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This review describes the use of cylindrical multiwire proportional chambers in experiments on
rare and forbidden processes in elementary particle physics. The features of several

versions of coordinate detectors with cylindrical geometry are described. The basic operating
principles of a classical cylindrical multiwire proportional chamber are described. The
advantages and disadvantages of various methods of determining event coordinates are reviewed.
Special attention is paid to the fundamental problems arising in the operation of cylindrical
multiwire proportional chambers with cylindrical geometry and the difficulties associated with
using ones containing a small amount of matter. The requirements imposed by experimental
goals on coordinate gas-filled detectors are given. The advantages and examples of the use of
cylindrical multiwire proportional chambers in actual studies of rare decays of elementary
particles using high-intensity beams in the ARES (JINR) and SINDRUM (PSI) spectrometers are
described. The parameters and basic characteristics of the various types of cylindrical

multiwire proportional chamber forming a fundamental component of the detection systems of

these spectrometers are given.

1. INTRODUCTION

The achievements of elementary particle physics are to a
large extent related to advances in experimental techniques.
This is true both of experiments at ever higher energies, and,
in a different direction, precision experiments with very large
statistics in energy ranges which have been studied previ-
ously. Precision experiments to study rare processes and seek
forbidden ones will continue to supply fundamental knowl-
edge about particle physics. New information on processes
occurring with probabilities below 10™'2 can be obtained in
experiments performed in high-intensity beams using wide-
aperature detection systems with good temporal and spatial
resolution. The development of the technique of multiwire
gas-filled counters and advances in electronics have led to
the construction of detection systems which are capable of
handling these problems.

Multiwire proportional chambers and drift chambers
have become very widespread in physics experiments.'™
The present review deals with proportional chambers. In this
operating regime a chamber possesses a number of attractive
features:

sufficiently high temporal and spatial resolution;

small dead time allowing efficient operation at large

loads;

the possibility of incorporation into trigger systems and

preliminary information-readout systems;

representation of data in a form convenient for auto-

mated operation;

the ability to operate in a magnetic field;

fairly simple construction, so that the requirements of a

specific experiment can be taken into account.

It is precisely the last feature, flexibility in construction,
which makes it possible to create cylindrical multiwire pro-
portional chambers surrounding the region where the beam
interacts with the target, so that detection in a solid angle of
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nearly 47 steradians becomes possible. Most modern detec-
tion systems, particularly those used in colliding beams or in
the study of rare decays, have at least a central region of
cylindrical geometry which can be composed of several
types of detector, including proportional chambers. The in-
formation obtained by these detectors is used to spatially
reconstruct an event: the event vertex and the charged-
particle trajectories are reconstructed. Proportional chambers
are rather fast detectors, and so they are incorporated into the
logic of the detector trigger and preliminary information-
readout systems.

Gas-filled detectors can operate in a magnetic field, and
so the central part of a detector is often located inside a
magnet. This makes it possible to measure the sign of the
particle charge and the particle momentum from the curva-
ture of the trajectory of a charged particle in a magnetic field.
Magnets of solenoidal form are usually used, and a detection
system of cylindrical geometry makes the most rational use
of the working space inside the magnet.

Another advantage of cylindrical geometry, the isotropy
of various features in the plane perpendicular to the cylinder
axis, allows the construction of simple and convenient sys-
tems for information readout and processing and the simpli-
fication and integration of the trigger logic of the detector
and the preliminary information-filtering system.

Thus, cylindrical geometry of a chamber ensures the fol-
lowing:

1. A solid angle of detection close to 47 steradians;

2. Optimal use of the working volume of the magnet;

3. Isotropy of characteristics in the angle in the plane
perpendicular to the chamber axis.

Several versions of detection systems of cylindrical
geometry

In modern detection systems cylindrical structures are
created from counters operating on various principles and in
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FIG. 1. Schematic depiction of a time projection chamber. I—high-voltage
electrode; 2—end two-coordinate gas-discharge chambers; 3—beam.

various modes: scintillation counters, microstrip semicon-
ductor detectors, microstrip gas-discharge detectors, and
various other types of gas-filled detectors.

Before turning to the detailed study of cylindrical multi-
wire proportional chambers (CMPCs), let us briefly discuss a
group of cylindrical detection systems based on gas-filled
detectors. Most of these examples can rather be viewed as
ways of filling a cylindrical volume, but they are very close
in their operating principle and characteristics to proportional
chambers, so it is worth listing them and mentioning their
most obvious advantages and disadvantages.

The time projection chamber (TPC). Such chambers are
used, for example, in the DELPHI, TOPAZ, and ALEPH
detectors (Refs. 5, 6, and 7). The main task of detectors of
this type is three-dimensional event reconstruction. The TPC
is a refined ionization chamber of large size. As a rule, it is a
cylindrical vessel (Fig. 1) with a volume of several cubic
meters filled with a working gas or mixture of gases. The
entire cylindrical vessel is usually placed inside a solenoidal
magnet producing a magnetic field parallel to the axis. A
system of electrodes located outside the sensitive volume of
the chamber produces an axially symmetric electric field in-
side the cylinder in which electrons produced in the gas
along the path of a charged particle drift to the cylinder ends.
Gas-discharge chambers for recording two event coordinates
are located on these ends. The coordinate along the cylinder
axis is determined from the time for the electrons to drift to
the ends. It is the large drift distance which gives rise to the
main disadvantages of the TPC.

Time projection chambers possess record ‘transpar-
ency,” since the sensitive volume of the chamber contains
only the working gas, which can also simultaneously serve
as the target.

Pictorial or jet drift chambers. These are used in the
JADE, OPAL, and H1 detectors (Refs. 8, 9, and 10). Cham-
bers of this type are used in experiments with a high multi-
plicity of recorded events, when there are 200 or more tracks
and their density is high. The cylindrical sensitive volume of
such detectors is divided into individual sectors like sections
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FIG. 2. Schematic depiction of different variants of cells of a JET-type drift
chamber. /—signal wires; 2—field-forming electrodes.

of an orange (Fig. 2). In each sector electrodes placed paral-
lel to the cylinder axis produce an electric field which en-
sures the azimuthal drift of electrons to the sensitive middle
electrode. Each track is recorded at 40—200 points. Owing to
the discreteness in the azimuthal direction the electron drift
length does not exceed 100 mm, which improves such detec-
tor parameters as the speed of response and the spatial reso-
lution. By using gases with low electron drift velocity it is
possible to improve the spatial resolution of the detector,
though at the expense of worsening the time characteristics.

Dense filling of the cylindrical volume with drift cells.
Such constructions have been realized in the ARGUS, HRS,
and VENUS detectors (Refs. 11, 12, and 13). The field-
forming and signal wires are attached to the cylinder ends
and arranged axially in a certain order such that each signal
wire is surrounded by field-forming wires (Fig. 3). The usual
dimensions of the drift cell in such chambers are /<10 mm.
A structure this fine-grained leads to improvement in the
detector characteristics, and the fact that all the drift cells are
identical is convenient for measuring ionization energy
losses. The large number of wires in such constructions
means that breakage of one of them is rather probable, and
this puts the entire chamber out of operation.

This disadvantage is absent in the case of filling of the
cylindrical volume by individual counters, for example,
“straws,” as in the MARK III, HRS, and MAC detectors
(Refs. 14, 15, and 16). In Fig. 4 we show the arrangement of
straws in the MAC detector. The straws usually have a di-
ameter of 5-8 mm and a length of 400—800 mm and are
made of thin (30-100 um) mylar covered with a layer of
conducting material. The anode wire is located at the center.
Each such counter has its own voltage source and gas sys-
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FIG. 3. Example of wire arrangement in the dense filling of a cylindrical
space with drift cells. 7—signal wires; 2—field-forming wires.
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FIG. 4. Example of filling of a cylindrical space with discrete counters.
1—signal (anode) wire; 2—cathode.

tem, so that there is little cross-talk and damage to one
counter has no effect on the operation of the detector as a
whole.

Attempts have been made to design structures which are
nearly cylindrical, by winding wires on support elements lo-
cated along the axis of a cylinder. In the chambers of the
DMI detector'’ the wires are supported by fiberglass threads.
The construction of the Z chamber of the H1 detector (Ref.
18) is shown in Fig. 5.

The main problem solved by chambers of this type is
that of obtaining coordinate information along the chamber
axis. In return for the relative simplicity of obtaining the z
coordinate in chambers of this type, one has to deal with the
appearance of dead zones where the wires are soldered or
zones of lowered sensitivity at the points where the anode
wires are in contact with the supporting elements, and also
the injection of additional matter into the sensitive zone of
the chamber.

The use of flat microstrip semiconductor detectors and
charge-coupling devices for creating detector systems with
cylindrical geometry has been studied in the reviews of Refs.
19 and 20. Of interest to us are microstrip gas detectors
(MGDs) (Refs. 21 and 22). The structure of such a detector
is shown in Fig. 6. The base of the detector is a substrate of
insulating material with conducting strips attached to it. The
front cathode of aluminumized mylar is located at a distance
of 3—5 mm from the substrate, and the gap is filled with a
gas mixture of the type used in proportional chambers. Po-
tentials at the field-forming electrodes (positions 2, 3, and 4
in Fig. 6) ensure a gas multiplication of ~10* at the anode

FIG. 5. Construction of a pseudo-cylindrical chamber with supports.
1—signal wire; 2—field-forming wires; 3—supporting element; 4—points
where wires are soldered.
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FIG. 6. Transverse cross section through a microstrip gas-discharge detec-
tor. I—anode strips; 2—blocking (grounded) cathode strips; 3—front (drift)
cathode made of aluminumized mylar; 4—rear cathode; 5—substrate.

strips. The load characteristics of MGDs are better than those
of ordinary gas-discharge detectors, and their spatial resolu-
tion is better than that of microstrip semiconductor detectors.
They have the highest sensitivity.?

The construction of MGDs using thin (Kapton, Tedlar of
thickness ~100 um) flexible films as the substrate®* natu-
rally led to the creation of MGDs with cylindrical geometry.
This is a very promising development, but so far the first
chamber of this type? has a diameter of 20 mm and a length
of 80 mm for a “thickness” of 10> radiation lengths.

2. CYLINDRICAL MULTIWIRE PROPORTIONAL
CHAMBERS OF CLASSICAL CONSTRUCTION

2.1. Operating principles

The classical cylindrical multiwire proportional chamber
(CMPC) is shown in Fig. 7. The anode wires are located
along the cylinder axis between two coaxial cylindrical cath-
odes. The cathodes are made of wire or in the form of solid
cylinders. The chambers are filled with a gas mixture based
on a gas in which electron capture is absent (usually argon)
plus various additions with quenching properties and which
prevent secondary electron emission from the cathodes (car-
bon dioxide, isobutane, methane, and so on).

{A View A
of st 7 L
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FIG. 7. Schematic depiction of a cylindrical multiwire proportional cham-
ber. (a) Version with wire cathodes; (b) version with solid cathodes. R, is the
radius of the anode layer of wires; R, and R, are the radii of the inner and
outer cathodes; H is the chamber height; L and L, are the anode—cathode
distance; S is the spacing of the anode wires; ry, is the radius of the anode
wires.

N. P. Kravchuk 528



The equipotentials of the electric field near a thin anode
wire have the shape of cylinders with the wire itself as the
axis. As for a cylindrical counter," the electric field strength
E near the anode wires is

E=2q/ry,

where q is the charge per unit length of the wire and r is the
wire radius.

The electrons produced in the gas of the chamber after
the passage of a particle drift in the electric field to the an-
ode. Near the anode they move in a region with constantly
increasing electric field strength. At some distance the elec-
trons begin to undergo inelastic collisions, forming electron
cascades. The gas multiplication factor can be written as*®

A=expy2aN F(ro) Vo[ VVo/V —1],

where V), is the potential of the applied external field, V' is
the threshold potential at which inelastic collisions begin to
occur near the surface of the wire; r is the radius of the
anode wire; N is the concentration of atoms of the gas in
cm'; a is the rate of growth of the ionization cross section
as a function of energy, and

F(ro)=[(wL/S)—In(27ry/S)]" "2,

where L=L =L, is the distance between the cathodes and
the anode, and S is the distance between the anode wires.

To produce a cascade giving a gas multiplication factor
of ~10° an electron must travel a distance of 10-20 mean
free paths (~20 um for the gases used). The gas multiplica-
tion occurs in a small region near the anode wires, and in the
rest of the space the electrons simply drift to the anode. The
time for this drift determines the time characteristics of the
chamber. In the gases ordinarily used for proportional cham-
bers the electron drift velocity is 0.03—0.1 mm/nsec (at nor-
mal pressure). In the case of tracks passing between anode
wires (S=2 mm) the resolution time of the chamber is ~20
nsec.

The spatial resolution of proportional chambers with in-
formation readout from each anode wire is mainly deter-
mined by the distance between wires S. The accuracy of
determining the coordinates of a particle crossing the cham-
ber perpendicular to the electrodes is ~S/3. This corre-
sponds to the standard deviation of a rectangular distribution
with width S and has been confirmed in studies using several
proportional chambers with reconstruction of a straight track
using three chambers.

The distribution of the potentials, fields, and charges in
the CMPC for Ry>R,— R, is analogous to the correspond-
ing distributions in a planar chamber. In the case of chambers
with L,=L,=L>8%>r, the real part of the potential V is

(Ref. 27)
V=q[(%) —In| 4 sinz(%)+4 sh2(%)” ,

where

1= [aLiS—In(27re/S)]
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If an operating potential of ~3.6 kV is supplied to a
chamber with L=6 mm, S=2 mm, and r;=0.01 mm, the
electric field strength near the anode wires is ~4X10° V/cm,
and the unit capacitance of the anode wire relative to the
high-voltage electrodes is 4 pF/m. The actual shape of the
signal is determined by the total capacitance of the channel
relative to ground (20—-100 pF), and the largest contribution
to this quantity comes from the connecting cable and the
input capacitance of the preamplifier.

For a gas multiplication factor of ~10° the height of the
pulses from the anode wires (the load for R=1 k{} and
C=15 pF) is several millivolts. A signal of opposite sign but
smaller amplitude is induced simultaneously at the cathode
surfaces. The signal from the cathodes can be increased by
decreasing the anode—cathode gap. For a gap of less than 2
mm the detection efficiency decreases owing to an insuffi-
cient number of primary electrons produced (in the gases
commonly used). The detection efficiency is defined at

n=1—e",
where n is the primary unit ionization for the gas which is
used and [ is the distance from which the electrons are col-
lected.

It should be noted that the use of gases with larger pri-
mary ionization and decrease of the anode—cathode gap al-
lows improvement of the time characteristics of the chamber,
but does not improve the chamber “transparency,” since
such gases have higher density and atomic number Z.

The geometrical parameters of the chamber and espe-
cially the variations in them unavoidable in real chambers
strongly affect the chamber operation. The greatest effect on
the magnitude of the signal from the chamber comes from
nonuniformity in the spacing of the anode wires. A variation
of AS=0.1 mm induces a change of the charge at the adja-
cent wires of Aq/q=8%. A shift of the anode wire toward
the cathode has a much smaller effect. Such a radial shift of
a wire by 0.1 mm includes a change of the charge at it of
Ag/g<0.2%.

These and several other aspects of the operation of
multiwire proportional chambers have been studied in more
detail in Refs. 1, 2, 28, and 29.

2.2. Special features of the cylindrical geometry

As shown above, the CMPC does not fundamentally dif-
fer from ordinary planar multiwire proportional chambers.
The cylindrical geometry affects only the shaping of the
electric field around the anode wire.

The efficient, stable operation of multiwire proportional
chambers, both planar and cylindrical, greatly depends on
the stability of the wires under the action of electrostatic and
gravitational forces, on the accuracy of the spatial location of
the electrodes in the chamber, and so on. For planar cham-
bers these problems have been discussed in detail in the lit-
erature (Refs. 30—33). In cylindrical chambers it is only the
electrostatic forces which have a special effect on the stabil-
ity of the wires. Stable placement of the anode wire ensures
that the condition that the surface charge density of the anode
wire is the same for any cross section along its diameter is
satisfied.
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FIG. 8. Needed asymmetry in the placement of the electrodes of a cylindri-
cal chamber to ensure stable positioning of the anode wires as a function of
the chamber radius R and the anode—cathode distance L for V,=V,.

To satisfy this condition in planar chambers it is suffi-
cient to arrange the cathodes symmetrically relative to the
anodes (for identical cathode potentials). In cylindrical
chambers additional conditions must be met for stability of
the anode wires.

To illustrate the appearance of radial instability of the
anode wires, let us consider a simplified model of a chamber:
a double cylindrical coaxial condenser on the middle cylin-
der of which are cuts along the cylinder axis. The potential
difference between the cylinders is

V1=—2% In(R,/Ry), — VZ:ZZrzs
where Ry, R, and R, are the cylinder radii (R;<R,<R));
V, and V, are the potential differences between the cylinders
with R;, R,, and R); q, and g, are the surface charges per
unit length of the cylinder; € is the permittivity of the me-
dium.

To ensure stability of the middle cylinder it is necessary
to satisfy the condition

Vi V,
or In(R,/Ry) In(R,/Rg)"

Let V,=V,. Then stability of the middle cylinder is pos-
sible only when

RﬁzR] 'Rz.

In(R,/Ry) ,

91=492,

The same result was obtained in Refs. 34 and 35 in an
analysis of the electrostatic forces acting on the wire anode
of a cylidrical chamber.

Let us introduce the quantity AL characterizing the
asymmetry of the chamber necessary to obtain stable posi-
tioning of the anode wires:

AL=(R;+R,)/2—R‘R,.

The dependence of AL on R=(R;+R,)/2 is shown in
Fig. 8.

We see that for a chamber with R>250 mm the correc-
tion AL is smaller than the actual accuracy with which indi-
vidual details of the chamber are constructed and so one
usually takes L, =L,.

The condition of stability of the anode wires in a cylin-
drical chamber (g,=g¢,) can also be met by changing the
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FIG. 9. Ratio of the voltages at the inner (V) and outer (V,) cathodes
needed to ensure stability of the anode wires as a function of the chamber
radius R and the anode—cathode distance L for L, =L,=L.

potential at one of the cathodes keeping the distance between
the electrodes fixed, L=R,—Ry=Ry,—R,;, when
R?>#+R,-R,:

V. _In[Ry/(Ry—L)]
P2 In[(Rg+L)/Ry]"

The potential ratio V,/V, as a function of the chamber
radius for different L is shown in Fig. 9. We see from this
figure that for chambers with typical values of the parameters
and radius greater than 50 mm, for AL =0 stability of the
anode wires is ensured for V/V,=<1.05. Taking into ac-
count the operating potentials of the chambers, this corre-
sponds to a potential difference between the inner and outer
cathodes of <100 V.

Therefore, in practice there are two methods of compen-
sating for the instability of the anode wires associated with
cylindrical geometry: variation of the geometrical parameters
(the anode—cathode gaps L, and L) or variation of the cath-
ode potentials (V, and V).

2.3. Information readout

The most basic and simple method of determining the
event coordinates when using planar multiwire chambers is
by arranging two layers of wires at some relative angle and
determining the event coordinates from the numbers of the
wires that are triggered. In the CMPC the possibilities of
spatial orientation of the wires are limited. Freely strung
wires in a cylindrical chamber can run only along the cylin-
der axis (or at a small angle to it in hyperbolic chambers). In
the CMPC the two event coordinates are determined by the
chamber radius and the number of the triggered wire. The
event coordinate along the chamber axis (z) can be deter-
mined in several ways:

1. From the induced signals on a cathode split up into
separate zones;>®>’

2. From comparison of the signals from two layers of
wires arranged at different angles;38’39

3. From analysis of the arrival time of induced signals at
the ends of special delay lines placed parallel to the anode
wires; 404!
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FIG. 10. Hlustration of the principle of determining the coordinate along the
chamber axis (z).

inner cathode

4. From analysis of the ratio of the signals arriving at
the ends of an anode wire possessing large resistence.*>*

The first method of determining the z coordinate from
the signals induced at the helical conducting strips into
which the cathodes are divided is used most often in the
CMPC. The principle of determining the z coordinate is seen
from Fig. 10, where for clarity the cylindrical cathodes with
strips are shown unwound.

The track coordinates (the z coordinate and the azi-
muthal coordinate) are determined using the known slope
angles of the strips and the other parameters. The accuracy of
determining the coordinate in this way depends on the dis-
tance between the strips S, the angle of slope of the strips
relative to the cylinder axis «, the accuracy of the geometri-
cal placement of the strips, and the method of processing the
signals from the strips. The latter is crucial.

For discrete information readout, for example, using the
number of the strip with the maximum signal height, the z
coordinate is determined with accuracy

0,=5/12"2.sin a.

Decrease of the spacing S leads to an increase of the
needed number of electronics channels. The increase of the
angle « is limited by the condition of uniqueness in deter-
mining the z coordinate: the strip must make less than one
turn on the cylinder.

When the z coordinate is measured using the center of
gravity of the amplitude of the signal induced at the cathode
strips the accuracy is mainly determined by the quality of the
electronics: the accuracy of the pulse height—code transform-
ers. When a sufficiently large signal is induced on 3-5 strips
(strip spacing approximately equal to the anode—cathode dis-
tance) the accuracy which can be attained is <40 um (Ref.
44).

Variants in which the strips are arranged perpendicular to
the cylinder axis (@=90°) or where the cathodes are divided
into pads can be used to obtain rapid information about the z
coordinate (for discrete signal readout). However, these are
rarely used owing to difficulties with information readout
from strips or pads. In these cases the contacts are located on
the surface of the cathode cylinders in the working zone of
the chamber, rather than on the flanges, as in the case of
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FIG. 11. Sketch of a hyperbolic chamber. /—printed circuit board for sol-
dering the anode wires; 2—band for soldering the cathode wires; 3—flange;
4—anode; 5—outer cathode; 6—inner cathode.

slanted strips. In addition, the variant with pads requires a
large number of electronics channels to obtain comparable
accuracy.

The second method of determining the z coordinate is
used in cylindrical chambers whose wires are wound on a
supporting cylinder’® and in hyperbolic chambers.***’ In this
case discrete information from the anode wires is used, and
the coordinate accuracy, like in the variant with cathode
strips, is determined by the slope angle of the wires and the
distance between them.

In a hyperbolic multiwire proportional chamber® (Fig.
11) the wires are stretched at an angle to the axis and their
envelopes form coaxially positioned, hyperbolic surfaces of
electrodes (unipolar hyperboloids of rotation). The use of
such a chamber in conjunction with a cylindrical or hyper-
bolic chamber (having a different angle of slope of the anode
wires) makes it possible to obtain complete information
about the event coordinates from the numbers of the trig-
gered anode wires. It is possible to manage without one hy-
perbolic chamber by working with induced signals from in-
dividual cathode wires positioned at a different angle relative
to the inner and outer cathodes.

The main advantage of a hyperbolic chamber is the pos-
sibility of measuring the z coordinate for a small amount of
matter in the working zone. Among its defects are the low
accuracy of determining the z coordinate owing to the small
slope angle of the wires. The slope angle can be increased by
decreasing the diameter of the chamber at half-height and
accordingly increasing the space occupied by the chamber,
especially for chambers with small (compared to the height)
diameter.

The third method of obtaining the z coordinate is to place
a delay line next to the cathode, or to connect the cathode
itself to a delay line. The signal induced on the delay line
propagates to its two ends with known velocity. The coordi-
nate of the electron cascade at the anode wire is determined
from the difference between the arrival times of the signal at
the wire and at the end of the delay line.

The spatial resolution can be improved by using longer
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delays, but this means using a larger amount of matter and so
the ““transparency” of the chamber is worsened.

The fourth method of obtaining the z coordinate, the
current-splitting method, is based on measurement of the
currents at the two ends of the anode wire. The currents are
split according to the resistances of the wire segments in
either side of the point where the electron cascade develops.
The measurement error is decreased by using anode wires
made of materials with high resistance. The accuracy of mea-
suring the z coordinate in this way is usually not very high:
Az/z~1%.

The last two methods of obtaining the second coordinate
do not have any special features associated with the cylindri-
cal geometry of the chamber, and so we have not considered
them in much detail.

2.4. Technical difficulties in the design and use of
CMPCs

The complexity of creating any surface of second order,
including a cylindrical one, compared to a flat surface is
obvious. It is important to stress the basic problems which
arise in “curving” a planar chamber to make it fully cylin-
drical:

There are no flanges along one direction, and so there is
no support (unless an auxiliary one is introduced) for attach-
ing and holding under tension the wires or films in this di-
rection. There are fewer possible arrangements of contact
connectors, electronics, etc.

The construction of cylindrical chambers is considerably
more complicated than that of planar ones. The uniform ele-
ments (anode and cathode electrodes, shielding windows,
etc.) of planar chambers can be built independently of each
other and then connected to form chambers or blocks of
chambers. The elements of a cylindrical chamber are not
uniform in some parameters such as the diameter, and the
construction of such a chamber is similar to the step-by-step
assembly of a “matryoshka,” a nested set of dolls.

The construction of separable cylindrical chambers in-
volves great difficulties. It can become necessary to disas-
semble the chamber when, for example, repair is needed af-
ter breakage of one of the anode wires. The probability of
such a breakage is significant because the number of wires in
such a chamber ranges from a hundred to several thousand
and their diameters are 15-25 pum.

In the case of a planar chamber there are several ways to
extract an inner plane from the stack. The assembly and dis-
assembly of coaxially arranged cylinders is possible only
along the common axis of the cylinder. The situation is com-
plicated by the fact that some of the elements in cylindrical
multiwire chambers by themselves have an unstable state.
For example, an anode electrode extracted from a planar
chamber is a rigid frame strung with wires. The anode elec-
trode of a cylindrical chamber is composed of two rings con-
nected by thin wires, and it is difficult for it to exist indepen-
dently, without some support.

The wires of an anode electrode of a cylindrical chamber
are usually attached to the flanges of the inner cathode held
by the supporting cylinder. If the outer cathode does not have
its own supporting cylinder, the chamber is not separable,
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since the number of independent parts into which the cham-
ber can be divided is equal to the number of supporting
elements in it. It has proved possible in practice to construct
only semi-separable CMPCs which can be divided into two
parts: the inner cathode with the anode and the outer cathode.

Difficulties in constructing CMPCs containing a small
amount of matter. In the case of planar chambers the sup-
porting flanges are located along the periphery of the work-
ing zone of the chamber, and the problem of ““transparency”
does not arise. In the case of a cylindrical chamber the tracks
of the recorded particles usually start at the common axis and
intersect the supporting cylinders to which the flanges of the
chamber are attached. The ‘“transparency” of a cylindrical
chamber can be improved by decreasing the amount of mat-
ter in the supporting cylinders or by introducing auxiliary
supporting elements. Cylindrical chambers are often used in
assemblies of several coaxially arranged chambers, and the
supporting element in such assemblies must be extended be-
yond the dimensions of the outside of the chamber. An ex-
ample of such a construction used in the ARES spectrometer
will be considered below.

The difficulties in assembling and disassembling a single
CMPC and connecting its elements together also arise in the
case of a set of several coaxially arranged cylindrical cham-
bers, but at a larger scale.

Another special feature of CMPCs is that they are usu-
ally located in the restricted working space of a magnet and
this space must be utilized as efficiently as possible. There-
fore, the elements of which the chamber is constructed must
be as small as possible.

2.5. Some of the special requirements on CMPCs

We shall not dwell on such common requirements im-
posed on coordinate detectors as accuracy of coordinate mea-
surement, good time characteristics, high efficiency, and re-
liability. We only stress the great importance of the last
requirement for cylindrical chambers in particular. High re-
liability is the necessary condition for using chambers in a
complex setup, when replacement of the chamber involves a
great deal of time and data-collection sessions are of long
duration.

The difficulty of building a CMPC containing a small
amount of matter was mentioned above. The importance of
satisfying this condition should be noted.

The accuracy of the spatial reconstruction of an event,
the ability to detect particles of low energy, the accuracy of
measuring the momentum of a charged particle from its tra-
jectory in a magnetic field, and the minimum value that can
be measured are all directly related to the chamber ““trans-
parency,” i.e., to the energy losses of particles in the material
of the chamber and to their multiple scattering.

For singly charged particles of energy in the range 10—
150 MeV the energy losses are the sum of the losses to
ionization and excitation of nuclei and to bremsstrahlung.
The energy losses to ionization and excitation of nuclei
amount to (1.5-3) MeV-cm?%g and depend little on the
atomic number Z of the material of the medium or on the
particle energy. The energy losses to bremsstrahlung (radia-
tion losses) can be determined from the expression46
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(dE/dx)mq EZ
(dE/dx),, 800’

where E is the particle kinetic energy in MeV.

Therefore, the change of radius of the trajectory of
charged particles in a magnetic field due to energy losses can
be taken into account if the characteristics of the particles
and the medium are known. An additional uncertainty arises
owing to the impossibility of precisely determining the tra-
jectory of a particle in an inhomogeneous medium. The large
number of layers of wires with spacing ~2 mm makes the
probability of hitting a wire rather high, and the total energy
loss of an electron (E,=50 MeV) in passing through the
center of a wire (tungsten, ®=0.02 mm or bronze, ®=0.1
mm) is ~0.5 MeV.

Analogous difficulties arise when taking into account
particle multiple scattering, which is random in nature. A
charged particle passing through a layer of matter undergoes
multiple Coulomb scatterings at small angles. A measure of
the scattering is the rms scattering angle 6 (Ref. 47):

t

(7] o K(j,q,t).

In this expression the particle is characterized by its
charge g, its momentum p, and its relative velocity j, and the
medium is characterized by its radiation length ¢. The quan-
tity K(j,q,t), the so-called scattering constant, is a weak,
nearly logarithmic function of these parameters. For a quali-
tative analysis of the dependence of the scattering of singly
charged particles on the parameters characterizing the par-
ticle and the medium, the expression for the scattering angle
can be written as

1/2
200"
pJ
where [ is the length of the trajectory, p is the density of the
medium, and the other notation is as above.

To reconstruct the complete picture of events involving
gamma quanta it is necessary to detect the gamma quanta.
They are not detected directly by a proportional chamber, but
they can be recorded using the ionization effect generated by
secondary charged particles. Gamma quanta passing through
a medium can be absorbed by the atoms of the medium (the
photoeffect), they can undergo scattering on the atomic elec-
trons (Compton scattering), and they can undergo conversion
into electron—positron pairs in the electric field of a nucleus.
For low gamma energies the dominant mechanism for inter-
action with matter is the photoeffect. At intermediate ener-
gies the Compton effect dominates. At gamma energies of
E = 2m,c*=1.022 MeV electron—positron pair production
becomes possible, and at higher gamma energies this is the
dominant mechanism for their interaction with matter. The
total cross section for these processes is

o=0ptocto,,

where oy, ~Z SIE Z/ 2 is the photoeffect cross section,
oc~Z/E, is the cross section for the Compton effect, and
Up~Z2 In2E is the cross section for pair production.
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Gamma quanta are usually detected from the production
of a conversion electron—positron pair or in a total-
absorption calorimeter. In the first method proportional
chambers are located behind the gamma converter and record
the electron—positron pairs created in the converter. In the
second, proportional chambers are located in front of the
calorimeter recording gamma quanta. In both of these meth-
ods it is necessary to decrease the probability for the gamma
quantum to interact with the material in the proportional
chamber, since each interaction leads either to the complete
disappearance of the quantum or to a significant change in
the direction of its motion, and an electron—positron pair or a
fast electron can appear. This all complicates the identifica-
tion of the primary process.

It is clear from the above discussion that it is important
to try to decrease the amount of matter in the working vol-
ume of the detectors and to use materials with low atomic
number Z.

3. EXAMPLES OF THE USE OF CMPCs

Cylindrical proportional chambers have such attractive
advantages that all the difficulties discussed above related to
the cylindrical geometry do not stop them from being used in
experiments. From the time the first CMPCs were con-
structed (Refs. 38, 48—50) to the present, they have formed
an important part of many detectors. As an illustration, in
Table I we list a number of detectors in which two or more
CMPCs are used and give some of the parameters of these
chambers.

Let us discuss some of the experiments in which CMPCs
are used in more detail (Table II). These experiments are
carried out to test the fundamental laws of physics and to
study the most fundamental properties of particles. The dif-
ferent stages of realization of the projects—from completed
to planned for the future—attest to the seriousness of this
methodological approach to solving the problems in ques-
tion.

A common feature of all these experiments is that the
probabilities for the processes studied or sought are ex-
tremely low (from W~10"% to <107'?), so they are carried
out in beams of high intensity using wide-aperature devices
with high spatial and temporal resolution. The detected par-
ticles have relatively low energy (<150 MeV), and in the
same energy range there are pion and muon decay products,
which give the dominant contribution to the background seen
in the detectors. As mentioned above in Sec. 2.5, for record-
ing and reconstructing the trajectory of an electron or posi-
tron at such energies it is important to use detectors contain-
ing a small amount of matter in the working volume, and this
matter should have small atomic number.

3.1. The ARES spectrometer (JINR)

Search for the decay u*—e*e*e™ (Ref. 63). Experi-
ments to seek decays of the type " —etete ™, uT—e’y,
and the conversions u~ —e™ and (ute”)—(u"e') are
one of the most important areas of research in weak-
interaction physics. These processes are forbidden in the
standard model of the electroweak interaction owing to con-
servation of muon number, which distinguishes muons from
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TABLE 1. Examples of the use of cylindrical multiwire proportional chambers in detectors.

(Useful) chamber dimensions (mm)  Number of singal wires ~ Amount of matter in the chamber Reference

Detector, Number

laboratory of chambers length radius (mg/cmz) (rl)X 1073
ASTERIX,0ORSAY 2 960-1070 700-870 3608 3.2-5.0 [51]
CLEO,CLNS 3 790 108-154 720 500/3* 25/3 [52]
Exp.E68,KEK 4 684 120-215 1060 160 [53]
LASS,SLAC 6 1000-870 60-490 3882 110 [54]
NA-1,LNF 4 500 30-120 900 48 [55]
UA-2,0RSAY 5 800-1800 100-355 2688 a 2.3-2.6 [56]
L3,LEP 2 1068 468-490 2430 20/2 [57]
CMD-1,BINP 2 800 306-324 1408 o 24/2 [58]
H-1,DESY (PSI) 2 2190 157-166 960 102.4 1.4 [59]
SINDRUM,PSI 5 360-800 64-320 2890 31-64 0.8-1.8 [60]
SIGMA-AYAKS,JINR 4 760 64-223 512 375 [61]
ARES,JINR 18** 360-600 64-520 14016 38/2-180 1.6/2-4.6 [62]

*Indivisible blocks of 3 (2) chambers.

**12 of the 18 chambers have the minimum amount of matter (19 mg,/(:m2 per chamber).

electrons and muon neutrinos from electron neutrinos. Some
of the theories which have been proposed allow the existence
of massive neutrinos, horizontal gauge bosons, preons, or
supersymmetric particles, and in them such processes with
muon-number violation can occur.

The progress in experimental research in this area has
made it possible to judge the correctness of the various theo-
retical approaches and to contribute to the solution of funda-
mental problems in modern physics.

Experiments to seek the decay u*—e'e’e” have si-
multaneously collected statistics for studying the weak elec-
tromagnetic decay of the pion w"—ev,e e (Ref. 64),
which allows study of the pion structure, determination of
the electromagnetic radius of the pion, and verification of the
CVC and PCAC hypotheses. These muon decays are conve-
nient experimentally because they can be efficiently detected
and identified from the three charged particles in the final
state. An experiment has been carried out at the Laboratory
for Nuclear Problems of the JINR in the muon channel of the
synchrocyclotron using the magnetic spectrometer ARES
(from the Russian for Rare Event Analyzer; Ref. 64).

The general design of the ARES magnetic spectrometer
is shown in Fig. 12. The spectrometer consists of a detecting
part incorporating CMPCs, scintillation counters, a converter
and a target; a magnet producing a uniform magnetic field in

the detecting part; a system for triggering the detector; a
system for information readout and processing.

The main coordinate detectors of the ARES spectrometer
are 18 coaxially arranged CMPCs with a small amount of
matter in the working volume.®*®® Two types of chambers
are used: ones which record only the azimuthal coordinate,
and two-coordinate ones which record the azimuthal and
axial (z) coordinates. The parameters of the CMPCs of the
ARES spectrometer are given in Table III. The curly brackets
label blocks of two chambers operating as a single one and
having a common gas-filled volume. The number of anode
wires in the chambers is a multiple of 32 in order to unify the
electronics systems. The spacing of the cathode wires in all
the chambers (with cathodes of type II) is 2 mm.

The cathodes of the two-coordinate chambers (type I)
are made from solid lavsan cylinders and have helical alumi-
num strips. In Table Il we give the number of strips and
their slope relative to the cylinder axis. The strips are twisted
on the inner and outer cathodes in opposite directions. Pro-
cessing of the signals induced on the strips gives complete
information about the axial and azimuthal coordinates of the
particle track. CMPC 1 has an additional third layer of cath-
ode strips on the outer cathode, and the information from
these can be used to resolve ambiguities in determining the

TABLE II.
Attained Energy
Detector Intensity (projected) Detected  per particle
(institute) Process (stoppings/sec.) result particles (MeV)
ARES ut—etete” 6-10° w<10"" (1990) et e” < 53
(JINR) 7t —etete v 6-10° w<9.17" e*,e” < 70
8 events (1990)

mtp—eten 10°-10° (1994-1995) et e” <140
SINDRUM-1 u*e —p e’ 10’ W<5-10"" (1993) e (e) < 53
(PSD) w<10""'" (1994)
Crystal- mt—alety 5-10° w~10"% et < 4
sphere improve accuracy from 4%
(PSD) to 0.2% (1994-1995)
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FIG. 12. General view of the ARES spectrometer. I—target; 2—CMPCs 1
through 18; 3—scintillation counters; 4—light guides; 5—photomultipliers;
6—CMPC electronics; 7—magnet windings; 8—magnet yoke; 9—magnet
pole.

coordinate along the chamber axis when recording events
with two or more tracks.

There are two classes of chamber according to construc-
tion type: self-supporting and extendable. The last column in
Table III contains information about the total amount of mat-
ter in the chambers. We see that in the self-supporting cham-
bers (1, 2-3, 4, 9, and 13) most of this quantity comes from
the supporting cylinders.

High transparency of the detecting region of the spec-
trometer has been obtained by using mostly (12 out of 18)
chambers of the extendable type. The construction of a block
made from two extendable chambers (CMPCs 6—7) is shown
schematically in Fig. 13. Initially the circular flanges (1) are
attached to an internal supporting element (2) in the shape of
a cylinder. Wires are stretched between the flanges over the
cylindrical form. The wires located at the same diameter
form the chamber electrodes (3, 4). At the time the chamber
is installed in the operating site the flanges are attached to the
structural elements of the common box enclosing the detect-
ing part, and the internal supporting element is removed
while maintaining the tension of the wires by the external
covering of the box. Only the electrode wires, the working
gas, and the lavsan films (5) bounding the gas-filled volume
remain inside the detecting region.

This technology has been used to build cylindrical cham-
bers with a record-setting minimum amount of matter in the
working volume. In Table IV we give the composition and
amount of matter in the block of two extendable chambers
(CMPCs 6-7) shown in Fig. 13.

We see that the largest contribution comes from the pro-
tective lavsan windows. The total amount of matter in cham-
bers built with this technology can easily be reduced to 5.5
mg/cm? per chamber, a value comparable to the contribution
from the working mixture of gases. For this it is necessary to
decrease the thickness of the lavsan windows to 0.02 mm
and to make the cathodes from wire with ®=0.05 mm and a
spacing of 1 mm (Ref. 67).

In all the extendable chambers the spectrometer deter-
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mines only the azimuthal event coordinate according to the
number of the triggered wire.”

Self-supporting two-coordinate chambers have been
built. The flanges of such chambers are connected to a thin-
walled supporting cylinder, which supports the anode wires
under tension. The cathodes are made in the form of solid
lavsan cylinders, on the inner surfaces of which are helical
conducting strips (Al). The inner cathode is combined with
the supporting cylinder, and the outer cathode serves simul-
taneously as a cover keeping the gas inside. The required
accuracy and stability of the cathode and supporting cylin-
ders is ensured by gluing them from several layers of lavsan
film cut from a particular pattern.

The chambers operate using a mixture of gases: 82.6%
argon (Ar), 17% isobutane (i-C4H,,), and 0.4% freon
(CBrF;) at atmospheric pressure with continuous flushing.

The operating potential of the chambers of the ARES
spectrometer lies in the range 1.8—3.6 kV. The large spread is
due to different anode—cathode gaps, different spacing be-
tween anode wires, and different types of cathodes in the
chambers. In all the chambers a high negative potential is
supplied to the cathode electrodes, and the anode wires are
grounded through a resistance (1 k1) which is also used for
signal readout.

Two-coordinate chambers have been built with two dif-
ferent cathode constructions and schemes for high-voltage
supply and information readout. In one case the high voltage
is fed to the cathode strips located on the inner side of the
lavsan cathode cylinders. The signals induced at the cathode
strips are read out through high-voltage blocking capacitors
(500 pF) located on the flanges of the chamber.

In part of the chamber the high-voltage cathode elec-
trode is completely isolated from the cathode strips and, con-
sequently, from the readout electronics. The cathodes in such
chambers are made in the form of lavsan cylinders with their
outer surface coated with a weakly conducting compound
based on carbon (~100 k{)/area). This resistance ensures
that a uniform potential can be established at the cathode for
high loads (103/sec-cm2) and at the same time ensures suffi-
cient amplitude of the signal induced at the conducting strips
located on the outer side of the lavsan cylinder.

In the experiment we have described the average inten-
sity of pion stoppings with subsequent decay 7" —u* v and
muon stoppings in the target was 5.8X10° sec”!. During a
clean run, 1.15X10'? muons decayed in the target. This made
it possible to estimate the relative probability for the decay
ut—etete as <3.6x10 " and to find 8 events of the
rare decay 7' —etete v.

Only 10 chambers of the charged-particle detector of the
spectrometer were used in the experiment. The gamma-
quantum detector, which included the converter and the
chambers located behind it (CMPCs 13-18), was replaced
by an absorber in order to decrease the undesired back-
ground. In Fig. 14 we show one of these background events.

The proportional chambers and methods of information
processing that were used ensured a spatial resolution of ~1
mm. The use of improved processing techniques®® made it
possible to raise the accuracy by a factor of 1.5. The total
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recording efficiency of the chamber—readout electronics
channel was 97% on the average.

The advantages and possibilities of cylindrical geometry
and proportional multiwire chambers which are used exten-
sively in the ARES spectrometer are the following:

*The total solid angle for detection is ~0.7-47r steradi-
ans, with uniformly good transparency over the entire angle.

*The sensitive region of the detecting part (of diameter
1050 mm) occupies practically the entire working cavity of
the magnet, which is cylindrically shaped with a diameter of
1090 mm.

*The CMPCs, being rather fast detectors, were incorpo-
rated into the spectrometer triggering system, and the azi-
muthal symmetry allowed convenient organization of fast
trigger logic based on majority coincidence schemes.®’

*It is the azimuthal symmetry which made it possible to
design a simple and flexible algorithm for fast information
filtering, making it possible to find events with a given num-
ber of tracks of a certain curvature.”

*The detection system of the spectrometer has threshold
characteristics in the momentum. Charged particles in a uni-
form magnetic field move along helical paths with radius of
curvature.

r=P-sin 6/300-H-Z,

where P is the particle momentum in eV/c, Z is the particle
charge in units of the electron charge, H is the magnetic field
strength in Oe, r is the radius of the helix in cm, and @ is the
angle between the vectors H and P.

All singly charged particles coming from a point target
located on the spectrometer axis are completely turned
around and are not detected in a chamber with radius r, if
their momentum P,<300Hr,. In the ARES spectrometer
this is used to create a “magnetic shield” for a gamma-
quantum detector.”’

Inverse pion electroproduction. There are plans to per-
form an experiment to study inverse pion electroproduction
on the nucleon w*p—e* e~ n using the ARES spectrometer

FIG. 13. Cross section of an extendable CMPC (chamber shown on
drawing; the axis of rotation runs horizontally, at the bottom). I—rings
forming the flanges of the chamber; 2—spacing element; 3—cathode
wires; 4—anode wires; 5—shielding and covering envelope;
6—protective ring; 7—site to which the cathode wires are soldered;
8—circuit board for soldering the anode wires.

in 19941995 (Ref. 72). The experiment is to be performed
in the meson channel of the synchrocyclotron of the Labora-
tory for Nuclear Problems of the JINR at a pion kinetic en-
ergy of 50 MeV. Experimental data on this process are com-
pletely absent in this energy range, and inverse pion
electroproduction on the nucleon is the only source of infor-
mation about the nucleon form factors in the “near-
threshold” region of timelike momenta.

The energy and emission angle of the e ™ and e~ will be
recorded by the charged-particle detector (CMPCs 1-12) of
the ARES magnetic spectrometer. Changes have been made
only in the construction of the block containing CMPCs 2-3,
where chamber 2 was replaced by a two-coordinate one. It
has been suggested that a hodoscope of neutron counters be
placed at the site of the gamma detector (the converter and
CMPCs 13-18).

The possibility of studying the rare decay
nt—utete v . using the ARES spectrometer is being dis-
cussed. The theoretical estimates of the probability for this
decay (~107°) disagree by about an order of magnitude. In
Ref. 73 it was shown that detection of (1—5)X10? events at
a rate of 5X10° sec™! is feasible. At present there are indi-
cations that a single event has been observed.

3.2. The spectrometer SINDRUM 1 (PSI)

Searches for muonium—antimuonium transitions (Refs.
74 and 75). Muonium—antimuonium  transitions
(n*e"—ue’) are forbidden in the standard model of
electroweak interactions by the law of muon-number conser-
vation. The importance of carrying out such experiments has
been mentioned above in Sec. 3.1. The experiment we shall
describe aims to measure the probability of the muonium—
antimuonium transition at a level ~10"'!, which is about
four orders of magnitude better than that available at present.

The principle of detection of this transition is shown in
Fig. 15. The presence of initial muonium atoms is estab-
lished by the simultaneous detection of an energetic positron

TABLE IV. Data on the matter in a block of two extendable chambers of the ARES spectrometer.

Number of pieces Thickness Atomic | Amount of matter
Material (wT) (mm) number Z mg/cm?
Shielding windows lavsan 2 0.1 ~7 2X13.9
Cathode BrB, 3 ®=0.1 (spacing 2) ~29 3X3.3
Anode W(Re) gold-plated 2 $=0.02 (spacing 2) | ~74 2X0.3
Combined for both chambers: 38.3
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FIG. 14. Example of an event reconstruction. (The figure shows auxiliary
information, the result of processing the event at various stages of the fil-
tering.) (a) Event in the R—¢ plane. The initial information for the trigger is
the firing of the scintillation counters (short, dark lines) in all three rows of
the hodoscope. The tracks are reconstructed using the triggered wires (la-
beled by crosses) in the 10 chambers. (b) Event in the R—z plane. The tracks
are reconstructed using the processed signals from the cathode surfaces of
chambers 1, 4, and 9.

from muon decay and a residual low-energy electron. The
occurrence of a muonium—antimuonium transition is discov-
ered by detecting an energetic electron and a low-energy
positron.

The experiment is shown schematically in Fig. 16.

e e
8 mg/cm? t ~135eV '
L. [Si0]—~(pe) — (pié)
} <s3mev |
¢«2v  €+2V

FIG. 15. Principle of detection of the muonium—antimuonium transition.
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FIG. 16. Schematic depiction of the experimental setup to search for the
muonium—antimuonium transition. /—magnet; 2—target; 3—CMPCs 1
through 5; 4—scintillation  counters;  5—positron  accelerator;
6—microchannel position-sensitive detector; 7—gamma-quantum detector.

A beam of surface muons from the PSI cyclotron of
intensity ~107 and momentum 19-21 MeV/c is stopped in a
fine-grained SiO, target. Muonium produced in the target
travels into the vacuum region surrounding the target. The
muonium—antimuonium transition (if allowed) and antimuo-
nium decay occur in this region.

Electrons from muon decays (with Michel spectrum of
energies <53 MeV) are detected by the modernized mag-
netic spectrometer SINDRUM. This spectrometer has been
used successfully earlier to search for and study rare muon
and pion decays.”®”’

In the present experiment the spectrometer is augmented
by a special apparatus allowing the detection of the low-
energy (~13 eV) positron remaining after antimuonium de-
cay. For this the positron is first accelerated to an energy of
10 keV and then transported to the positron detector, where it
is also detected in a positron-sensitive microchannel detector.
The gamma quanta appearing in the positron-annihilation
process are also detected by a hodoscope of 12 scintillation
(CsI) total-absorption counters.
positron-sensitive positron detector is used to reconstruct the
antimuonium decay point.

The detecting part of the SINDRUM 1 spectrometer is
located in a superconducting magnet of the solenoidal type
(1 kG). It consists of five coaxially arranged cylindrical mul-
tiwire proportional chambers surrounded by a hodoscope of
scintillation counters. The total solid angle of detection of the
spectrometer is ~0.73-41r steradians. The main parameters
of the CMPCs of the spectrometer are given in Table V.

The coordinate along the chamber axis z is measured by
chambers 1, 3, and 5 from the signals induced at the cathode
strips arranged at an angle of +45°. In chamber 1 the strips
make two turns on the cathode cylinder, and to eliminate the
non-single-valuedness in the determination of the z coordi-
nate they are split in half and the information is read out
from the two sides of the chamber. Chambers 2 and 4 mea-
sure only the azimuthal coordinate. The accuracy of measur-
ing this coordinate is ¢=0.6 mm, and ¢,=0.3 mm.

The chambers operate on a gas mixture of 49.9% argon
(Ar), 49.9% ethane (C,Hg), and 0.2% freon (CBrF;) at atmo-

Information from the
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TABLE V. Basic parameters of cylindrical proportional chambers of the spectrometer SINDRUM 1.

Cylindrical proportional chamber No. 1 2 3
Active length of the chamber (mm) 360 470 580
Anode diameter (mm) 128 256 384
Number of anode wires 192 384 512
Distance between wires (mm) 2.09 2.09
Anode—cathode gap (mm) 2 2 4
Number of wires at the inner cathode 2-124 188
Number of wires at the outer cathode 2-132 196
Width of the cathode wires (mm) 2.22

Resistance of the cathode wires (£2) 150 240

Total amount of matter (mg/cmz) 31 31 37
Total amount of matter (r.1.X10™%) 830 830 980

2.36

4.44

4 5
690 800
512 640
768 1024

2.09 1.96

4 4

316

324

4

49 85
1280 2125

spheric pressure, and the gas multiplication is 5X10%.

The high-voltage supply of the two-coordinate chambers
(CMPCs 1, 3, and 5) of the SINDRUM 1 spectrometer op-
erates according to a scheme different from those described
for the ARES spectrometer. A positive high voltage is sup-
plied to the anode wires. All the wires of the chamber are
connected to each other through resistances of 0.5 M(), and
the high voltage is fed through a resistance of 0.5 MQ to
each 32nd wire. The signals from the anode wires are read
out via a high-voltage blocking capacitor of capacitance 500
pF. All the cathode strips are connected to ground through
resistances of 0.8 M(), so the cathode surfaces have zero
potential.

In chambers 2 and 4 a negative high voltage is fed to the
solid cathode electrodes, and the anode wires are grounded
through a resistance, from which the signal is also read out.

All five chambers of the spectrometer are self-supporting
and have identical construction of their flanges. In chambers
1-4 the cathodes (cathodes with strips and solid cathodes)
are made of aluminumized Kapton film, glued to a support-
ing cylinder made of the porous material Rohacell. The
thickness of the supporting cylinders varied from 2 to 4 mm
for chambers of different diameters. The inner and outer
cathode supporting cylinders give the dominant contribution
to the amount of matter quoted in Table V. The anode wires
of W(Re) gold-plated wire 20 wm in diameter are attached to
the flanges held by the inner cathode supporting cylinder.

CMPC 5 was prepared at the Laboratory for Nuclear
Problems at the JINR (Ref. 78). Its cross section is shown in
Fig. 17. The cathodes and supporting cylinders of this cham-
ber are made like the analogous chambers of the ARES spec-
trometer. The main supporting element is the cylinder of the
inner cathode. It is made from several layers of lavsan and
has a total thickness of 0.41 mm. In addition, the thickness of
the aluminumized cathode strips was increased from 0.1 um
to 6 wm in order to increase their stability to damage by
electrochemical processes and discharges.

The construction of the apparatus for the experiment to
search for muonium-antimuonium transitions was com-
pleted in 1993 and the first data-collection run was per-
formed. The analysis of the data obtained leads to an im-
provement of the existing limit on the probability of the
muonium—antimuonium transition by about two orders of
magnitude.” There are plans for a second run in 1994, in
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which it is hoped that a limit on the transition probability at
the level 10™"" will be attained.

3.3. Crystal sphere (PSI)

Accurate measurement of the probability for the decay
m"— n% " v, (pion beta decay). Accurate measurement of
this decay makes it possible to rigorously verify the univer-
sality of the charged quark—lepton current and the unitarity
of the Cabibbo—Kobayashi—Maskawa mixing matrix. In this
experiment it is hoped that the accuracy of measuring the
probability of the decay m"— 7't v, can be improved
from 4% to 0.5% at the first stage and to 0.2-0.3% in the
next.® The plans are to perform the experiment at the PSI
cyclotron in a 77" -meson beam of momentum ~100 MeV/c
with stopping intensity of up to 5X10° m/sec. The relative
probability of the decay 7+ — 7’e* v, is ~107® and to mea-
sure it with a statistical accuracy of 0.2% an exposure time of
about a year (~2x10 sec) will be necessary.

The experiment is shown schematically in Fig. 18. Pions
which have traveled through the beam counters are stopped
and decay in the target. The target is surrounded by two
cylindrical multiwire proportional chambers to detect
charged particles. Behind the chambers is a cylindrical ho-
doscope made of scintillation counters with high temporal
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FIG. 17. Cross section of a CMPC (the rotation axis runs horizontally at the
bottom). I—anode wires; 2—cathode surfaces (the heavy line shows the
inner cathode combined with the supporting cylinder); a, b, ¢, and d are
elements of the chamber flange; 3—gas gaskets; 4—anode-wire connectors;
5—cathode-wire connectors; 6—element for mounting the chamber in the
detector; 7—element connecting the Sth and 4th chambers.
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FIG. 18. Schematic depiction of the experimental setup for accurate mea-
surement of the probability of pion beta decay. I—active target; 2—CMPCs
1-2; 3—scintillation counters; 4—sphere of 225 Csl/CsBr crystals;
5—beam telescope.

resolution. All this is surrounded by the main element of the
setup: the shower calorimeter detecting gamma quanta from
m-meson decay. The calorimeter has a spherical shape and
consists of 225 modules of CsI-CsBr counters, each of
length 12 radiation lengths. The total solid angle for detec-
tion of the setup is 0.77-41r steradians.

The task of the cylindrical proportional chambers is to
determine the charged-particle coordinates with an accuracy
of <1 mm and ensure a high degree of suppression of the
random coincidences of positrons from muon decay. Differ-
ent versions of using hodoscopes of scintillation counters or
silicon microstrip detectors for this have been studied, but
when all the pros and cons were taken into account prefer-
ence was given to CMPCs.

In construction the chambers will be similar to CMPC 5
of the SINDRUM spectrometer described above in Sec. 3.2.
Both chambers are two-coordinate, self-supporting cham-
bers, and their basic parameters are listed in Table VI.

Taking into account the fact that the chambers are the
first object lying in the path of the detected particles, the total
amount of matter in them should be of order 10> radiation
lengths. This is important for the successful detection of pos-
itrons with low energies, and also for decreasing the prob-
ability of gamma conversion into electron—positron pairs in
the matter of the chamber. In addition to decay of the 7°

meson from the decay of interest 7+ —a’e*v,, other

TABLE VI. Basic parameters of cylindrical proportional chambers of the
Crystal-Sphere detector.

Cylindrical proportional chamber No. 1 2
Active length of the chamber (mm) 350 540
Anode diameter (mm) 120 240
Number of anode wires 192 384
Distance between wires (mm) 1.96 1.96
Anode—cathode gap (mm) 2.5 2.5
Number of wires at the inner cathode 2-64 224
Number of wires at the outer cathode 2-64 224
Width of the cathode wires (mm) 3 2.5
Total amount of matter (mg/cm?) 40 50
Total amount of matter (r.1.X10~%) 1000 1250
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sources of gamma quanta will be background processes such
as m outvy  (~12X107*  sec!), wt—etvy
(~5.6X107% sec™!), and pu*—evvy (~0.014 sec”!),
where in parentheses we give the relative decay probabilities.
It is also hoped that this experiment will provide useful in-
formation about these processes.

CONCLUSION

There is no ideal universal detector having good values
for all its parameters, and it is impossible in practice to build
one. Therefore, for example, in the superdetectors used in
colliding beams (DELPHI, OPAL, ATLAS...) the detection
systems incorporate various types of counters, each of which
is often of complex construction and has some parameter
which is particularly good.

In setups at an intermediate scale it is apparently appro-
priate to use multi-purpose detectors like CMPCs. The ex-
amples given here illustrate the successful use of CMPCs in
modern experimental physics.

"In contrast to a CMPC in a cylindrical counter, the anode wire is sur-
rounded by a cylindrical cathode.

JIn a chamber of this construction the second coordinate can be determined
using the current-splitting method (Sec. 2.3).

YHere and below this means relative to the anode.
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