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A detailed study of the basic characteristics of the proportional inclined chamber is
conducted by analyzing the data from both beam test and theoretical simulation of the
chamber. It shows that the position accuracy in the wire plane along the direction
perpendicular to anode wires is better than 200 um and the theoretical simulation can
explain the experimental results very well.

1. INTRODUCTION

Combined with electromagnetic calorimeter, the Proportional Inclined Chamber (PIC) canbe
used as a luminosity monitor and tagging system of two-photon process events on a large electron-
positron collider spectrometer. This system is mounted in the forward and backward small angle
regions of the spectrometer. In order to obtain good accuracy of both luminosity measurement and
the transverse momentum measurement of a two-photo process event, it needs a good spatial
resolution for high energy incident electrons with accuracy better than 0.2 mm in wire-plane along
the direction perpendicular to anode wires [1]. An ordinary drift chamber can also provide good
spacial resolution, but its counting rate is much lower than that of a proportional wire chamber. The
anode-wire-plane of PIC is inclined towards the average direction of the incident tracks. We define

@ as the angle between the normal line of PIC anode-wire-plane and the direction of the incident
charged particle. When « increases, the number N of wires fired by the incident particle will also

increase. Because each track provides NV data of time, the spatial resolution of PIC is much better
than that of an ordinary wire chamber. In the first order approximation, the measurement of the
impact point on anode-wire-plane is independent of drift velocity. Bettini et al. [2] showed that PIC
can provide spatial resolution of about 100 um, two-track resolution of about 300 um, and that the
resolution angle of the track direction can reach 1°.
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Fig. 1
A sketch of PIC structure.

We will report the results from both the beam test and the theoretical simulation of PIC. They
are well fitted with each other, and the specifications of the chamber have met our requirements.

2. DESCRIPTION OF THE PIC STRUCTURE

Fig. 1 shows a sketch of PIC. It is the frustum of a octagonal pyramid. At each edge, there is
a upstanding supporting comb. The combs are precisely-processed 1-mm-thick epoxy resin plates.
The 0.3-mm-wide, 1-mm-deep notches are located on the top of the comb. The space between
notches is 212 + 0.02 mm. The anode wires are fixed in notches one by one, and the wire spacing s
is 2 mm. The anode wire is gold-plated tungsten filament which is 20 pm in diameter. The distance
between the anode-wire-plane and cathode plane is 8 mm. The angle between the normal line of
pyramid side plane and the axis of pyramid is 30°. The incident high energy electron, parallel to the
axis of the pyramid, forms a track in the chamber sensitive region, covering a range of about 5 wires.
We can deduce the radial coordinate p of the track impact point on wire-plane from the measured
drift time on certain wires. Each of the sectors of the PIC cathode plane is divided into 16 radial
cathode strips with equal angle intervals. The width of each strip varies from 3 mm to 8 mm along
the radial direction. The measurement of the position of the center of charge induced omn cathode
strips can provide the information on the coordinate ¢, which is the azimuth angle of incident particle
passing through the wire plane [3].

The working cathode voltage of PIC is =4.4 kV, and the electnc potential on the anode wires
are kept at zero. The Ar(80%) + CO,(20%) mixed gas is used as working gas under 1 atom. The gas
is radiation-resistant, safe and cost-effective.
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3. SIMULATION AND CALCULATION OF DRIFT VELOCITY AND ELECTRIC FIELD
STRENGTH

We used WIRCHA package [4] to evaluate drift velocity and electric field strength.
3. Calculation of Drift Velocity of Electrons [5]

The drift velocity of electrons is not proportional to E/p (where  is the electric field strength,
and p is the pressure of the gas in the chamber), unlike that of ion. Even in a very low electric field,
the mobility of electrons is not yet a constant. So we used drift velocity rather than mobility to
describe the drift characteristic of electrons. Assuming that the mean time period between two
collisions of an electron is 7 and that the mean drift velocity is w = (¢£/2m)r, where e and m are
the charge and mass of electron, respectively. 7 is dependent on the energy of electron gas pressure
and the gas components. In order to determine 7, we first need to calculate the energy distribution
of electrons. The relation between energy distribution and electric field strength is

_ T e 3eA(g)de
F(e)=CV'e "{ j[eEz(s)]’+3skTA(8)}’

where C is a constant. & the energy of electrons. k the Boltzmann constant, T the working
temperature of the chamber gas, A(¢) the average energy loss factor per collision, and A(e) the
average free path. Denoting P; as the content of each part of the gas mixture, we have

A(e) = Z P;A(e),

Based on this knowledge, we learn that in electric field with electric field strength £, the drift
velocity and diffusivity of electrons are

W(E) = — —i— ij’ el(e) a_[ﬂaism des

m

D(E) = -i- j vi(&)F(e)de,

where v is the velocity of electrons with energy ¢.
3.2 Evaluation of Electric Field Strength in the Chamber

We used the method of periodically arranged wire chambers provided by the WIRCHA
program to calculate electric field strength in the chamber. The main idea of this method is as follows
[4,6]. Assuming that there is a very big wire chamber and the distance between its two cathode plates
is very large, we place in the position of each anode wire a small wire chamber with the same size
as what we want to study. Then we use the wires with the same radius and infinite lengths to
substitute for the frame and cathode plates of all small chambers. So every small chamber can be
described by parameters of position, radius and electric potential of a set of wires. Again, each
corresponding wire of each small chamber and the two cathodes of a big chamber form another wire
chamber. We can calculate the electric potential in all those chambers. Finally, the superposition of
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Correlation among drift velocity, diffusivity
and electric field strength.

all these potentials contributed by single large chambers describes the distribution of electric field
in the small chamber.

Usually, electric potential formula in multi-wire chamber is [7-9]:

14 2=L . ,n(x — =z

V(x = g {< > — In [4 <smz 2

(2, %) 2xL _ZmZxR., s s
s s

+ sinpt K2 =30) = o) >]}

which satisfies the condition L >> s, where X, and y, are the coordinates of the anode wire nearest
to the origin point, R, the radius of anode wire and ¥/, the applied electric potential on the anode
wire.

33 Correlation Between Drift Velocity, Diffusivity and Electric Field Strength

Using the formula in Section 3.1, we obtain the correlation between drift velocity, diffusivity and
electric field strength as shown in Fig. 2. The gas mixture is Ar(80%) + CO,(20%) and working

pressure is 1 atm. In Fig. 2, the diffusivity is defined as ‘/ 2D _in cm!/2 Fig. 2 shows that when electric
W

field strength is greater than 2 x 10° V/cm, the drift velocity and diffusivity become constants. The
spatial position of the track is calculated on the basis of drift-time data and drift velocity. So constant
drift velocity and diffusivity are needed in order to obtain good resolution. Moreover, drift velocity
and diffusivity ought to be in such condition that they are less affected by the instablity of anode
potential. So we choose chamber working voltage as —4.4 kV. In this condition, calculation results
show that the strength is greater than 4 x 10° V/cm almost everywhere in the chamber. So drift
velocity is about 60 pm/ns, which is in the region with a stable value.
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4. STUDY OF BASIC CHARACTERISTIC OF PIC

Beam test of PIC is done on beam line X3 at SPS CERN. The components of beam particles

are minimum ionization particles (e, 4, 7 of energy from 10 GeV to 50 GeV). The angle between the
normal line of wire plane and the beam direction is 30° + 1°. When cathode voltage is —4.4 kV, most
incident particles will fire 5 sense wires. The arriving time 7™ related to the reference signal (trigger
signal) of the /th wire’s signal is the data obtained from the beam test. ’

In order to further understand the characteristic of PIC, we use the distribution of calculated
electric field and drift velocity, diffusivity to obtain isochronous lines and generate minimum
ionization particles and corresponding primary clusters. Then we can obtain the minimum drift time
T of all clusters according to isochronous lines established before.

We now analyze the data T from the simulation and 7™ from the beam test and comﬁare the
two.

4.1 Drift Velocity w and Spatial Resolution Error o

When the angle between the normal of PIC wire plane and the track of minimum ionization
particle is a constant, and if we ignore the curvature of the field lines in the neighborhood of the
sense anode wire, there must exist a linear correlation between the drift time and the position of
corresponding wire. So the difference DT = |T,-T,,,| between drift times of two contiguous wires
will satisfy DT = |T,-T,,,| = s/(w - tga), where s is the spacing of anode wires. When « is 30°,
most tracks fire 5 wires. So in the data analyzation, we select 5-wire-fired events. In evaluating DT
to each wire, we abandon the DT data on the wire corresponding to the smallest drift time (there
the curvature of the field line breaks the above linear correlation). Thus we obtain the distribution
of DT from both the beam test and the simulation as shows in Fig. 3 and Fig. 4, respectively, with o
= 30°, s = 2 mm. From Fig. 3, we know that for beam test the mean value of DT is <DT> = 56.0
ns and 07 = 171 ns. The estimated drift velocityis w = s/(<DT > tga) = 61.9 um/ns. Fig. 4 shows
that <DT'> = 559 ns, 0, = 5.2 ns and the drift velocity w = 62.0 pm/ns.
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The distribution of the passage
time T obtained from beam test.

The error of the impact point coordinate x on the wire plane can be estimated from o,y i.€.,
the standard deviation of the DT distribution. This is a quantity related to the resolution in the drift
time measurement. The error on time measurement is.e; = 0/ 4/ 2 . When each track fires N
wires, the one-dimensional position error is -

s == grow . tga/\/-;’-—apr-w- lga/\/-Z—ZV.

When N = 5, we have 0, = 193 um from the beam test and o, = 53 pm from the simulation.

A difference between o, obtained from the beam test and from the simulation is that the
values of o, obtained from the beam test include the deviation caused by incident angle error (@ =
30° £ 1°), while in the simulation we take @ = 30° with no error. Moreover, the amplitude fluctuation
of output signal causes time swing in the electronic timing system.

42 The Passage Time T,

Drift time calculated from Monte-Carlo simulation does not include electric time delay, so in
the simulation 7, = 0. But in the beam test, things are different. We assume that the electric time
delay of all wires are the same, as denoted by T,. To determine T, we can look at the distribution
of the shortest measured drift time for tracks passing a sense wire. We select tracks passing as near
as possible to a wire by requiring the measured drift time on the left neighboring wire to be equal
to that on the right neighboring wire. In fact, we select events that satisfy condition |AT| <6 ns (a
clock period), where AT is the drift time difference between that measured on the left and right
neighboring wires. So we can obtain more events, and the track goes still very near to the sense wire.
From the measured drift time of this wire we obtain the time distribution as shown in Fig. 5. This
figure shows that the peak of the distribution curve is at the position of 40 ns, and the half height
width is about 7 ns. We will use T, as passage time to obtain the real drift time T in the following
sections.
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obtained from the beam test. from the Monte-Carlo simulation.

4.3 Drift Time Spectrum

- Onthe basis of the beam test drift time data 77, we obtain the real drift time T; = 7= -T,. The
distribution of T', is shown in Fig. 6. In Monte-Carlo simulation, we choose the angle between the
normal of PIC wire plane and tracks as 30° and the average ionization free path A = 300 pm. We
simulate ion clusters along the track and obtain the shortest drift time of each wire as the measured
time from these clusters. The drift time spectrum from simulation is shown in Fig. 7.

Comparing Fig. 6 with Fig. 7, we can see that the simulation result fits well with that from the
beam test and there is a peak at about 7"~ 8 ns. When T is greater than 16 ns, the distribution curve
moves to a flat region. The flat region exists between 20 ns and 130 ns. After 130 ns, the flat curve
becomes a "tail" (see Figs. 6 and 7). Here we can give a simple explanation [5]. The incident particle
beam is a uniform one. In the region near anode wire, the electric field strength is much greater than
that in the uniform region and there exists the curvature of the field lines. The number of incident
particles per drift line length in unit time is greater than that in the uniform region. So a peak is
shown in both Fig. 6 and Fig. 7. In the uniform region, which is far away from anode wire, the
number of incident particles per drift line length in unit time keeps constant. So in the spectrum
there is a flat region. In the region between these two, the electric field strength declines from high
value to low one, showing a gradient between peak and flat regions. After the flat region there is a
"tail" because the gap between anode plane and cathode plane is finite. The drift distance of electrons
from cathode to anode wire is not the same, therefore it makes statistical fluctuations in drift time.
From the above analysis, we can estimate the drift velocity from drift time spectrum. Choosing
average maximum drift time as 128 ns, we obtain the drift velocity w = 8 mm/ 128 ns = 62.5 um//ns.
It is roughly the same as the above result.

4.4 Correlation of Drift Time and Impact Point Position

PIC is used as a detector to position particle tracks. If one can determine both the i impact point
position of incident particle on anode plane and the track direction, space position of track is
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The correlation between drift time and space
position from Monte-Carlo simulation.

determined. In 2-dimensional space, it is easy to determine the track direction by using the formula
ctga = w - DT /s. The position of impact point can be determined through the space-time
correlation.

With the incident wide beam at a constant angle, the drift time measured on every anode sense
wire has a correlation with the distance from the wire to the impact point. Fig. 8 shows this
correlation obtained by Monte-Carlo simulation. In Fig. 8, when the distance is large enough, the
distribution satisfies the linear correlation. Because the track passes the uniform region of the wire,
where the electric lines are almost parallel, the dots from the T-x simulation distribute
approximately as a straight line (x is the distance between the impact point on the wire plane and
fired wire). When x is short enough, the track passes through the high strength region where the
electric line is curved and where the linear correlation between 7" and x vanishes. According to Fig.
8, we fitted a linear correlation of T-x for x > 1.0 mm, and obtained ¢ = 28.04x - 154, i.e,
x = 0.0357¢t + 0.55, where x is in mm and ¢ in ns. We can obtain the approximate drift velocity as
w = 0.0357x /3 .Itis also roughly the same with the result obtained before.

5. CONCLUSION

We studied the basic characteristics of PIC from both experiment and Monte-Carlo simulation.
The results show that the drift velocity of electrons under the working condition is about 62 um/ns.
The passage time of the drift time measured on anode wire is 40 ns. It is also shown that PIC can be
used as luminosity monitor in large electron-positron collider with its 1-dimension spatial resolution
better than 200 ym.

Computer simulation is also successful. The distribution of drift time and space-time correlation
are fitted with the result of the from experiment.
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