable to the current itself at
V � 500V. At voltage jV jo500V the CAEN power supply
was replaced by a variable number of 9 and 1.5V standard
alkaline batteries connected in series and placed close to the
chamber. With this experimental setup the fluctuations in
the measured current were drastically reduced (lower charts
in Fig. 3) so that the current due to primary ionization
could be measured easily (Fig. 4). As a check, this current
was also measured with a reversed polarity of the wires
(last chart in Fig. 3). In the latter case the electrons of the
primary ionization are collected by the cathodes so that no
multiplication occurs in the chamber and the current is
independent of the voltage V as shown in Fig. 4. From
these measurements we deduce that the current due to
primary ionization is I� ¼ 4:76� 0:03 pA. The gainGðV Þ of
the MWPC at a given wire voltage ðV Þ is therefore given by
4CAEN, 55049 Viareggio (LU), Italy.
GðV Þ ¼ IðV Þ=I�. In Fig. 5 the chamber gain is reported as
a function of the voltage V. In the nominal working region
[7] of the chamber the gain ranges from �4:5� 104 to
�13:5� 104.
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E. Dané et al. / Nuclear Instruments and Methods in Physics Research A 572 (2007) 682–688 685
3.2. Gain dependence on the gas density

In a MWPC the primary ionization current ðI�Þ and the
gain ðGÞ both depend on the gas density r. Therefore the
current ðIÞ drawn by the chamber also depends on r

IðrÞ ¼ I�ðrÞ � GðrÞ. (1)

Assuming the gas to behave like an ideal gas, r is
proportional to the ratio P=T of its pressure ðPÞ and its
temperature ðTÞ. Starting from the normal5 gas pressure
ðP0Þ and temperature ðT0Þ, small variations DP5P0 and
DT5T0 lead to a variation Dr in the gas density given by

Dr
r0
¼

DP

P0
�

DT

T0
(2)

where r0 is the gas density in normal conditions and
Dr5r0.
5In normal conditions the gas pressure P0 and temperature T0 are,

respectively, the average atmospheric pressure and room temperature.
For a small deviation from the normal gas condition the
gain variation DG is given by

DG

G0
¼ a

Dr
r0
¼ a

DP

P0
�

DT

T0

� �
(3)

where G0 is the gain at normal pressure and temperature
and a is a coefficient independent of P and T.
To determine the dependence of the primary ionization

current ðI�Þ on the gas density we must distinguish two
cases:
(i) the primary ionization is due to high-energy particles

crossing the full gas gap, as will be the case in the LHCb
experiment; in this case DI�=I�0 ¼ Dr=r0 where DI� is the
variation in I� corresponding to a variation Dr in the gas
density and I�0 ¼ I�ðr0Þ.
(ii) the primary ionization is derived, as in the present

test, from a radioactive gamma source. In this case the low-
energy secondary electrons generated in the chamber may
stop in the gas so that DI�=I�0oDr=r0. The two cases can
be summarized by the formula

DI�

I�0
¼ b

Dr
r0
¼ b

DP

P0
�

DT

T0

� �
(4)

with b ¼ 1 for high-energy crossing particles and bo1 for a
test with a radioactive source.
Taking into account Eqs. (1), (3) and (4), the variation

DI in the chamber current due to small variations DP and
DT in the gas pressure and temperature is given by

DI

I0
¼ ðaþ bÞ

DP

P0
�

DT

T0

� �
(5)

where I0 ¼ Iðr0Þ.
To determine the two coefficients a and b two series of

measurements were performed. In the first series the
dependence of the current I on DP was measured in the
interval 0pDPp20mbar. In the second series of measure-
ments the variation DI� in the primary ionization current
corresponding to a variation of DP ¼ 20mbar was
determined. In all these measurements the temperature
was kept constant so that Eqs. (3)–(5) become

DG

G0
¼ a

DP

P0
(6)

DI�

I�0
¼ b

DP

P0
(7)

DI

I0
¼ ðaþ bÞ

DP

P0
. (8)

To perform the first series of measurements the pressure
inside (but not outside) the chamber was increased from its
initial value of P0 to a final value of P0 þ 20mbar. This
internal overpressure DP causes an undesired deformation
of the two external cathode panels6 of gaps A and D (see
insert in Fig. 6) so that the width of these gaps becomes
6With an overpressure of 20mbar this deformation is about 150mm at

the centre of the chamber.
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larger than their normal value and their gain is lowered.
This effect is not present in gaps B and C because there is
no pressure difference between these and the neighbouring
gaps. For these reasons the currents IA, IB, IC and ID of
the four gaps were measured separately as a function of the
overpressure DP, but only the data relative to gaps B and C
were used to determine the effect of a pressure variation on
the response of a normal (not inflated) chamber. In Fig. 6
we report, as a function of DP, the measured currents of
the four gaps IA, IB, IC and ID normalized to their
respective values ðIA0 ; I

B
0 ; I

C
0 ; I

D
0 Þ at DP ¼ 0. These data

were taken at a voltage V ¼ 2750V with the source in the
‘‘ON’’ position. The current with the source in the ‘‘OFF’’
position was not measured because at high voltage
ðVX2500VÞ this current is negligible compared with the
current in the ‘‘ON’’ position (see chart 1 in Fig. 3). As
expected, the currents in the inflated gaps A and D (Fig. 6)
are lower than those measured for gaps B and C and
cannot be used for our purposes. A linear fit to the data
relative to gaps B and C leads to the relation:

IB;C=IB;C0 ¼ 1� ð5:1� 0:2Þ � 10�3ðmbar�1ÞDP. (9)

Taking into account Eq. (8) we deduce7 aþ b¼�5:0� 0:2.
This measurement, repeated for different values of the
7During the measurements the atmospheric pressure was

P0 ’ 990mbar.
anode voltage V in the interval 2:522:75 kV, leads within
the errors, to the same value of aþ b.
In the second series of measurements the anode voltage

was set to 47V and the primary ionization current i� of the
chamber was measured at DP ¼ 20mbar and at DP ¼ 0,
with the source in the ‘‘ON’’ position. Because no charge
multiplication occurs at this voltage, the chamber deforma-
tion described above has no effect on the measured current.
Due to large current fluctuations the current i� was
measured several hundred times (Fig. 7) and then averaged.
The difference8 between the average current ðI�Þ at DP ¼

20 mbar and at DP ¼ 0 was found to be (Fig. 7)
DI� ¼ 0:078� 0:002 pA. Taking into account Eq. (7) where
I�0 has already been measured at 4:76� 0:03 pA, we deduce
b ¼ 0:81� 0:03. From the results of the two series of
measurements we deduce a ¼ �5:8� 0:2 for an anode
voltage in the range 2:522:75 kV, which includes the
nominal working region [7] of the chamber 2:53p
Vp2:7 kV.
In the LHCb experiment the gas pressure in the muon

chambers will be kept at atmospheric pressure to avoid any
deformation of the chamber. The meteorological data9

reported in Fig. 8 show that over a period of 10 years
DP=P0 can reach �3:1%. Taking into account Eq. (8), this
variation in the atmospheric pressure will result in a
The current i was not measured in the ‘‘OFF’’ source position because

its value would be canceled out in the average current subtraction.
9These data, provided by the ‘‘Office Fédéral de Metéorologie et

Climatologie MétéoSuisse’’, refer to the Geneva area.
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variation in the response of the chambers10 of about �15%
which corresponds to a variation in the anode high-voltage
of about �23V. The effect of temperature variation on the
chamber response should also be present, as predicted by
Eq. (3). Nevertheless, because the LHCb apparatus is
located about 100m underground, the temperature varia-
tion ðDT=T0Þ is expected to be much smaller than the
variation ðDP=P0Þ in atmospheric pressure. Because the
overall effect of pressure and temperature variations is not
negligible, a control system is envisaged to stabilize the
response of the chambers.
4. Comparison of the experimental results with the Diethorn

formula

The dependence of the gain G on the voltage V and on
the gas density r is often described by the Diethorn
formula [8], which assumes that the first Townsend
coefficient is proportional to the electric field. According
to that formula the function GðV Þ is given by:

GðV ;rÞ ¼
V

AðrÞ

� �ðV=BÞ

(10)

where:

AðrÞ ¼ ra lnðrc=raÞEmin
r
r0

(11)

B ¼
lnðrc=raÞDV

ln 2
(11
0

)

10During the experiment the particles will cross the full gas gap so that

b ¼ 1 and in Eq. (8) aþ b ’ �4:8.
and where ra is the radius of the anode wires, rc is the
‘‘equivalent cathode radius’’ [9,10], Emin is the minimum
electric field needed to start the avalanche at the normal gas
density r0 and DV (multiplied by the electron charge) is the
average energy required to produce one more electron in
the avalanche [11]. For all the LHCb muon chambers, ra ¼

15mm and rc ’ 16:2mm. At normal gas density ðr ¼ r0Þ
the two parameters Emin and DV fully determine the
function LðV Þ and its derivative DðV Þ:

LðV Þ � ln½GðV ;r0Þ	 ¼
V

B
ln

V

Aðr0Þ

� �
(12)

DðV Þ �
dL

dV
¼

1

B
1þ

BLðV Þ

V

� �
. (13)

From Eqs. (11)–(13) we obtain

Emin ¼
V exp½LðV Þ=ðLðV Þ � VDðV ÞÞ	

ra lnðrc=raÞ
. (14)

DV ¼
V ln 2

ðVDðV Þ � LðV ÞÞ lnðrc=raÞ
. (14

0

)

The two quantities Emin and DV are proper to the gas, so
that expressions (14) and ð140Þ should be independent of V

in the voltage interval where the Diethorn formula is valid.
To determine Emin and DV from Eqs. (14) and ð140Þ we
used the 26 points (Fig. 5) measured11 at V iX500 V
ði ¼ 1; 26Þ. While LðV iÞ were obtained directly from the
data, DðViÞ have been calculated as the derivative of a
second order polynomial passing through the considered i-
th point LðV iÞ and the two neighbouring points LðV i�1Þ

and LðV iþ1Þ. The result of these calculations, reported in
Fig. 9, shows that in the interval 1:6pVp2:4 kV Emin and
DV are practically independent of V and given by Emin ¼

60� 2 kV=cm and DV ¼ 32� 1V. The Diethorn formula
is therefore valid in the interval 1:6pVp2:4 kV and the
above values of Emin and DV are characteristic of the gas
mixture used. In Fig. 5 (curve a) we show the function
GðV Þ calculated according to Eqs. (10) (11) and ð110Þ and
assuming Emin ¼ 60 kV=cm and DV ¼ 32V. As expected,
this curve fits well the experimental points in the region
1:6pVp2:4 kV.
At voltages outside the interval 1:6pVp2:4 kV Die-

thorn formula still can be used to describe the experimental
behaviour of GðV Þ. But in that case Emin and DV are two
parameters of the formula with no relation to the gas
characteristics. For example, at the central value V ¼

2615V of the nominal working region [7] of the chamber,
we have (Fig. 9) Emin ’ 41 kV=cm and DV ’ 42V. The
prediction of the Diethorn formula, calculated with these
two parameter values, is shown in Fig. 5 (curve b). As
expected, the agreement with the experimental points is
good only in the working region of the chamber.
11At a voltage below � 500V Diethorn formula gives a gain t1 and is

therefore out of its range of validity.
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The experimental dependence of the chamber gain on the
gas pressure [12,13] can also be compared with the
prediction of Diethorn formula. From Eqs. (6), (10), (11)
and ð110Þ one can easily deduce the relations a ¼ �V=B

and DV ¼ �V ln 2=a lnðrc=raÞ. Taking into account the
experimental value of a ¼ �5:8� 0:5 obtained in the
voltage interval 2.5–2.75 kV, we deduce a value of DV of
44� 3V in agreement with the value of 42� 2V obtained
by fitting the GðV Þ data in the voltage interval 2:53p
Vp2:7 kV.
5. Conclusions

The gain of a typical muon chamber of the LHCb
experiment was measured with high precision as a function
of the anode voltage. The chamber was filled with a
CO2=Ar=CF4 gas mixture, 55/40/5% in volume. In the
interval 1:6pVp2:4 kV the Diethorn formula is found to
be valid and to fit well the experimental gain values GðV Þ.
The two parameters Emin and DV , which are proper to the
gas mixture, were determined to be Emin ¼ 60� 2 kV=cm
and DV ¼ 32� 1V.
The dependence of the chamber gain on the gas pressure

was also measured in the working region of the chambers
2:53pVp2:7 kV and a variation of ’ 0:5% per mbar is
expected when the experiment will run at the LHC. During
long-term operation the changes of atmospheric pressure
can result in a variation of about �15% in the response of
the chambers which corresponds to a variation in the
anode high-voltage of about �23V. This effect being non-
negligible, a chamber-response control system is foreseen
during the data-taking period.
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