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INTRODUCTION

The KEDR detector (Fig. 1) has been in operation
since 2002 in the energy region 2E = 2–4 GeV at the
VEPP�4M e+e– collider at the Budker Institute of
Nuclear Physics (BINP) in Novosibirsk. The VEPP�
4M collider has an energy region of 2–11 GeV in the
center�of�mass system (the region is unique for the
existing e+e– colliders), which allows experiments to
be conducted both in the low�energy region, where the
ψ�meson family and the threshold of τ lepton produc�
tion are located, and in the high�energy region, where
the ϒ mesons are produced.

Now in the low�energy region, the BES�III detec�
tor operates (at 2E = 2–4.2 GeV) at the BEPC�II e+e–

collider with a design luminosity of 1033 cm–2 s–1. The
CLEO�c detector that worked in this region at the
CESR�c collider with an order of magnitude lower
luminosity stopped operating in 2008.

The KEDR detector is comparable in its parame�
ters with the BES�III and CLEO�c detectors; how�
ever, the luminosity of the VEPP�4M collider is one to
two orders of magnitude below the luminosity of
CESR�c and BEPC�II.

In the high�energy region  = 10.58 GeV), the
Belle detector at the B�Factory at KEK continues
working with a luminosity of around 1034 cm–2 s–1; the
BaBar detector at the B�Factory at SLAC completed
data acquisition in 2008. Integrated luminosities of
500–1000 fb–1 were recorded at these detectors.

The KEDR detector includes the following sys�
tems: vertex detector, drift chamber, aerogel Cheren�
kov counters, time�of�flight scintillation counters,
barrel electromagnetic calorimeter based on liquid
krypton, endcap electromagnetic calorimeter based
on CsI crystals, superconductive magnetic solenoid,
and muon system (they are shown in Fig. 1), as well as
the system of the scattered electrons and positrons tag�
ging (SSET) and the luminosity monitor.

The physics program of the KEDR detector is con�
structed in such a way that we could benefit from a
number of our advantages in comparison with other
machines and detectors.

The VEPP�4M collider is equipped with two mutu�
ally complementary techniques of precision measur�
ing and monitoring of the beam energy (this has not
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Abstract–The KEDR detector is a universal magnetic detector designed for studying the c� and b�quarks and
two�photon physics, and is employed at the VEPP�4M e+e– collider. A specific feature of the experiment is
the measurement of absolute beam energy using two methods: the resonant depolarization and the faster but
less precise Compton backscattering of laser photons. This allowed a large series of measurements to be per�
formed, in which the accuracy of determination of such fundamental parameters of particles as mass and total
and leptonic widths was improved.
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been yet implemented elsewhere in the world): the res�
onant�depolarization method with a relative accuracy
of 10–6 and the energy�monitoring method based on
measurements of the edge position of the energy spec�
trum of γ quanta produced at the Compton scattering
of monochromatic laser radiation by the electron
beam (relative accuracy is 3 × 10–5). Therefore, a large
part of the program consists of precision measuring
elementary particle masses, for which the high�preci�
sion knowledge of beam energy is important. In the
low�energy region, these are masses of the J/ψ, ψ',
ψ(3770), D0, D± mesons and of the τ lepton. This pro�
gram has been completed by now. In the high�energy
region, values of ϒ mesons may be refined and masses
of certain other states will probably be measured.

Another important task is to measure a value of the
cross section of e+e– → hadrons (of the R quantity) in
the energy region 2E = 2–11 GeV in a single experi�
ment with a single detector, which has not been per�
formed so far. The region from 5 to 7 GeV is of the
greatest interest for R measurements. Earlier it was
measured in two experiments: MARK�1 and Crystal
Ball. However, the MARK�1 results differ appreciably
from the later measurements and they now are consid�
ered to be erroneous, while the Crystal Ball result was
not published in the reviewed journals. So, in a sense,
this energy region remains uninvestigated.

The presence of (i) the electromagnetic calorime�
ter based on liquid krypton in the detector with a high�

energy resolution and ability of measuring coordinates
of the point of the γ�quantum conversion to an accu�
racy of ~1 mm and (ii) the system of the aerogel
threshold Cherenkov counters, providing the opportu�
nity to discriminate between the π and K mesons
within a range of momenta from 600 to 1500 MeV/c,
allows a number of experiments for measuring proba�
bilities of decay of particles of the ψ� and ϒ�families to
be accomplished, from which the significant physical
results may be obtained.

The KEDR detector is equipped with a unique sys�
tem for detection of scattered electrons and positrons
to study the two�photon processes e+e– → γ*γ* → e+e–

X. The system allows the invariant mass Mγγ of the pro�
duced state X to be determined to a relative accuracy
�1% for Mγγ = 0.5–4 GeV. Due to this, the efficiency
of recording the two�photon processes increases by
several tenfold as compared with the detectors non�
equipped with the similar system. Experiments in two�
photon physics are planned to conduct mainly at high
energy. Here a substantially lower integral of luminos�
ity can be obtained as compared with the B�Factories.
However, owing to the advantage in efficiency of
recording of two�photon processes and smaller sys�
tematic errors, it is expected that we will be able to
measure cross sections of two�photon processes with
the comparable or even better accuracy.

A brief description of the KEDR detector was pub�
lished at the beginning of experiments with it in 2002
[1]. The preprint with the detector description was
published in 2010 [2]. In this paper that basically coin�
cides with [2], the detailed description of the design of
the KEDR detector systems is presented, and their
current state is given. The techniques of precision
measurements of the energy of VEPP�4M beams are
also described.

1. VEPP�4M. 
MEASURING OF BEAM ENERGY

The VEPP�4M electron�positron collider (Fig. 2)
is designed for experiments in high�energy physics,
photo�nuclear studies and experiments with synchro�
tron radiation [3–5].

The VEPP�4M collider is the updated version of
VEPP�4 with beam energy from 1 to 5.5 GeV. The
facility operates in the mode of 2 × 2 bunch. Two pairs
of dipole magnets located in the experimental straight
section and the quadrupole lenses of final focus
installed near the intersection region of the electron
and positron beams form the high�resolution strong
focusing spectrometer for the SSET of the KEDR
detector. Two dipole wigglers to control the beam size
are set symmetrically at the ends of experimental
straight section. In the technical straight section, there
are two gradient wigglers installed at the points with
zero dispersion to control decrements of damping.
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Fig. 1. The central part of the KEDR detector: vacuum
chamber of the collider (1); vertex detector (2); drift
chamber (3); aerogel threshold Cherenkov counters (4);
time�of�flight counters (5); liquid�krypton barrel calorim�
eter (6); superconductive solenoid (7), magnet yoke (8);
muon chambers (9); endcap CsI calorimeter (10); com�
pensating coil (11).
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Basic parameters of the VEPP�4M collider are pre�
sented in Table 1. The design parameters of the VEPP�
4M beam are given in Table 2.

1.1. Measuring Beam Energy Using 
the Resonant Depolarization Method 

The method of resonant depolarization (RD) is
used for precision measurements of beam energy at the
VEPP�4M, which was proposed and first imple�
mented at the BINP in the 1970s [6, 7]. Since then, it
is widely used at the BINP and other world laborato�
ries. The RD method, the basis of which is the preci�
sion measurements of the spin precession frequency
Ω, is the most accurate method of absolute calibration
of beam energy in the e+e– storage ring. In brief, its
essence is as follows.

A mean frequency of spin precession around the
direction of the guiding magnetic field in the storage
ring with a planar orbit is given by the expression

(1)

where ω0 is the revolution frequency; μ'/μ0 is the ratio
of the anomalous part of the electron magnetic
moment to its normal part; γ is the relativistic factor.
With introduction of the external electromagnetic
field with the frequency Ωd satisfying the condition of
external spin resonance 

(n is any integer),

the depolarization occurs. The fact of depolarization
can be established by recording a suitable polariza�
tion�sensitive process. Introducing the normalized
spin frequency

we derive from (1) the expression for the beam energy Eb:

(2)

where the values of μ'/μ0 and electron mass in MeV
[8], known to high precision, are substituted: μ'/μ0 =
1.15965218073 × 10–3 ± 2.8 × 10–13 and mec

2 =
(0.510998910 ± 1.3 × 10–8) MeV.

From (2) the principle possibility follows to find the
particle energy from the measured spin precession fre�
quency with a limiting relative accuracy of 2.5 × 10–8. It
is important to note that it is not necessary to accu�
rately measure the absolute value of the frequency Ω,
but only ν, which is its ratio to the frequency ω0.

When the particle moves in the collider ring, its
magnetic moment is precessing around the magnetic

Ω ω0 1 γμ'
μ0

����+⎝ ⎠
⎛ ⎞ ,=

Ω Ωd± nω0=

ν Ω
ω0

����� 1– γ μ'
μ0

����,= =

Eb [MeV] ν
mec2

μ'/μ0( )
���������������=

=  440.648428 1.1 10 5–×±( )ν,

field vector and the magnetic moment component that
is orthogonal to the field reduces due to the magnetic�
dipole radiation. As a result, the spin orients itself
along the magnetic field (the Sokolov–Ternov effect).
The characteristic polarization time in the approxima�

e–e+

R = 45.5 m

R =
 8 m

Scintillation

Striplines
Polarized beams

VEPP�4M
VEPP�3

KEDR

Compton

counters

booster

Scintillation
counters

Scintillation
counters

backscattering facility

Fig. 2.The VEPP�4M layout with equipment for measur�
ing beam energy.

Table 1. Main parameters of VEPP�M [5]

Circumference 366 m

Revolution frequency 818.924 kHz

Betatron tunes, horizontal/vertical 8.54/7.57

Orbit compression factor 0.0168

Natural chromaticity, horizontal/vertical –14.5/–20.3

Aperture at semi�rings, 2Ax × 2Ay 60 × 30 mm2

Lattice functions at the intersection 
region βx/βy/ηx

75 cm/5 cm/80 cm

Table 2. Calculated parameters of VEPP�4M beam [5]

Beam energy Eb, GeV 1.5 1.8 4.0 5.5

Synchrotron frequency 0.011 0.012 0.017 0.021

Horizontal emittance, 
nm rad

17 25 121 230

Energy spread 
σE/Eb × 104

2.5 2.9 6.6 9

Energy loss per turn, 
keV

14 29 173 2550

Bunch length, cm 5 5 5 5

Damping time 
(horiz./vertic.), ms

260/130 150/75 13.8/6.8 5.3/2.6



660

PHYSICS OF PARTICLES AND NUCLEI  Vol. 44  No. 4  2013

ANASHIN et al.

tion of a circular orbit with the radius R in the homo�
geneous magnetic field is [9]

(3)

where λe = 3.86 × 10–11 cm is the Compton wavelength
of the electron, r0 = 2.82 × 10–13 cm is the classical
electron radius, c is the speed of light.

In the VEPP�4M collider ring, τpol � 100 h at the
energy E = 1.8 GeV. However, the VEPP�3 booster
storage ring with the substantially smaller orbit radius
R and the polarization time around half an hour at
1.8 GeV allows one to obtain the polarized beams
which are then injected and used in VEPP�4M.

At VEPP�4M in the beam�energy region below
2 GeV, the effect of intra�bunch scattering of particles
(the Touschek effect) is used for registration of the fact
of depolarization [10]. A counting rate of scattered
particles, which is dependent of spin, is measured by
three pairs of scintillation counters [7]. Two pairs are
installed at the ends of the experimental straight sec�
tion, while one pair is in the technical straight section
(see Fig. 2). The counters of each pair are introduced
inside the aperture in the horizontal plane from both
sides and record the Touschek electrons scattered
along the ring circumference. Two electrons during the
act of scattering acquire momentum increments that
are equal in magnitude but opposite in sign and, as a
result, begin moving along the trajectories deviated
symmetrically in the median plane from the closed
orbit. The counting rate of scattered particles is equal
approximately to [11]

(4)

Here Nb is the number of particles in the bunch; Vb is
the bunch volume; σp is the spread of the transverse
momentum in the beam; ζ is the beam polarization
degree; a and b are the calculated functions depending
on the lower (Δp1) and upper (Δp2) limits for momen�
tum transfer, in this case b < 0; A is the distance from
the counter to the orbit; Ag is the geometric aperture of
the storage ring along the radius.

Under our conditions, the intra�bunch scattering
dominates over processes of scattering by the residual
gas in the VEPP�4M vacuum chamber. More than
60% of the load of counters is due to Touschek parti�
cles. Therefore, there is no particular need to suppress
the uncorrelated background. Additionally, the use of
the total counting rate allows the statistical error to be
reduced. With a current of 1 mA per bunch, the count�

τpol [s] 8 3
15

�������� R3

γ5λecr0

�������������� 2.8 10
18R3
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γ5
��������������������������������,≈=

N·
πr0

2cNb
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a b, a b ε1 ε2,( ); ε1 2,, Δp1 2, / γσp( )[ ]2
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Δp1 Δp1 A( ); Δp2 Δp2 Ag( ).= =

ing rate in two pairs of counters in the experimental
straight section reaches 2 MHz.

As a result of depolarization, a relative increase in
the counting rate of scattered electrons by the quantity
|bζ2/a| occurs (the electric repulsion of electrons in the
polarized bunch during the scattering is relaxed due to
their magnetic interaction, which reduces the inten�
sity of Touschek particle yield within a fixed interval or
finite momenta). The polarization contribution to the
counting rate is proportional to the square degree of
polarization. It drops as the beam energy increases and
also as its vertical size grows [11–13]. A change in the
counting rate at VEPP�4M is 1–3% in different cases.
To decrease the effect of the beam�position instabili�
ties, its sizes and lifetime, a ratio between the scat�
tered�electron counting rates of the polarized (W1)
and non�polarized (W2) bunches that are separated in
time by half�period of revolution is measured:

The beam depolarization is performed using a pair
of matched conductive strips spaced vertically inside
the vacuum chamber. The travelling TEM wave is cre�
ated, which propagates towards the beam to be depo�
larized. A wave frequency is linearly rearranged in the
band that involves the expected value of frequency of
the external spin resonance.

According to the other option of connection of the
strips to the rf generator, the depolarizer acts on elec�
trons and positrons using the alternating transverse
magnetic field created by a current passing through the
strips.

A sinusoidal signal of the depolarizer is generated
by the precision synthesizer [14] developed at the
BINP, with which a resolution in the frequency rear�
rangement step of 10–4 Hz is achieved. The Ch1�69
rubidium frequency standard with an accuracy of
10⎯10 serves as a reference generator for the synthesizer
and simultaneously for the rf system of VEPP�4M.
This ensures the stability of the revolution frequency
Δω0/ω0 ~ 10–10 and quite sufficient stability of the
beam energy in periods between calibrations using the
RD method, which is connected with the stability
Δω0 /ω0. In addition to that, the matching of depolar�
izer frequencies and the revolution frequency to the
unified standard during the calibration excludes the
differently directed drift of these frequencies and the
appearance of a systematic error in energy determi�
nation.

The forced resonant depolarization in the RD
method takes much time as compared with periods of
orbital motion. Therefore an error of measuring the
mean spin frequency 〈ν〉 is much less than a value of
instantaneous spread of spin frequencies (σ

ν
 ~ 5 × 10–4),

which arises due to the particle energy spread in the
beam (σE ~ 1 MeV). Consequently, an error of mea�
suring the mean energy of particles 〈E〉 that corre�

δ 1 W2/W1.–=
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sponds to 〈ν〉 is much less than the energy spread of the
beam σE.

A limiting accuracy of absolute calibration of beam
energy using the RD method is determined by the
intrinsic thickness of spin line ε

ν
. Its value is connected

with the averaging of spin motion over the synchrotron
and betatron oscillations and may differ appreciably
from zero due to the square nonlinearity of the guiding
field. Taking into account the sextupole correction of
the guiding field at VEPP�4M, the value ε

ν
 ~ 5 × 10–7,

which corresponds to the limiting accuracy of the
beam energy calibration, is around 1 keV.

Figure 3 displays a typical time diagram of relative
counting rate of Touschek electrons in scanning the
depolarizer frequency. A scanning rate in energy units
is 0.3 keV/s. Amplitude of the signal on strips is several
tens of volts. The calculated depolarization time is
~1 s. An accuracy of the mean energy determination
in a single measurement from fitting the depolariza�
tion jump is ~10–6 (around 2 keV), which is substan�
tially better than the relative energy spread in a beam
σE/Eb ~ 5 × 10–4. Since calibrations are conducted
between the runs for data acquisition, the interpola�
tion leads to the error 7–30 keV in the mean beam
energy that is assigned to the experimental run.

1.2. The Compton Monitor of Energy 
and Energy Spread

In addition to the RD method at the VEPP�4M
collider, the method of routine monitoring of beam
energy and energy spread in the process of data taking
is implemented, in which the Compton backscattering
is used [7, 17, 18].

The principle of operation in the method is based
on measuring the position and width of the spectrum
edge of Compton γ�quanta produced in the scattering
of monochromatic laser radiation on the electron
beam. During the scattering of laser photons at the
energy ω by the colliding electron beam at the energy
Eb, the backscattered γ quanta form the energy spec�
trum with the shape shown in Fig. 4 (narrow peaks in
the spectrum are related to the irradiation of the detec�
tor by isotopes for the energy scale calibration). As it
can be seen from Fig. 4, the scattered photons at the
maximum energy  form a sharp edge in the
energy spectrum. The electron�beam energy is con�
nected with the value  by the simple relationship

(5)

A visible width of the measured spectrum edge is
caused mainly by the energy resolution of the photon
detector and the energy spread of electrons in a beam.
Thus, by measuring the energy spectrum and finding
the edge position, it is possible to obtain the electron�

ωmax'

ωmax'

Eb
ωmax'

2
��������� 1 1

me
2c4

ωωmax'
�������������++

⎝ ⎠
⎜ ⎟
⎛ ⎞

.=

beam energy. A value of beam�energy spread is deter�
mined using the measured width of the spectrum edge
and the energy resolution of the detector.

The COHERENT GEM Select 50 infrared CO2

laser with the photon energy ω = 0.117065223 eV was
chosen as a source of monochromatic radiation. With
a change in the electron�beam energy from 1.5 to
2 GeV, a value of  falls in the range of 4–7 MeV.
An energy spectrum of scattered photons (Fig. 5) is
measured by the coaxial detector made of super�pure
germanium with an active volume of 120 cm3 and the
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Fig. 3. Resonant depolarization. An accuracy of energy
determination is ~10–6. Time of measurements is 9 min.
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Fig. 4. Spectrum of the Compton γ quanta measured by the
HPGe detector in 2010. The beam energy is 1553.5 MeV.
Acquisition time is 2.5 h.
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Fig. 5. Fragment of spectrum given in Fig. 4 (in the vicinity
of ωmax), the line is the result of fitting. The measured
beam energy is 1553.466 ± 0.018 MeV. The energy spread
of the beam is 505 ± 25 keV.
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full absorption efficiency around 5% for the 6�MeV
γ�quanta.

For a single measurement (during 20–40 min), a
statistical accuracy of the electron�beam energy is
�3 × 10–5 while an accuracy of the energy�spread
determination is around 12%. In order to assign the
energy to a run, several measurements are summed.
For absolute calibration of energy scale of the germa�
nium detector and its energy resolution, the acquisi�
tion of etalon lines of the gamma�active isotopes at
energies from 0.6 to 6.13 MeV is performed simulta�
neously with the Compton spectrum accumulation.

The systematic error of the method was estimated
by comparing of results of the measurements with the
beam energy measured using the RD method. During

the experiment for measuring the tau�lepton mass,
153 simultaneous energy measurements were taken
using two methods; the histogram of differences of the
measured values is shown in Fig. 6. The excess of the
distribution width in Fig. 6 (50 keV) over the mean sta�
tistic error of measurements in these runs (30 keV)
enables the systematic error of the method to be esti�
mated at a level of 40 keV or 2.5 × 10–5 of the electron�
beam energy. A basic source of the systematic error,
most probably, is the instability of the orbit position of
the electron beam in the region of interaction with the
laser radiation.

2. MAGNETIC SYSTEM

The magnetic system consists of one main and two
identical compensating superconducting solenoids
(Fig. 7 and Table 3) located inside the iron yoke [19].

2.1. Main Solenoid 

The constant homogeneous magnetic field of 0.6 T
along the beam trajectories in the detector is created
by the main superconducting (SC) solenoid 1.84 m
long with an inner diameter of 3.24 m and a thickness
of 4.5 mm (14 mm, taking the bandage into account).

The SC winding of the main solenoid comprises
568 turns of the SC cable with rectangular section
1.6 × 3.8 mm). It is formed out of eight (twisted and
soldered along the entire length in the 2 × 4 configura�
tion) NbTi/Cu wires 0.85 mm in diameter with a
superconductor�to�copper ratio of 2 : 3, each contain�
ing 2970 NbTi filaments. The turns are laid in pairs
into the helical groove with a size of 3.5 × 4.5 mm,
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which is turned down with a pitch of 5 mm outside the
inner wall of the ring�shaped helium vessel made of
stainless steel, and soldered with the POS�61 solder.

The metallic housing of the helium vessel is a ban�
dage for the winding and, at the same time, it ensures
the distributed electric shunting of each turn of it, pro�
tecting it in case of a quench from destruction by the
stored energy of magnetic field, which releases in the
form of the heat.

The return turns of the main SC solenoid are sol�
dered into the massive copper bus fastened at the insu�
lators inside the helium vessel. These turns are cooled
directly by liquid helium whereas the main winding
turns are cooled through the 10�mm wall of the helium
vessel made of the stainless steel.

The helium vessel has a vacuum�tight thermal
insulation and a heat shield made of aluminum foil
with a copper tube welded to it for liquid�nitrogen cir�
culation.

2.2. Power Supply of the Main Solenoid

The power supply of the main SC solenoid consists
of a SC transformer and two SC temperature�con�
trolled cables (resistive switches) forming the com�
puter�controlled full�wave rectifier. An advantage of
this design is its compactness, low cost, ability to

ensure input, output, and stabilization of the magnetic
field with the relative accuracy of 10–4.

On completion of low�energy experiments, it is
planned to increase the working value of magnetic
field in the KEDR detector up to 1 T due to using new
SC switches. The higher magnetic field need to pro�
vide experiments at the higher energy of VEPP�4M
beams without losing efficiency.

2.3. Compensating Solenoids 

The purpose of compensating solenoids is to
reduce to zero the magnetic field integral along the
beam motion trajectory in the detector.

The magnets are located at the centers of the yoke
poles. The VEPP�4M vacuum chamber united with
the vacuum heat�insulating cavities of its cryostats,
ensuring the part of surface of its helium vessels for
additional cryosorption pumping out.

The winding of the compensating solenoid com�
prises two identical multi�layer coils connected in
series. For winding the coils, the NbTi/Cu wires are
used with a diameter of 1.0 mm (inner layers) and
0.7 mm (outer layers).

The DC current is supplied through the resistive
current leads designed as the cells of tubes soldered
side by side for a current up to 300 A. (Similar current

Table 3. Parameters of SC solenoids of the KEDR detector

Parameter Central solenoid Compensating solenoid

Magnetic field (operating) 0.6 T 2.2 T

Magnetic field (design) 1.83 T 6.55 T

Ratio I/Ic 0.56 0.45–0.46

Current (design) 8 kA 292 A

Stored energy (design) 39 MJ 124 kJ

Number of winding layers 1 + 1 (return turns) 17

Number of turns 560 + 8 (return) 7726

Inductance 1.22 H 2.9 H

Winding thickness 4.5 mm 15.7 mm

 Winding length 2.84 m 0.433 m

Cryostat length 3.16 m 0.560 m

Outer cryostat diameter 3.57 m 0.246 m

Inner cryostat diameter 3.12 m 0.120 m

Inner diameter of SC winding 3.24 m 0.146 m

Total mass of coil with cryostat 12000 kg 90 kg

Mass of helium vessel with winding 7000 kg –

Coil radiative thickness 0.95X0 –

E/M (design) 7.8 MJ/kg –

Inductance of return turns 0.28 × 10–3 H –

Resistance of shunting of turns 6 × 10–6 Ω –
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leads tubes are also used for power supply of the main
SC magnet.)

The compensating solenoids have been successfully
tested up to the design value 6.55 T. Now they are
operated with a working current of 98 A, which corre�
sponds to the 0.6 T main solenoid field.

2.4. Yoke 

The iron yoke with a mass of 740 tons closes the
magnetic flux of the main solenoid, ensuring the
homogeneity of the magnetic field inside the detector.

The yoke consists of eight sections, embracing the
detector in the form of a regular octahedral prism, and
two cylindrical poles. A section presents a set of paral�
lel iron plates with air gaps between them, which are
intended for arrangement of muon chambers.

Thus, the yoke serves as a supporting frame for all
detector components and performs a function of an
absorber for muon chambers.

2.5. Monitoring of Magnetic Field 

The magnetic field in the detector is measured with
an accuracy of 10–5 by two NMR sensors located on
the right and the left of the intersection region near the
VEPP�4M vacuum chamber [2].

Readings of these sensors are used for stabilizing
the magnetic field in the detector during the experi�
ment.

To measure the magnetic field in the area of the
detector drift chamber, 12 Hall probes are arranged
near it, which measure the radial and axial field com�
ponents with an accuracy of 5 × 10–4.

Ten Hall probes with an accuracy 10–3 monitor the
radial and axial field components in the immediate
vicinity of the main solenoid, with being located above
and below the upper wall of its cryostat (outside).

Figure 8 displays the result of calculation of the
field z� component (the computation was performed
using the Mermaid3d code [20], with a current value
in the compensating solenoids of 105 A).

3. CRYOGENIC SYSTEM

The cryogenic components of the KEDR detector
include (i) the central electromagnetic calorimeter,
filled with 27 tons of liquid krypton, and (ii) SC sole�
noids of the magnetic system, cooled with liquid
helium.

A working temperature of the liquid�krypton calo�
rimeter is near 119.5 K, while the temperature of the
SC magnetic system is 4.5 K. Both systems work under
normal pressure and in the mode without drainage in
the atmosphere.

Liquid nitrogen (a working temperature is 85 K),
the reserve of which (up to 101000 kg) is stored in two
tanks and supplied under the excess pressure up to
0.5 MPa.

Liquid nitrogen is mainly used for cooling the vac�
uum shields of cryostats and nitrogen heat�exchang�
ers.

Gaseous nitrogen, warmed up to the ambient tem�
perature, is used for forced cooling the drift chamber
from outside, which significantly improves its charac�
teristics.

One of the two identical nitrogen tanks is con�
stantly used as a working accumulator�distributor of
liquid and gaseous nitrogen, whereas another serves
for liquid nitrogen accumulation from transported
tanks and for the liquid subsequent expelling into the
operating tank via the transfer line of the liquid nitro�
gen supply. This technique makes it possible to prevent
the diffusion of oxygen from the atmosphere into the
gaseous volume of the working tank and further into
the drift chamber environment. Its second advantage
is the possibility of non�interrupted delivery of liquid
and gaseous nitrogen to consumers in any modes of
nitrogen system.

Five identical storages (three upper and two lower
ones relative to the calorimeter) are provided for accu�
mulating, storing, and delivering liquid krypton.
These are cryogenic vessels, each with a working pres�
sure of 0.6 MPa and a volume of 8 m3 (filling with liq�
uid up to 6 m3). All storages are equipped with nitro�
gen heat�exchangers for condensation of gaseous
krypton on them and with evaporators for self�pres�
surization and displacement of liquid krypton to the
distributing collector.

A ring�shaped cylindrical krypton vessel of the cal�
orimeter is made of aluminum alloy and designed for
the working and excess pressures up to 0.03 MPa.
Therefore liquid krypton is supplied to it from the
upper storages and evacuated into the lower storages
by the force of gravity.

The krypton system is equipped with a regenerated
unit for purifying gaseous krypton from electrically
negative impurities (oxygen) [21]. The needed purity
is 1 ppm (10–6).

Thermostating of the calorimeter is ensured by the
periodic supply of liquid nitrogen to the heat�
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exchanger welded on the top surface of aluminum
housing of the calorimeter’s krypton vessel.

Absolute working pressure is sustained in the calo�
rimeter within a range of 0.105–0.120 MPa, with tem�
perature varying in the 118.5–120.5 K interval.

For thermostating of SC magnets, the satellite
helium refrigerator is applied with the cooling power
of 600 W at the temperature of 4.5 K, which works
according to the mean pressure cycle (2.5 MPa) with
the excess reverse flow and liquid helium injection
from the exterior source in amounts of 4–10% of the
circulation flowrate. The helium refrigerator’s com�
pressor and gas�holders are installed at the cryogenic
plant that is 600 m apart from the detector.

The reserve up to a level of 2 m3 of liquid helium is
accumulated permanently in the horisontal�ring�
shaped vessel of the special helium cryostat with liquid
helium produced by liquefiers at the cryogenic plant
and delivered in Dewar vessels with auto transport.
Above the liquid helium’s level in the cryostat, there
are three pairs of the current leads, stored inside sepa�
rated channels (tubes) and cooled by helium vapors.
Each channel used to supply one of SC magnets with
liquid helium by the force of gravity. For guaranteed
cooling of the current leads, helium vapors are circu�
lated through them forcibly due to pumping out by an
ejector pump with individual control valves above each
channel.

The cold helium vapors from the SC magnets make
their way to the refrigerator, where their enthalpy is
used for cooling the incoming (direct) flow of gaseous
helium with a mass flowrate of 80–100 kg/h. The
reverse helium flow from the refrigerator (under the
pressure no more than 0.07 MPa and at the tempera�
ture above 0°C (273 K)) enters in gas�holders of the
cryogenic plant, passes through the cryogenic purifi�
cation units and again is involved by the compressor in
the working cycle.

A total daily consumption of the exterior liquid
helium in the system amounts to 1100 L when the
refrigerator operates in the throttling mode. Due to
utilization of a piston�type expander, the flowrate
reduces to less than 500 L per day.

Cryogenic pipelines, tanks, and original cryostats
have the vacuum�tight thermal insulation. The protec�
tive vacuum for krypton calorimeter (no worse than
10–3–10–4 Pa) is ensured by continuous work of the
magnetic�discharge pump at the 2 × 10–4 Pa level. Vac�
uum no worse than 7 × 10–3 Pa for helium objects is
created using turbomolecular pumps and aggregates.

Control of cryogenic systems is performed
remotely using a personal computer with the Linux
operating system and the electronic equipment of our
production in CAMAC and VISHNYa crates. The
facility comprises more than 300 sensors (of pressure,
flowrate, level, temperature, coordinates, position,
etc.) and 100 valves of different types.

The important contribution to the cryogenic sys�
tem development was made by specialists of the Mos�
cow�region enterprise OAO Kriogenmash (Balash�
ikha, Moscow region) [22].

4. VACUUM CHAMBER

The VEPP�4M vacuum chamber (VC) in the beam
intersection region consists of two parts: the inner
chamber, having a rectangular section with curves, and
the outer barrel chamber (Fig. 9).

For reducing the multiple Coulomb scattering, both
parts of the chamber are made of beryllium. The wall
thickness of the inner chamber is 1.76 mm; that of the
outer chamber is 1 mm. The transverse sizes of the inner
chamber are 24 × 80 mm; the outer chamber diameter
is 117 mm. A length of beryllium part of the inner
chamber is 250 mm; that of outer chamber is 600 mm.

The inner chamber is shifted relative to the outer
chamber in the direction to the center of the
VEPP�4M ring by 5 mm. The vacuum chamber is
wrapped outside with a stainless�steel foil 100 μm
thick coated with a 10 μm thick tin layer. All these
measures serve for reducing the background from the
synchrotron radiation.

Such a VC design is intended for installing between
its inner and outer parts the micro�vertex detector
based on micro�strip silicon plates. To ensure the suf�
ficient cooling of micro�vertex detector, the space
between its inner and outer chambers is filled with the
air under atmospheric pressure. Later it was decided
not to install the micro�vertex detector in the KEDR
detector.

A total VC thickness for a normal incident particle
is 1.4% of X0.

5. VERTEX DETECTOR

5.1. Construction 

The vertex detector (VD) is located between the
vacuum tube of the storage ring and the drift chamber
and covers a solid angle up to 98% × 4π. Main geomet�
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Fig. 9. Layout of the vacuum chamber inside the detector.
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ric VD parameters [23–26] are given in Table 4. For
increasing an efficiency of the track registration, the
neighboring VD layers are laid with a half�step offset.

The drift tube consists of a cylindrical cathode and
a central anode wire fixed in the end plugs by means of
crimping in pins. An internal volume of each tube is
flushed independently by the working gas mixture.
The tubes operate in the proportional mode and make
it possible to measure a distance from the charged�
particle track to the tube center by means of the mea�
suring of the ionization drift time.

The tube cathode is made of single�layer aluminized
mylar 20 μm thick with a thickness of aluminum of
0.1 μm. A peculiarity of this VD construction is a small
amount of material on the way of a particle. Owing to
the fact that the tubes themselves can withstand the
excess pressure, there is no need for an additional sealed
volume that increase of the amount of material in the
detector. A total thickness of VD material is around
0.2% of X0, which is significantly less than the substance
thickness of the vacuum chamber.

The tubes are made of the aluminized mylar film
with a width of 5 cm, which is first wound as a spiral on
the mandrel, before the joints are welded using the
ultrasonic tool. The tube keeps tightness under excess
pressure up to 3 atm. A construction of the VD drift
tube is shown in Fig. 10. The mylar tube is attached to
plugs that ensure the tube fixation in the VD flange.
Pins for the anode�wire and also gas outlets are pressed
into the plug. The gold�plated wire of tungsten�rhe�
nium alloy 20 μm in diameter is used as anode.

Structurally the VD consists of two detachable
semi�cylinders. The tubes are fixed in the flanges in
the form of semi�rings, which are attached to the vac�
uum chamber of the storage ring (Fig. 11). A flange

thickness is 28 mm, which ensures a sufficient depth of
mounting holes for plugs and the stability against the
moment of forces that arise during the stretching of the
tubes. All the tubes are fixed in the flanges indepen�
dently; the gas is fed in each tube individually. The VD
construction provides for the possibility of individual
replacement of each tube. The cylindrical form of the
tubes is ensured due to an accurate fit of plugs in the
flanges and the additional axial stretching of the
tubes. The mobile fixation of tubes in the flanges
enables the required tube tension. A high voltage sup�
ply, signal readout from the anode wire, and ground�
ing are performed individually for each tube too.

Argon with addition of 30% CO2 under excess pres�
sure of around 0.1 atm is used as a working gas mixture
in the VD. For this gas mixture almost in the entire
tube volume, the drift velocity of ionization electrons
is within the saturation region and weakly depends on
the electric field strength, temperature, and pressure.
This eliminates main sources of systematic errors in
the measured coordinate. The used mixture contains
no inflammable components, which simplifies the gas
system and makes operation of the detector safer. The
disadvantage of this mixture is the impossibility of
reaching the spatial resolution better than 100 mm due
to the strong electron diffusion.

A gas system with components mixing in the flow is
used to ensure the stable gas supply for the VD. A part
of the gas system, which provides for the necessary
concentration of the mixture components, consists of
(i) two high�pressure (argon and carbon dioxide)
manifolds, to which up to three 40�l bottles with the
purified gas�mixture components can be connected,
(ii) the pressure  reducers that decrease pressure down
to 1–2 atm, (iii) the gas flow controllers of the
Bronkhorst company, which provide a constant flow
rate of mixture components, and (iv) the mixing reser�
voir. The gas mixture is supplied via the manifold to
collectors located on the outer surface of the KEDR
detector. Each drift tube is connected to the collector
by means of a teflon pipe 4 m long with inner diameter
of 1 mm. If necessary, this construction enables to dis�
connect the failed tubes from the gas flow without dis�
assembly of the detector.

The gas flow from the VD outlet is supplied to the
gas�flow meter and then to the absolute�pressure sta�
bilizer that sustains the constant gas pressure in the
VD. The gas mixture is exhausted from the stabilizer

Table 4. Main parameters of the vertex detector

Solid angle 0.98 × 4π

Tube diameter 10 mm

Length of sensitive region 670 mm

Anode wire (W) 20 μm

Radius of first layer 67.1 mm

Radius of last layer 116.84 mm

Number of layers 6

Total number of tubes 312

Fig. 10. Construction of the VD drift tube. Fig. 11. A flange of the vertex detector.
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outlet to the atmosphere through the oil bubbler in
order to exclude the oxygen back�flow into the detec�
tor. Additionally, parts of the inlet and outlet flows
enter the gas�mixture monitors for checking a gas gain
and the mixture quality. The monitors present the
tubes irradiated by γ�quanta from the 55Fe isotope,
which are similar to the tubes used in the VD. A gas
gain is measured from the amplitude spectrum of sig�
nals of the monitors, and the mixture quality is
checked.

5.2. Spatial Resolution

For the track reconstruction using the information
from VD, it is necessary to know the dependence of
the drift distance on the drift time R(t), as well as the
pedestals t0 for each channel corresponding to the zero
drift distance.

A calibration procedure was developed, which can
be performed using both the data collected at
VEPP�4M storage ring and the specially recorded sta�
tistics of cosmic muons.

While working with cosmic tracks at the VD, a spa�
tial resolution of around 170 μm was achieved
(Fig. 12) with the gas gain of nearly 105 and the effi�
ciency of operation of a single tube more than 99%.

During the work in the detector, the data from the
VD are processed together with the drift�chamber data
for reconstruction of charged�particle tracks. In addi�
tion to that, the information from the VD is used for
forming the decision of the second�level trigger, which
significantly suppresses the background.

5.3. Electronics

The system of VD data readout consists of (i) the
chamber electronics, (ii) the pulse shapers performed
in the VISHNYa standard, (iii) the digitizing electron�
ics in the KLUKVA standard, and (iv) the circuits of
control and high�voltage supply in the CAMAC stan�

dard [27]. Each anode wire is connected to a pream�
plifier installed directly on the chamber. The pream�
plifiers are combined in units by 8 channels; each unit
is connected via a cable 12 m long with an amplifier�
shaper (AS). Two preamplifier units are plugged to a
single AS block. An AS block consists of an amplifier
and a discriminator connected to its output, which
forms a logic signal. Then the signal enters the digitiz�
ing logics that measures the time between the AS acti�
vation and the delayed signal of the trigger.

6. DRIFT CHAMBER

Main requirements to the drift chamber (DC) are
determined by physical problems; the KEDR detector
was created in order to solve these problems [1, 28, 29].
These requirements include (i) a good momentum
resolution in the design magnetic field of 1.8 T with a
small measurement base (L = 370 mm); (ii) detection
and measuring particle momenta within a large solid
angle; (iii) a good discrimination of particles from the
measurement of ionization losses in the chamber;
(iv) a small amount of substance before the calorimeter;
and (v) the minimum number of electronic channels.

6.1. Construction 

The drift chamber of the KEDR detector [30–34]
has a cylindrical shape and occupies the space con�
fined with two cylindrical cowlings 1100 mm long and
with two end plates (Fig. 13). The internal cowling
250 mm in diameter is made of carbon�fiber compos�
ite 1.5 mm thick for reducing the multiple Coulomb
scattering during the combined measurements of
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momentum using the vertex detector and the drift
chamber. The external cowling 1070 mm in diameter
is made of glass�fiber laminate 5 mm thick. On inner
surfaces of the cowlings, the foil�clad glass�fiber lami�
nate 0.1 mm thick is glued, to which a high voltage is
supplied to equalize fields in the DC edge layers and to
reduce a distance between the last layers of cells and
the cowling. The DC parameters are given in Table 5.

The wires are stretched between two end plates of
glass�fiber laminate 20 mm thick. The rms deviation of

wire positions from the design value in both coordi�
nates do not exceed 20 μm. A total wire tension
applied to the end plates is 3.4 tons. Maximum bend�
ing flexure of the end plates under this load is 1.5 mm;
the elongation of wires is of the same order of magni�
tude. On completion of stretching of the wires in the
DC, their tensions were measured; a spread did not
exceed ±5% of the nominal value. A thickness of sub�
stance in the DC for a normal particle is 5.1% of X0.

6.2. Selection of a Cell and Working Gas

The KEDR detector uses a cell that was first
applied in the drift chamber of the SLD detector [35],
with certain variations. The cell comprises eight anode
wires, six of which are sensitive (Fig. 14). The edge
dummy anode wires serve for equalizing fields in the
cell. A radial distance between anode wires is 4.5 mm.
The anode wires 28 μm in diameter are made of gilded
tungsten and have a tension of 100 g. A gas gain is
determined by the potential on the focusing wires
located at a distance of ±3.5 mm from the anode wires.
The potential distribution on the field wires creates a
uniform field of 1.6 kV/cm in the drift gap. The field
wires are arranged with a pitch of around 4.5 mm. The
Lorentz angle for a magnetic field of 1.8 T is 3°. The
cell’s radial size is 36 mm; maximum drift distance is
around 30 mm. The pure dimethyl ether (C2H6O)
under a pressure of 1.06 atm was chosen as a working
gas. A drift velocity in dimethyl ether at a working field
strength of 1.6 kV/cm is 4.6 μm/ns while a diffusion
factor is close to a minimum value. Basic parameters
of the cell are given in Table 6.

6.3. Momentum Resolution

A momentum in the detector is measured using the
DC and VD, where the measurement base increases
from 370 to 450 mm, while a number of coordinate
measurements grows from 42 to 48. The calculated
momentum resolution in this case for the design mag�
netic field of 1.8 T is

(6)

In the calculation of multiple scattering, the material
of wires and working gas was taken into account. While
calculating a contribution of multiple scattering by
wires, the trajectory with a kink at the point where a
particle hit the wire was used, which decreases a value
of this contribution to the momentum resolution by a
factor of 1.6.

Now the spatial resolutions σx = 115 μm in axial
layers and σx = 220 μm in stereo layers are obtained in
the drift chamber. The momentum resolution at the
0.6 T working magnetic field is

(7)
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Table 5. Main parameters of the drift chamber

Solid angle 0.72 × 4π

Inner radius 125 mm

Outer radius 535 mm

Length 1100 mm

Wire length 970 mm

Number of superlayers 7:

axial 4

stereo 3

Stereo angle ±100 mrad

Number of measurements 42

Number of cells 252

Number of wires 16032:

anode 1512

field and focusing 11772

screening 2748

0 1 2 3 4

Wires Scale, cm

anode

dummy

focusing

field

screening

Fig. 14. The DC cells.
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6.4. Particle Identification

For identification of charged particles in the drift
chamber, a value of dE/dx on the track is used, which
is calculated by summing losses over hits with the help
of the modified truncated�mean method based on the
dependence of resolution on the ionization density. A
degree of particle discrimination in units of standard
deviations is

where (8)

Here dE1,2 are the most probable ionization losses of
energy and σ1,2 are the standard deviations of energy
losses for two particles. The energy resolution of the
drift chamber achieved in the experiment was 8.5% for
the minimum ionizing particles at normal incidence,
which ensures the π/K separation up to the momen�
tum 670 MeV/c and the K/p discrimination up to
1200 MeV/c at the level of 2σ [2].

6.5. Electronics 

The parallel data readout is used [36]. Electronics
located directly on the chamber (see Fig. 13) consists
of the linear preamplifier developed and fabricated at
the BINP. Main preamplifier parameters are as fol�
lows: the input resistance is 75 Ω, the conversion slope
is 3.5 mV/μA, the pass band is 20 MHz, the consumed
power is 92 mW, and the output is paraphase (push�
pull output). The possibility of gain calibration is
envisaged in the layout.

The recording electronics consist of TAM boards
performed in KLUKVA standard and designed for
measuring the drift time and signal amplitude. The
TAM board enables these measurements to be taken
for four particles in a single DC cell. For the second�
level trigger organization, the readout of data on oper�
ation of wires (YES�NO) to the second�level trigger
interface is provided in the board.

This information is collected at input registers of
the switchboard during the drift time of electrons in
the DC cell.

6.6. High�Voltage Supply 

A high voltage is supplied to the chamber from two
sources performed in the CAMAC standard. One
source with a nominal value of –2.77 kV supplies the
voltage to the focusing wires that have the same poten�
tial in all superlayers. Another source supplies a volt�
age of –7.5 kV to the field wires.

Filters and high�voltage dividers are arranged
directly on the chamber. For enhancing the reliability,
each superlayer for high voltage is divided into three
parts, the voltage to which is fed in the detector sepa�
rately.
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6.7. Gas system and Temperature Measurement System 

A drift velocity of electrons in dimethyl ether
depends linearly on the gas density and the electric
field strength. The variations in gas parameters ΔT =
0.3°C, Δp/p = 10–3, and ΔE/E = 10–3 make a contri�
bution to the error of coordinate measurement of
10 μm for 1 cm of the drift. The DC gas system pro�
vides for the possibility of the gas density stabilization
in the chamber, which is performed by means of com�
pensation for a change in the temperature due to tem�
perature oscillations by the appropriate change in the
pressure.

An inner volume of the external pipe of the pipe�
line, gas panel, and the space between the end plates
and outer DC lids is flushed with nitrogen to eliminate
the possibility of gas accumulation and occurrence of
the highly explosive concentration in case of arising a
leak of dimethyl ether from the gas system. The use of
nitrogen permits the oxygen inleakage into the DC
volume to be reduced and increases a length of absorp�
tion of electrons.

The temperature measurement system comprises
32 Sensikon sensors. The temperature sensors were
calibrated with an accuracy of better than 0.1°C.

7. AEROGEL THRESHOLD CHERENKOV 
COUNTERS (ASHIPH SYSTEM)

The ASHIPH (Aerogel, SHIfter, PHotomultiplier)
system of the KEDR detector includes 160 counters:
80 barrel counters and 80 endcap counters (Fig. 15).
The ASHIPH counters with light collection using the
wavelength shifters, having been developed at
the BINP since the 1980s, make it possible to substan�
tially decrease the number of photomultipliers and to
use the photomultiplier with a smaller area than in
case of direct light collection [37–39]. The system

Table 6. Cell parameters

Parameter Value

Number of sensitive anode wires 6

Wire diameter:

anode (W/Au) 28 μm

field and focusing (Ti/Au) 150 μm

screening (Ti/Au) 70 μm

Wire tension:

anode and screening 100 g

field and focusing 250 g

Field strength on the wire surface:

anode 360 kV/cm

focusing 8 kV/cm

field 15–52 kV/cm

Maximum voltage on the field wires 7.5 kV
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parameters are presented in Table 7. The system can
operate in a magnetic field up to 1.8 T.

Constructions of the end and barrel counters are
presented in Figs. 16 and 17, respectively. Walls of the
counters are covered with the diffusive�reflective
material based on polytetrafluorethylene (PTFE) hav�
ing the 97–98% reflection coefficient from the layer
750 μm thick [40]. The Cherenkov light from aerogel
is collected on the wavelength shifter, reradiated at a
wavelength of ~500 nm, and its part (~50%) falls in the
conditions of the total internal reflection. This part of
reradiated light propagates as through a light guide to
the photomultiplier connected via an optical contact
to one of the wavelength shifter ends. A reflector made
of PTFE is installed at the opposite end.

For computation of light�collection coefficient, a
program has been developed for simulation using the
Monte Carlo method. Input parameters include the
measured spectral characteristics of aerogel, wave�
length shifter, photomultiplier tube, and PTFE [38].

An important feature of the entire system of
counters is its two�layer structure. The counters are
arranged in such a way lest a particle travelling from
the point of beam interaction with a momentum
higher than 0.6 GeV/c passed through shifters simul�
taneously in two layers of counters. A probability that
a particle with a momentum of 0.6 GeV/c might fall
into the shifter in a single layer is 10%, for a momen�
tum of 1.5 GeV/c, 5%.This means that for identifica�
tion of the most part of particles, it will be possible to
use the data from two layers, which substantially
improves the quality of identification.

7.1. Aerogel

From 1986, the Boreskov Institute of Catalysis of
Siberian Branch of the Russian Academy of Sciences
and the BINP have been conducting joint works for
the aerogel fabrication. The aerogel production is
achieved with the refractive index n = 1.008–1.13 [41].
This aerogel by optical parameters is one of the world’s
best. Figure 18 presents the data on the absorption
length for the aerogel used in the KEDR detector. The
aerogel possesses the ability to absorb water from the
environment. A large amount of the absorbed water
leads to the mechanical damage of the aerogel; there�
fore all counters are pressurized during the fabrication.

7.2. Wavelength Shifters 

The development of wavelength shifters was carried
out jointly by the BINP and the Kargin Research
Institute of Polymers (town of Dzerzhinsk). The wave�
length shifter based on acrylic resin (PMMA) with
addition of BBQ (benzo(de)benzo(4,5)imidazo(2,1�
a)isoquinolin�7�one): 150 mg of BBQ per 1 kg of
PMMA, produced as sheets 3 mm thick. Cutting, pol�
ishing, fashioning, and quality check of shifters are
performed at the BINP. A wavelength shifter with

∅1380

∅320

1441

Fig. 15. Layout of ASHIPH system of the KEDR counter.

Table 7. Main parameters of the ASHIPH system

Solid angle of the system 0.96 × 4π

Number of layers 2

Number of counters in a layer 80

Refractive index of aerogel 1.05

Momentum range of π/K discrimination 0.6–1.5 GeV/c

Amount of substance for a normal particle 0.24X0

Aerogel volume 1000 L

215

51 74

51
8

Aerogel

MCP PMT

WLS

Reflector

Fig. 16. Endcap counter.
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BBQ has an absorption spectrum of 280 to 450 nm.
With the 3�mm thickness, photons from this wave�
length region are re�radiated at a probability close to
100%. The light is re�radiated by BBQ into the narrow
peak with a maximum at a wavelength of 500 nm.

Figure 19 displays the probabilities of the photon
conversion to photoelectron depending on the dis�
tance from the point of photon absorption to the pho�
todetector (the attenuation length for the wavelength
shifter sample with a section of 3 × 17 mm2 at different
stages of production [38, 42] is indicated).

7.3. Photomultipliers

A photomultiplier multialkali photocathode based
on microchannel plates and was chosen as a photon
detector for the ASHIPH system. These devices are
manufactured in Novosibirsk by the enterprises OAO
“Katod” and ZAO “Ekran FEP”. The multialkali
photocathode has the maximum quantum sensitivity
at a maximum of the BBQ radiation spectrum. Other
advantages of this device are its small overall dimen�
sions (a height of 17 mm, a diameter of 31 mm), a gain
of 106, a weak sensitivity to magnetic field (the gain
reduces by a factor of 3–5 in the 1.8�T field), and the
comparatively low cost [38, 42–44].

7.4. Electronics

A charge from the photomultiplier anode is con�
verted by the charge�sensitive preamplifier to the
paraphase (bipolar) signal that is brought out of the
detector and is supplied to inputs of digitizing boards
via a long cable (~40 m).

The dedicated electronic board A6 was developed
in the KLUKVA standard, which works in the pipe�
line mode. Basic elements of the circuit are a 10�digit
analog�to�digital converter (ADC) and a shift register.
The ADC measures an instantaneous voltage value

218

74
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80

Aerogel

PMT box

WLS

Reflector

AA

A–A

218

Fig. 17. Two barrel counters in a single housing.
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n = 1.05 (SAN�96)
n = 1.008
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Fig. 18. The measured dependence of absorption length in
aerogel as a function of the light wavelength for different
aerogels.
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Fig. 19. The measured probability of the photon conver�
sion to a photoelectron (W(γ → pe)) of shifter as a function
of the distance from the photodetector (the number near a
curve denotes the attenuation length).



672

PHYSICS OF PARTICLES AND NUCLEI  Vol. 44  No. 4  2013

ANASHIN et al.

with a period of 50 ns. The shift register serves as data
storage for the trigger�operation time. Five values of
voltage are read out for each pulse; an amplitude and
time of arrival of the pulse are reconstructed using
them. There is a discriminator in the circuit to moni�
tor the intrinsic noise of photomultipliers.

7.5. Testing a Counter in the Beam

In 2000, the quality of π/K separation of the ASHIPH
end counter was measured in secondary beams of the
proton synchrotron in the JINR (Dubna) [45]. The
inhomogeneity of light collection was measured in the
pion beam with a momentum of 0.86 GeV/c over
the entire area of the counter. The signal inhomogene�
ity was ±15%.

Figure 20 displays the probabilities of misidentifi�
cation of kaons and pions depending on the threshold
for signal amplitude. For the momentum 0.86 GeV/c
with a threshold of 0.05 photoelectrons, the pion sup�
pression factor is 900 with the 94% efficiency of kaon
detection (separation is 4.7 σ). With the momentum
1.2 GeV/c, the pion suppression factor is 1300 with the
90% efficiency of kaon detection (4.5 σ).

A time resolution of the ASHIPH counter for pions
with the momentum 0.86 GeV/c was σ

τ
 = 2 ns [39].

7.6. Long�Term Stability of Counters 

The study of the long�term stability was conducted
using 20 endcap counters that were assembled in
1999–2000. The counters were inside the detector
from 2000 to 2003. Periodically, a high voltage was
supplied to them, the photomultiplier noise was mea�

sured, and the amplitude spectra were recorded. All
counters were tested with cosmic particles before the
installation in the detector and after the removal from
the detector. The time dependence of the number of
photoelectrons for one of the counters is presented in
Fig. 21. The signal drop as a function of time was sta�
bilized at the level of 66% of the initial value; the num�
ber of photoelectrons has been unchanged (within
~10% uncertainty) for the last five years.

The disassembling of 13 counters was performed,
and the deterioration of parameters was studied for
aerogel, photomultiplier, wavelength shifter, and
reflector individually. A mean decrease in the number
of photoelectrons in the counters for three years was
38%. The deterioration of aerogel optical transpar�
ency on average leads to the decrease in the number of
photoelectrons by 18%. A drop of the photomultiplier
efficiency was 17%. It was established that optical
properties of the aerogel are restored [41] with anneal�
ing (~5 h at the temperature 500–600°C).

7.7. Status of the System 

One layer of the ASHIPH system (80 counters) has
been working in the KEDR detector since 2003. Dur�
ing the experiment, the information on the system
workability is obtained on completion of each run
(every 1–3 h). In 2005, a mean efficiency for Bhabha
scattering events detected was 99% in the endcap
counters and 88% in the barrel counters. The similar
efficiency in 2010 was 97% for the endcap counters
and 78% for barrel counters.

On experiment shutdown in 2011–2013, the sec�
ond layer (80 counters) will be mounted and the repair
of the first�layer counters will be performed.
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Fig. 20. The measured dependence of misidentification of
pions and kaons on the amplitude for the momenta P =
0.86 GeV/c and P = 1.2 GeV/c.
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Fig. 21. The signal amplitude (number of photoelectrons)
from cosmic muons as a function of time.
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8. TIME�OF�FLIGHT SYSTEM

Among the problems the time�of�flight system
solves in the experiment are activation of the first�level
trigger from charged particles, suppression of the cos�
mic particles background, particles identification by
the time of flight, and measurement of energy losses in
the material of a counter.

8.1. Construction

The time�of�flight system of the KEDR detector
consists of the barrel and endcap parts. Its main
parameters are presented in Table 8.

The Bicron�408 plastic scintillator is used as a
material for the time�of�flight counters. The XP2262
photomultipliers are used in the system for detecting
the scintillation light. The photomultipliers mounted
on light guides are enclosed in magnetic shields.

8.2. Electronics

Each photomultiplier has two channels of the digi�
tizing electronics: amplitude and time channels; addi�
tionally, signals from photomultipliers enter the first�
level trigger and serve as arguments to form a start for
readout of the detector data.

The electronics channel of the time�of�flight sys�
tem includes the time and amplitude parts (Fig. 23).
Amplitude of photomultiplier signal is measured and
digitized in the amplitude channel; the time between
the photomultiplier operation and the primary trigger
signal, in the time channel. The electronics channel
includes the splitter�discriminator (SD), the delay line
of analog signal (DLA), the delay line of logical signal
(DLL), the charge�time converter (QT), and the time
expander (TAD). Logic signals from the QT and TAD
outputs are supplied via the twisted pair to the digitiz�
ing electronics made in the KLUKVA standard. A
total number of channels is 256: 128 time channels and
128 amplitude channels.

8.3. Physical Parameters of the System

For the system calibration, experimental events of
elastic e+e– scattering are used. The resolution in time
of flight for them is 300 ps for the endcap counters and
360 ps for the axial counters. This resolution makes it
possible to discriminate between kaons and pions at
the 2σ level up to momenta of 600 MeV/c and to sup�
press cosmic ray particles effectively enough. Figure 24
presents the dependence of the inverse velocity of par�
ticles (the parameter 1/β) upon the momentum for
experimental multihadron events. Theoretical curves
correspond to different mass hypotheses: π± (lower
curve), K± (middle curve), p,  (upper curve).

Figures 25 and 26 illustrate the use of particle iden�
tification by time of flight during the processing of the
experimental data acquired for the ψ' meson. Figure 25
shows the experimental spectra of invariant masses of
two different�charge particles with a common vertex
on assumption that all particles are K±. After employ�
ing the time�of�flight (ToF) selection, a peak from

p

Table 8. Main parameters of the time�of�flight system

Barrel counters:

solid angle 0.71 × 4π

number of counters 32

length of sensitive part 1640 mm

scintillator thickness 10 mm

distance from the axis 715 mm

number of photomultipliers per counter 2

Endcap counters:

solid angle 0.26 × 4π

number of counters 2 × 32 = 64

scintillator thickness 20 mm

distance from the intersection region 
along the axis

735 mm

number of photomultipliers per counter 1

Fig. 22. The drawing of the time�of�flight system.

From
photo� SD DLA

To digitizer
QT

Gate

Start

Gate Stop

TAD

To PT PT Phase
Activation

DLL

multiplier

Fig. 23. Electronics channel of the time�of�flight system.
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φ → K+K– is clearly seen; the background level is
reduced by about 60 times. Similar spectra on assump�
tion that all particles are either p and π– or  and π+

are displayed in Fig. 26. After the separation by ToF, a

peak of events of the process Λ → pπ– and  → π+

is clearly seen.

9. ENDCAP CALORIMETER

The endcap calorimeter of the KEDR detector is
constructed on the basis of scintillation crystals
CsI(Na) with light detection by vacuum phototriodes
(PT). The basic properties of crystals CsI(Na) are as

p

Λ p

follows [8, 46]: the density ρ = 4.51 g/cm3, dE/dx =
5.6 MeV/cm, X0 = 1.86 cm, Molière radius is 3.57 cm,
hygroscopicity is weak, luminescence maximum is at
λmax = 420 nm, refractive index for λmax is 1.84, lumines�
cence time is 630 ns, light yield is 40 × 103 photons/ MeV.

The endcap calorimeter (see Fig. 1) comprises two
parts arranged around the vacuum chamber symmet�
rically with respect to the interaction region of e+e–

beams. Each part includes four modules and an inter�
nal system consisting of separate counters (Fig. 27).
Main parameters of the endcap calorimeter are given
in Table 9.

The module is assembled of 74 units. A unit of the
endcap�calorimeter module consists of two CsI(Na)
crystals with sizes of 60 × 60 × 150 mm; its full length
is 300 mm or 16.1X0. The unit layout is shown in
Fig. 28. The system of internal counters located near
the vacuum chamber of the storage ring contains
24 crystals with a length of 300 mm. In all, there are
1232 crystals in the calorimeter. The construction’s
units and their characteristics are described in more
detail in [47]. The results obtained with the detector
prototype are presented in [48]. The limiting capaci�
ties of this layout are investigated in [49].

9.1. Crystals and Counters

The endcap calorimeter of the KEDR detector
uses CsI(Na) crystals produced by NPO “Monokri�
stalreaktiv” (city of Khar’kov). The crystals are
wrapped with the diffusion reflector made of the film
of SKL porous teflon with a thickness of 70 μm and
packed into a container made of aluminized mylar
20 μm thick. The kaprolon flanges are mounted at the
crystal ends, which serve for fastening the mylar con�
tainer and photodetectors. An optical contact between
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Fig. 24. Separation of particles by ToF (experiment).
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the crystal surface and a window of the phototriode is
provided by means of the optical silicon lubricating
grease. The light yield of the counters with consider�
ation for the light collection factor is around 104 pho�
tons per 1 MeV of the energy released in the crystal,
the inhomogeneity of the light collection along the
crystal length does not exceed 10%.

9.2. Phototriodes

Vacuum phototriodes capable of working in strong
magnetic fields (to 2 T) are used as photodetectors in
the endcap calorimeter of the KEDR detector. The
phototriodes were manufactured at the “Ekran” fac�
tory in Novosibirsk [50]. They have a semi�transparent
bialkali photocathode, a flat electrode—the plate that
is a dynode, and an anode�grid between the photo�
cathode and dynode. A diameter of the phototriode is
50–52 mm, and its height is 45–50 mm. A diameter of
the photocathode sensitive area is 48 mm. The quan�
tum efficiency is 10–15%, the inhomogeneity of
quantum efficiency over the photocathode area is
around 10%. The dynode gain is 10–15. When operat�
ing in a magnetic field of 0.6–1.0 T, the phototriode
gain reduces approximately two�fold.

It should be noted that for the time elapsed after the
manufacturing of the phototriodes (they were pro�
duced more than 20 years ago, moreover they were
operated in the calorimeter for around 10 years),
nearly 19% phototriodes went out of service or deteri�
orated substantially their parameters.

9.3. Electronic Circuit

A circuit of the electronic section of the KEDR
detector calorimeter is presented in Fig. 29.

A charge from the phototriode anode comes to the
input of the charge�sensitive preamplifier. The trans�
mission coefficient of the preamplifier is 0.22 V/pC.
Then a signal is formed in the F15 amplifier�shaper
board, after which it is digitized by the ADC with the
peak detector A32 [51], performed in the KLUKVA
standard [52]. The time for signal shaping is 3 μs.

In each board, the analog summing of all signals
that come to its input is performed. This summed sig�
nal is also fed to the ADC. In addition to that, the
summed signal is used for organization of the neutral
trigger of the detector; for this purpose its additional
shaping is performed. A front of this signal after shap�
ing is 300 ns. On shaping completion, the signal is sup�
plied to the comparator. If its amplitude exceeds the
specified reference voltage, a logic signal is generated,
which is used in the detector trigger. For checking the
work of the described circuit, the logic signal from the
comparator is also supplied to the ADC.

A dedicated (calibration) input is provided in every
preamplifier of the calorimeter to conduct the calibra�
tion of electronic section of the endcap calorimeter
and to verify its workability.

Calorimeter Inner
module counters

Fig. 27. Schematic layout of the endcap calorimeter of the
KEDR detector.

Table 9. Main characteristics of the endcap calorimeter

Solid angle 0.21 × 4π

Polar angle 6°–38° and 142°–174°

Number of crystals 1232

Size of crystals 60 × 60 × 150 mm, 
60 × 60 × 300 mm

Unit length 300 mm (16.1X0)

Outer radius of the calorimeter 665 mm

Mass 3.2 tons

Energy resolution 3.5% at 150 MeV

(design) 2% at 1000 MeV

Spatial resolution 6–12 mm

1

2 3

4

CsI CsI

1

3 2

Fig. 28. A unit of the endcap calorimeter module of the
KEDR detector (includes two CsI crystals with a size of
60 × 60 × 150 mm). Numerals denote phototriode (1),
preamplifier (2), kaprolon flange (3), and container of alu�
minized LAVSAN (4).
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9.4. Calibration of the Calorimeter 
and the Achieved Parameters 

The calorimeter calibrations include the following
procedures: measuring ADC pedestals (every day);
calibration of electronic section using the pulse gener�
ator (every day); calibration of the calorimeter using
cosmic ray particles (1–2 times a week); absolute cal�
ibration of energy using events of elastic e+e– scatter�
ing (as the necessary statistics is acquired).

The following data are obtained. The stability of
pedestals between the measurements is better than that
of a single ADC channel, which is equivalent to
0.5 MeV of the energy released in crystals. The stabil�
ity of the electronic section is 0.3–0.4%. The integral
nonlinearity does not exceed 1% within the entire
measurement range. Total noise of the electronic sec�
tion is equivalent to 0.4 MeV of the energy released in
the crystal; a fraction of coherent noise is no more
than 20%.

When the cosmic calibration is conducted
(between once and twice per week), an accuracy of
measurement of the cosmic spectrum position is 3–
4%. The obtained data permit us to assert that the time
drift of the transmission coefficients of the measuring
channels of the calorimeter is small. So, when cosmic
calibrations performed with a time gap of two to four
weeks are compared, a difference of the obtained cali�
bration coefficients is determined by the accuracy of
measurement of the cosmic spectrum position. From
the data available, we draw a conclusion that on aver�
age the stability of channels of the endcap calorimeter

during the time interval between the cosmic calibra�
tions is better by 2%.

The energy resolution of the calorimeter obtained
by events of elastic e+e– scattering is 3.5% at the parti�
cle energy 1.5 GeV, The spatial resolution of the calo�
rimeter at this energy is �8 mm and corresponds to the
design value. The obtained energy resolution is worse
than the design value (see Table 9), which is caused
mainly by inaccuracy of calibration coefficients and,
probably, by inhomogeneity of the light collection of
crystals. The works are under way in modernization of
calorimeter calibration procedures in order to achieve
its design parameters.

10. BARREL CALORIMETER

As a barrel part of the electromagnetic calorimeter
of the KEDR detector, the ionization calorimeter
based on liquid krypton is used [53–55].

10.1. Construction

Figure 30 displays a construction of the liquid kryp�
ton (LKr) calorimeter of the KEDR detector. Its main
parameters are summarized in Table 10.

The LKr calorimeter presents a set of cylindrical
ionization chambers. The chamber electrodes are fab�
ricated of sheets of fiberglass laminate (G10) with a
thickness of 0.5 mm, covered on both sides by the cop�
per foil 18 μm thick. There are a total of 35 layers of the
electrodes in the calorimeter. A gap of 19.5 mm
between the electrodes is set with the help of the con�
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Fig. 29. Electronic circuit of the endcap calorimeter (consists of a phototriode (PT), preamplifier, amplifier�shaper F15, and
ADC A32).
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struction consisting of the ring frames and the ribs
crossing them along the calorimeter axis. Apart from
maintaining the gap between the chamber electrodes,
the frames are intended for fixing the electrodes from
layer to layer. A system of electrodes is assembled in
the cryostat with shield�vacuum thermo�insulator, the
inner cryostat volume is manufactured of aluminum,
while the outer volume is made of stainless steel.
Inside the cryostat, the aluminum rings�squeezers are
mounted on the outer radius of flanges for saving kryp�
ton. The glass connectors are welded into the cold and
warm flanges for signal readout from the calorimeter.
For thermal stabilization, the pipes are welded at the
external side of the aluminum volume, through which,
if necessary, gaseous nitrogen can be flushed.

Figure 31 schematically displays the system of the
calorimeter electrodes. Readout of a signal for the
energy measurement is performed from the high�volt�
age electrodes that are divided into rectangular pads
connected to one another by radius in such a way that
they form the cells (“towers”) of the calorimeter ori�
ented to the interaction point.

At the radius nearest to a beam, the cells have a
transverse size of 10 × 10 cm2, which increases as the
distance from the beam grows. The calorimeter has
three layers of these cells along the radius. The
grounded electrodes of the first layer are divided into
strips for measuring coordinates. Altogether there are
four planes for measuring the z�coordinate and four
planes for measuring the angle φ, which alternate with

one another. Widths of cells and strips increase along
the z axis as the distance from the calorimeter center
grows in order to ensure the equal resolution in polar
angle.

10.2. Electronics 

Electronics of the LKr calorimeter includes the fol�
lowing components: (i) boards with blocking capaci�
tors installed inside the cryostat of the calorimeter and
intended for readout of a signal from high�voltage
electrodes; (ii) the chamber electronics mounted out�
side, on the calorimeter endcap flanges; (iii) the sys�
tem of overcommutation of the calorimeter channels;
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Fig. 30. Schematic layout of the LKr calorimeter: entrance wall (1), cold flange (2), warm flange (3), connectors (4), spacers (5),
equal�thick lines (6), coordinate electrodes (7), high�voltage electrodes (8), and boards for wiring of high voltage and blocking
capacitors (9).

Table 10. Main parameters of the LKr calorimeter

Solid angle 0.79 × 4π

Polar angle 38°–142°

Inner radius 75 cm

Thickness 68 cm (14.8X0)

Mass of LKr 27 tons

Energy resolution at 1.8 GeV (design) 2.4%

Energy resolution at 1.8 GeV (achieved) 3.0%

Resolution in mass of π0 8 MeV

Spatial resolution 1 mm
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(iv) the calibration system of calorimeter electronics;
(v) boards of summing for the first�level trigger of the
detector; (vi) the intermediate electronics with RC�
2CR shapers (one integrating and two differentiating
cells); and (vii) the digitizing electronics.

A total number of channels in the readout electron�
ics of the calorimeter is 7240, of which 2304 channels
are designed for measuring the energy and
4936 channels are intended for measuring the coordi�
nates. Measurements of the energy involve a signal
read out from high�voltage electrodes, and then the
blocking capacitor is required between the chamber
and the measurement electronics. For this purpose,
there are 48 boards of capacitors with 48 channels per
board installed in the calorimeter. The nominal block�
ing capacitance per channel is 28 nF. The same boards
serve for high�voltage wiring over the calorimeter.

The chamber electronics consists of the charge�
sensitive preamplifiers based on the field�effect tran�
sistor SNJ1800D [56, 57], which are arranged on the
cryostat endcaps in metallic boxes, 48 items in each
box. Apart from preamplifiers, the boxes contain
power�supply filters and calibration capacitors.
Paraphase signals from the preamplifiers are brought
out through the 96�pin connectors of PANDUIT type
(two per each box). Through the same connectors, the
power for preamplifiers (±12 V) and signals from cali�
bration generators are supplied.

A charge�sensitive preamplifier receives a pulse of
current from the calorimeter chambers and integrates
it on the feedback capacitor (nominal capacitance is
5 pF). The feedback resistance, sustaining the dc

mode, is 100 MΩ. Thus, the integration time constant
is 500 μs.

Signals from preamplifiers are transmitted via
screened twisted pairs to the overcommutation system
units that are located in the detector hall. There are
dedicated calibration generators located in the same
units, which create a current (close in shape to the cur�
rent from a particle) through the calibration capacitors
of channels. One calibration generator works for four
boxes of preamplifiers. In addition to that, for spectro�
metric channels, the summation boards are installed
in the overcommutation system units, which sum up
signals from the eight neighboring channels in the first
two layers and transfer the result to the first�level trig�
ger of the detector.

The F32 boards with the RC�2CR shapers are
locatted in the room of the data acquisition system of
the detector in KLUKVA crates [36]. The two types of
the shaper boards are available in the data acquisition
system: F32B (with a time constant of 1.5 μs), des�
tined for work with spectrometric channels of the cal�
orimeter, and F32P (with a time constant of 4.2 μs),
intended for work with coordinate channels. For
increasing the dynamic range, the F32B boards have
additional stages with tenfold amplification. There�
fore, there are 32 shaped signals at output of these
boards plus another 32 shaped signals with additional
amplification. A total number of F32B boards is 72,
while the number of F32P boards is 155.

The shaped signals from calorimeter are digitized
by the 12�bit peak ADCs fabricated in the KLUKVA
standard by 32 channels per board [51]. A range of digiti�
zation is from 0 to 2 V, digitization time is 100 μs. Maxi�
mum integral nonlinearity is ±3 channels.

10.3. Noise of Electronics and Radioactivity

The industrially produced krypton contains the
admixture of the β�radioactive isotope 85Kr with a
half�life of 10.5 years and the boundary spectrum
energy of 0.67 MeV. Electrons of β decay create a
pointlike ionization in the gap of the ionization cham�
ber of the calorimeter. The current signals from events
of β decay are superimposed randomly on the useful
signal in the calorimeter and present a source of addi�
tional noise.

Figures 32 and 33 display the distributions over
noise measured in all calorimeter channels for the
cases when a high�voltage supply to the calorimeter
chambers is on and when it is off. The contribution to
the channel noise is made by both the intrinsic noise of
the calorimeter electronics and the noise from the
krypton radioactivity in the first case and by the elec�
tronics noise alone in the second case. As it can be
seen from these distributions, almost all spectrometric
channels have the noise less than 1 MeV, while the
noise of coordinate channels is less than 0.6 MeV.
Subtracting quadratically the noise values measured

1

2

3

4

6X
0

9X
0

Fig. 31. Schematic of electrode structure of the calorime�
ter: φ strips (1), z strips (2), high�voltage electrodes (3),
and grounded electrodes (4).
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without high voltage from the noise values obtained
under the high voltage supplied, we derive a contribu�
tion to noise from the krypton radioactivity. We have
on the average 0.6 MeV for towers and 0.3 MeV for
strips.

10.4. Calibration 

The absence of internal amplification in the calo�
rimeter enables the relative channel calibration to be
conducted with acceptable accuracy using dedicated
generators that simulate a current signal from particles
at input of amplifiers. The calibration results in deter�
mination of the ADC pedestal and gains of channels.
The generator calibration is performed twice a week.
The measured time stability of pedestals is ±0.3 of the
ADC channel (0.3 MeV in energy units), while the rel�
ative gain stability is 10–3.

Apart from the generator calibration, the calibra�
tion by the recorded events with cosmic mesons is also
conducted. A main goal of cosmic calibration is to
trace a variation in the calorimeter signal amplitude
with time, which occurs as a result of slow krypton
contamination by electrically negative impurities. A
rate of reduction in the amplitude of the calorimeter
signal with time is approximately 1% a month. The
cosmic calibration also makes it possible to verify the
workability for all calorimeter channels and to roughly
perform the absolute calibration.

10.5. Calorimeter Parameters 

The energy resolution of the calorimeter in the
high�energy scale was measured on events of elastic
e+e– scattering.

Figure 34 shows the distribution over the energy
measured in the calorimeter for these events. The res�
olution at the energy of 1.8 GeV is 3.0 ± 0.1%.The res�
olution for this energy expected from the calorimeter
simulation is 2.4%. The difference is probably con�
nected with the insufficient accuracy of the relative
calibration of calorimeter channels. The energy reso�
lution of the calorimeter in the low energy scale deter�
mines the detector resolution in reconstructed invari�
ant mass of π0 meson.

The energy resolution was studied using distribu�
tions over invariant mass of photon pairs (recorded in
the calorimeter) from the ψ'�meson decay. Coordi�
nates of photons were determined by the center�of�
gravity method. It was found that if the coordinates are
determined only from amplitudes of spectrometric
channels, the resolution over the invariant mass of two
photons from π0�meson decays is 9.6 ± 0.2 MeV. The
presence of strips in the electrode structure allows the
resolution to be improved to 8.4 ± 0.2 MeV [2].

It is obvious that the coordinate resolution
becomes particularly important for reconstruction of
high�energy particles. When the π0�meson energy is
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Fig. 33. Distributions for the measured noise in all coordi�
nate (strip) channels of the calorimeter. Left histogram
corresponds to absence of high voltage on the calorimeter
chambers; right histogram displays the case when the high
voltage is supplied.
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Fig. 34. Distribution over the measured energy release in
the calorimeter for events of the e+e– scattering at the
energy 2E = 3.6 GeV, σE/E = 3.0 ± 0.1%.
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Fig. 32. Distributions for the measured noise in all spectro�
metric (tower) channels of the calorimeter. Left histogram
corresponds to absence of high voltage on the calorimeter
chambers; right histogram displays the case when the high
voltage is supplied.



680

PHYSICS OF PARTICLES AND NUCLEI  Vol. 44  No. 4  2013

ANASHIN et al.

more than 400 MeV, the following data are obtained for
the resolution in the π0�meson mass: without using the
data from the calorimeter strips, σm = 10.2 ± 0.2 MeV,
while with the reconstruction with the use of this
information, σm = 7.6 ± 0.2 MeV. Thus, a good spatial
resolution of the calorimeter for photons appreciably
improves the detector characteristics.

The calorimeter’s spatial resolution itself was
directly measured for minimally ionizing particles
using events with cosmic muons [58]. In case of the
muons incident perpendicular to a strip, the resolution
was 0.62 ± 0.1 mm (for a layer with a strip width of
6.9 mm), which agrees well with the resolution
obtained in simulation. The spatial resolution for dif�
ferent�energy photons was measured earlier using the
calorimeter prototype [59]. The resolution obtained in
this experiment is better than 1 mm almost in the
entire energy region.

11. MUON SYSTEM

The muon (track length) system is designed for
identification and separation of muons and pions by
the difference in range in the detector material [60–
62].

The muon system blocks are arranged in three lay�
ers inside the detector magnet yoke (see Fig 1).

The system is constructed on the basis of cylindri�
cal gas wire chambers working in the self�quenching
streamer mode [63] of the so�called streamer tubes.

Main parameters of the muon system are given in
Table 11.

Figure 35 and 36 present the results obtained with
using KEDRSIM (see section 16) for computation of
probability of operation of the muon system layers
from μ± and π± mesons leaving the intersection region
at an angle of 90° ± 5° with respect to the beam axis at
the uniform distribution over the angle φ.

11.1. Construction 

The system consists of 2208 streamer tubes. Each
tube is made of stainless steel 300 μm thick and has a
length of 4.5 m and a diameter of 4 cm. The wire
(anode) of gilded molybdenum 100 μm thick is
stretched along the tube axis. The tube ends are closed
with the insulating kapronit plugs, which fasten the
anode vacuum�tightly and have holes for purging the
working gas mixture.

The tubes are joined in blocks (Fig. 37). In each
block, the tubes are fixed with the help of four duralu�
min matrices, two of which are located near the tube
ends, while another two are arranged at a distance of
1/3 of tube length from the ends. Boards of chamber
electronics and high�voltage wiring covered with pro�
tective housings are mounted on the end matrices. A
block has the connectors for power supply, high volt�
age supply, calibration signals, for control of threshold
of discriminators, an output signal connector, and
pipes for working gas mixture input and output.

To reduce the damage from failure of an individual
channel, tubes in the block are arranged in two layers
with offset by a tube radius. To minimize the number
of electronic channels, the anode wires are chained
together, four in a chain (six in certain chains). Tubes
are joined, as a rule, in an alternating manner, to

Table 11. Main parameters of the muon system

Solid angle 0.67 × 4π

Number of layers 3

Number of streamer tubes 2208

Tube length 4.5 m

Tube diameter 4 cm

Yoke thickness before a layer 23 cm (1.4 of nucl. lengths)

Mean resolution in coordinate 
along the tube

 around 4 cm
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Fig. 35. The probabilities of activation of the 1st (left
points), 2nd, and 3rd layers of the muon system for μ± as a
function of the momentum (simulation).
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Fig. 36. The probabilities of activation of the 1st (left
points), 2nd, and 3rd layers of the muon system for π± as a
function of the momentum (simulation).
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reduce the probability of operation of several tubes of
the same channel from one particle.

The system blocks are installed in the gaps of the
detector magnet yoke in three layers. According to the
octahedral shape of the yoke, blocks are grouped in
octants.

11.2. Technology of Manufacturing

Mechanical assembling of a block is performed
according to the following procedure: matrices, inside
which the tubes are placed, are secured at the particu�
lar table; the tubes are carefully washed on the inside
with water, and then with spirit; next, the anode wire is
passed inside the tube and run through the holes in the
plugs, in which the pins are inserted; the plugs are
pressed in the tube ends by a special piston. The plugs
preliminarily are rejected according to the surface
charge current at high voltage. A circular collar
0.3 mm high is pressed out on the outer surface of the
plug, while directly before the pressing, the silicone
(organic�silicon) adhesive KS�5 is applied to the plug
edges. This technology ensures the reliable pressuriza�
tion of the joint, which is not broken with the temper�
ature change in wide limits, and also the fastening of
tubes with creation of reliable electric contact. The
anode wire is stretched at an effort of 300 g and
secured in the plugs with the help of pins. The pins are
fabricated from the tinned capillary pipe made of
annealed copper with an outer diameter of 1.6 mm and
inner diameter of 220 μm. After stretching of all wires
in the block, the insulated conductors are soldered to
the pins. A site of pin mounting into the plug is also
sealed with the KS�5 adhesive. Gas openings in plugs
are connected by a PVC pipe.

After the mechanical assembling, the block tight�
ness and wire tension are checked. For tightness
check, the block is inflated with air up to the excess
pressure 0.2 atm; in this case the leakage must be no
more than 0.02 L/h. Since the characteristic flowrate
of gas mixture through the block is 0.1 L/min and the
pressure drop is almost absent, the real leakage is
found to be substantially less than the value measured
in testing. The wire tension is measured using the res�
onant method. The wires, whose measured tension is
less than 100 g, are replaced.

At the next stage, the mounting of boards of wiring
of high voltage and calibration signal, the assemblage
of the chamber electronics, the soldering�up of cables,
and the tuning of the chamber electronics are per�
formed. Then the block is flushed with air and sub�
jected to training by the reverse high voltage. After
this, the block is flushed with the working gas mixture,
and the rate curves and noise distributions over anode
wires are measured.

11.3. Gas mixture

Different gas mixtures for the self�quenching
streamer mode were studied at the BINP [60, 61]. The
gas mixture argon + carbonic acid gas + n�pentane is
used in the muon system of the KEDR detector. At
different periods of operation the ratio of components
somewhat varied: (63:30:7), (68:25:7), and (60:32:8).
With these concentrations of pentane this mixture is
explosion�proof.

To obtain the working gas mixture, carbonic acid
gas is flushed through n�pentane that occupies the
temperature� and pressure�stabilized vessel. The pen�
tane concentration in the mixture is determined by the
pressure of saturated pentane vapors at the given tem�
perature, therefore the temperature is stabilized with
an accuracy of ±0.1°C. Then the required argon
amount is added to the mixture. Flows of argon and
carbonic acid gas are regulated by the Bronkhorst con�
trollers.

The prepared gas mixture is supplied in parallel to
the system octants. Inside the octant, the purging is
performed sequentially by blocks, from the inner layer
to the outer one. Tubes of each block are flushed
sequentially.

Since the system blocks were manufactured more
than 20 years ago, their tightness often leaves much to
be desired. Under these conditions, the requirements
for continuity of purging of the working gas through
the muon system sharply grow. In practice, the maxi�
mum time of the purging stop without the substantial
deterioration of system parameters is around a day (by
the end of the 2009–2010 season), after which the gas�
locks of the spoiled gas form in the system, for removal
of which it will take up to several weeks.

The gas�mixture quality is the necessary condition
for high efficiency of recording. Unfortunately, faults
of purging took place repeatedly during the experi�
mental seasons.

Fig. 37. A block of the muon system at the test�bench. Pro�
tective housing is removed.
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11.4. Electronics 

The chamber electronics provides for determina�
tion of the longitudinal coordinate of the particle pas�
sage by a difference in time of signal arrival at the ends
of a chain of tubes. A block�diagram of the electronic
channel is shown in Fig. 38. Signals from the wire ends
via the high�voltage decoupling enter the amplifiers�
shapers. When an input signal exceeds the preset
threshold, the former generates a logic signal of the
specified duration. The input thresholds of AS dis�
criminators can be regulated individually by means of
trimming resistors within a range of 5–50 mV; addi�
tionally, thresholds of all ASs of the same block can be
shifted simultaneously by the external control voltage.
The AS threshold “start” is set approximately to
25 mV; “stop”, to 20 mV (thus, if “start” has operated,
then “stop” has operated too).

The AS “start” is sent to the expander input
directly, whereas the “stop” signal goes to the
expander through the delay line (DL). The delay line
is made of the twisted pair, its length is selected in such
a way that the “stop” signal would always arrive later
than the signal “start” would. Duration of the “start”
signal is chosen such that before its termination, the

“stop” signal would always have time to come to the
expander. Amplitude of the “stop” signal is increased
to compensate for attenuation in the delay line.

The expander generates at output the paraphase
logic signal whose duration is several times greater
than the time between the leading edges of “start” and
“stop”. Parameters of the delay line and expander are
selected such that a range of output signal duration
would be approximately 2–8 μs. An output signal is
transmitted via a cable of screened twisted pair to the
time�to�digital converter (TDC), which is the
TP�board of the KLUKVA standard [64]. Measure�
ments of signal duration are performed using the method
of direct counting with a discreteness of 2.5 ns.

A number of the operated tube in a chain and a lon�
gitudinal coordinate of the hit are determined from the
TDC time. A mean resolution of the system in longi�
tudinal coordinate is 4 cm (Fig. 39). A transverse coor�
dinate is determined by the position of the operated
tube. The more accurate measurement of the trans�
verse coordinate is unnecessary due to multiple scat�
tering of particles in the detector material.

A high voltage required for the chamber operation
in the self�quenching streamer mode is supplied inde�
pendently to each system octant and further is distrib�
uted among blocks in parallel. A value of the working
voltage is 4200 V, a width of plateau is around 400 V.

Faults of the chamber electronics and breakdowns
in high�voltage cables are main causes of reduction in
the muon�system efficiency. By the end of the 2009–
2010 season, around 5% of system channels were
faulty, around 5% more channels were partly opera�
tional (do not measure the hit coordinates).

11.5. The Calibration and Parameters 
of the System Obtained in the Experiment

The system calibration consists in determination of
TDC time instants corresponding to the tube ends. It
can be conducted with the help of the generator and by
time spectra collected with cosmic particles.
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Fig. 38. A block�diagram of the electronic channel of
muon chambers.
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muon system channels (experiment in May, 2010).
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The generator calibration is used mainly for check
of electronics workability. The calibration constants
are obtained from fitting the time spectra recorded in
dedicated runs. Then they are refined by experimental
runs. The longitudinal coordinate resolution is mea�
sured from direct tracks reconstructed in the muon
system. A mean channel resolution of the muon sys�
tem in the detector is around 4 cm (see Fig. 39).

The system efficiency is measured in experimental
runs. The events are selected, in which tracks are
reconstructed in the muon system. The system layers
are used for cross tagging; so, e.g., for measuring the
intermediate�layer efficiency, the tracks are used
which have hits in the inner and outer layers. The mea�
sured efficiency is stored in the database and used dur�
ing the analysis of experimental data. For example, in
May 2010, a mean efficiency of the first layer was
97.6%, of the second layer was 98.3%, and of the third
layer was 90.5% [2].

12. LUMINOSITY MONITOR

12.1. Introduction

The collider luminosity determines the frequency
of observation of physical processes as

where � is the luminosity, while σvis is the visible
(effective) cross section in which the kinematics of the
process, geometry, and efficiency of the detecting sys�
tem are taken into account.

The VEPP�4M on�line luminosity is measured by
the well�known process of the single bremsstrahlung
(SBS) e+e– → e+e–γ. The process cross section was first
calculated in the 1960s in [65, 66]. The SBS photon
spectrum has the form

(9)

where α = 1/137, x = ω/Eb, ω is the photon energy,

Eb is the beam energy, L = ln(4 (1 – x)/ c4x).

In this process one of the beam particles loses a part
of energy by emitting a photon, while the particle trav�
elling in the opposite direction almost does not change
its motion. The emitted photons fly within a narrow
cone along the direction of motion of the initial parti�
cle with the angle θ ~ me/Eb = 1/γ. Determination of
the counting rate from the electron and positron beams
yields two independent measurements of luminosity.
The energy spectrum of emitted photons at ω < Eb has
the form dNγ/dω ~ 1/ω. The SBS spectrum edge cor�
responding to ω � Eb is used for amplitude calibration
and measurement of resolution of the luminosity
monitor.
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In the 1980s, the more accurate measurements and
calculations performed at the BINP [67, 68] demon�
strated the appreciable influence on the emission
mechanism from such parameters as beam size and
impact parameter for the interaction of beams. As a
result, the differential cross section of soft photon radi�
ation reduces as compared with (9) (under our condi�
tions, the correction is more than 5% for ω < 100 MeV).
With a beam size taken into account a total cross sec�
tion for photons (with ω > ωmin) detected by the lumi�
nosity monitor decreases by 1–2% in the region of ψ�
meson energy [69].

A cross section of SBS registration is approximated
by the following formula:

(10)

where T = ωmin/Eb. The expression in parentheses is an
integral from formula (9) in the approximation L =
const. The coefficient C, calculated by means of
numerical integration of cross section (9) with consid�
eration for the correction [68], changes smoothly from
C = 0.52 × 10–25 cm2 to C = 0.63 × 10–25 cm2 with the
energy variation from Eb = 1.5 GeV to Eb = 5.5 GeV
and is well approximated with a polynomial. With the
fixed beam energy, C weakly depends on the threshold:
within the interval ωmin = 300 ± 50 MeV, the change is
no more than 1%. For the beam energy region 1.5–
5.5 GeV and for the threshold ωmin= 300 MeV, the
cross section of SBS registration varies within the lim�
its of (0.6–1.5) × 10–25 cm–2. Thus, for the luminosity
1030 cm–2 s–1, the counting rate is around 100 kHz,
which is enough for on�line measurements of lumi�
nosity.

12.2. Apparatus of Luminosity Monitor

The luminosity monitor of the KEDR detector
presents two electromagnetic calorimeters located at
the axis of colliding beams on each side of the intersec�
tion region at a distance of around 18 m (Fig. 45).
Upon selecting the calorimeter design, the following
factors were taken into consideration.

• For the SBS scattered electron and the
bremsstrahlung photon, the relation  + ω = Eb is
fulfilled with a high precision. The accurate measure�
ments of the bremsstrahlung photon energy ω will
make it possible to tag the SBS particles fallen in the
system of scattered electron tagging (see section 13),
which gives the opportunity to reduce the background
while studying two�photon processes.

• With work in the high�energy region (5 GeV), the
VEPP�4M luminosity will amount to (several unities)
× 1031 cm–2 s–1. In this case the load from photons with
energy more than100 MeV reaches 5 MHz, while the
radiation load may be 1000 Gy for a year of work.

σvis C 1
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The available crystal scintillators (NaI, CsI) cannot
operate under these conditions. A sandwich, consist�
ing of interleaved plates of scintillation plastic (de�
excitation time is ≈3 ns) and lead, was chosen as a cal�
orimeter. The calorimeter construction was optimized
to obtain a good energy resolution. The sandwich
arrangement is shown in Fig. 40.

Each calorimeter consists of four identical units. A
unit contains 25 layers of lead (1 mm thick) and plastic
scintillator (5 mm thick). The light guides in the form
of rectangular blocks of organic glass are glued to the
scintillator plates at both sides. Each sandwich unit is
viewed by four photomultiplier tubes (FEU�110) to
ensure good light collection. Light emitting diodes
that serve for check of photomultiplier workability are

glued into the light guides. A total radiation length of
the sandwich is 18X0.

Signals from four units are summed and the result�
ing  signal  proportional to the photon energy  is sup�
plied to the discriminator with the fixed threshold.
The luminosity is calculated from the frequency of dis�
criminator operation. Measurements from the elec�
tron and positron sides yield statistically independent
results.

For data recording, amplitude signals are converted
to logic signals whose length is proportional to the
input charge. Lengths of all signals are measured by
the TP�boards in the KLYukVA standard [64]. A typi�
cal spectrum of SBS signals at Eb = 1845 MeV is given
in Fig. 41. The pedestal width and shape are deter�
mined by superposition of “tails” from previous sig�
nals. The right spectrum edge is widened due to the
coincidence of γ quanta from the same turn. By spec�
trum form, it is possible to check on�line the monitor
workability and the stability of the threshold T =
ωmin/Eb (see (10)).

The calculated resolution of the sandwich σ(ω)/ω
is determined by the following contributions: the sam�

pling fluctuations 4.2/ %, the longitudinal leakages

1.0/ %, and the photoelectron statistics 3.0/ %,
where ω is the photon energy in GeV. With ω = 1 GeV,
the expected resolution is 5.3%. A real resolution of
the sandwich was measured by SBS events using the
system of scattered electron registration (SSET, see
section 13.). When scattered particles hit the SSET the
photon energy is defined by the formula ω = Eb – 
with an accuracy better than 1%. The results are dis�
played in Fig. 42. Somewhat worse resolution as com�
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pared to the design value is caused by calibration inac�
curacy, signal superposition, and photomultiplier
instability due to the change of the instant SBS rate.

12.3. On�Line Measurements of Luminosity

The collider luminosity in the experiment is
defined by the formula

� = 

where f is the frequency of monitor operation, fbg is the
SBS background on the residual gas, σvis is the calcu�
lated cross section of SBS registration (10), an experi�
mentally measured, δ is the correcting factor related
to the losses of SBS photons.

To tune the accelerator parameters, it is desirable to
measure the luminosity with a period of ~10 s at the
relative accuracy better than 5%. The main factors
contributing  to the accuracy of measurements are
listed below.

• The SBS photons are removed from the VEPP�4M
vacuum chamber through the window in the tungsten
receiver of synchrotron radiation. With Eb ≤ 2 GeV, the
window size exceeds the SBS spot size (~1/γ) by three
to four times. In case of the central position of the
spot, this leads to losses of ~10% of photons at the
window edges. In reality, the losses may grow to 20–
30% due to the orbit displacement in the intersection
region. Because of difficulties with measuring the orbit
position in the colliding bunches mode, only partial
compensation for this effect was possible.

• A value of the threshold T (10) can be measured
with good accuracy in each run (see Fig. 41). Because
of nonlinearity of the sandwich response, the absolute
accuracy of the threshold measurement ΔT/T is esti�
mated as 10%. A contribution of the threshold error to
the systematic accuracy of luminosity measurement is
around 5%.

• At luminosity higher than 1030 cm–2 s–1, the
probability of simultaneous hits of several photons into
the sandwich becomes significant. Depending on the
relation of T and �, the counting rate can  drop (two
photons are counted as a single photon) or  increase
(two  soft  photons cause the trigger). In our case, a
correction due to both effects is Δ� � –(2–3)�%.

• The SBS background on the residual gas fbg is
about (3�5)% and varies depending on the collider
energy, currents of beams,  and a vacuum system con�
dition. Periodic measurements of the counting rate
with the separated collider beams (� = 0) allows to
retain its contribution to the luminosity error at the
level of 0.5%.

To ensure the independence of luminosity mea�
surements on the main detector, all corrections to �
were determined only by data from the luminosity

f fbg–( )
σvis

�������������� 1 δ+( ),

monitor and SSET. The relative accuracy of luminos�
ity measurements can be estimated by comparing
measurement from the electron and positron sides R =
�–/ �+ – 1. According to results of the data taking
during 1.5 year, the quantity R = �–/ �+ – 1 had an
average of (–3)% and a spread of around 3%. For the
relatively short experiments (about one month), the
spread of R might decrease to 1%. Thus, an accuracy
of one measurement of �– or �+ may be estimated as
3%. The statistical error in this case is less than 1% per
every second. This accuracy is quite sufficient for the
collider tuning.

The independent estimation of the absolute accu�
racy of luminosity measurement was performed by
comparing the integral luminosity determined by
monitors with the luminosity measured from the num�
ber of Bhabha events in the endcap calorimeter of the
KEDR detector. The results of comparison are shown
in Fig. 43. The quantity R = �/�(Bhabha) –1 has an
average of –3.2% and a spread of 4.2%. The “distant”
points appear with a substantial deviation of the angle
in the intersection region from the optimal value. Tak�
ing into consideration the intrinsic error in the lumi�
nosity determination by Bhabha events (2–3%), we
confirm a conclusion that for the major part of runs,
an accuracy of luminosity measurement by SBS is
Δ�/� � 3%.

13. SYSTEM OF SCATTERED 
ELECTRON TAGGING

13.1. Introduction

Together with the processes of single�photon anni�
hilation e+e– → γ* → X (Fig. 44a), the two�photon
processes e+e– → e+e–X, proceeding via a channel with
two virtual photons γ*γ* → X (Fig. 44b), are of great
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Fig. 43. A ratio of integrated luminosity from on�line mea�
surements to that from Bhabha events as a function of the
run number  during 1.5 year of data taking.
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interest. These processes make it possible to use the
e+e– colliders for studying C�parity finite states which
are not produced in the single�photon channel.
Reviews of theoretical statements and state�of�the�art
of two�photon physics can be found in [70–72].

The expression for the differential cross section of
the process (see Fig. 44b) contains masses of virtual

photons  (see (11)). It reaches maximum when  is
close to zero. Therefore the most of the processes are
characterized by small transverse momenta of partici�
pating particles and the produced system. In particu�
lar, the scattered electrons fly mainly along the beam
to the nearest magnetic element of the accelerator
structure.

There are two basic approaches to studying these
processes. In the first case, the parameters of the pro�
duced system are reconstructed only from the prod�
ucts of reaction, which are registered in the central
part of the detector. The smallness of the system’s
transverse momentum is the main parameter for sepa�
rating these events. It is the so�called no�tag method
applied at the majority of detectors. It works suffi�
ciently well for investigation of few�particle finite
states of the produced system X.

If the detector can register both scattered beam
particles (for brevity, we shall call them SE—scattered
electrons), then we can determine parameters of the
produced system regardless of the central part. It is the
so�called double�tag method. The invariant mass of
the produced system Mγγ and squares of masses of vir�

tual photons  with small angles of SE scattering are
expressed by the simple formulas

(11)

where ωi is the energy of virtual photons,  are the

SE energies, ϑi are the SE angles, Eb is the beam
energy.
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In the intermediate case, the registration of a single
SE (the single�tag method) gives the additional infor�
mation for kinematic reconstruction in the central
part of the detector and helps in the background sup�
pression.

A majority of detectors can register SE only when
the scattering angle �10°. In this case, the registration
efficiency is no more than several percent, while a res�
olution in photon energy σ(ω)/Eb ~ 1–5%. The effi�
ciency can be substantially increased with the help of
the dedicated system of scattered electron tagging
(SSET) that can measure the energy of SEs emerging
out of the intersection region along the axis of beams.

In 1984–1985, the similar system worked on the
MD�1 detector at the VEPP�4 collider. The system
description and results of its work can be found in [73].
The new system of SE registration developed for the
KEDR detector has the appreciably larger efficiency
and an order of magnitude better resolution in invari�
ant mass. Physical principles of the SSET project were
published in [74,75]. A detailed description of the sys�
tem is given below.

13.2. General Description

13.2.1. Principle of operation. Using a doublet of
quadruple lenses, which is intended for obtaining a
small β�function in the intersection region, and the
bending magnets, we designed the two�arm focusing
magnetic spectrometer for measuring the SE energy
(Fig. 45). Electrons and positrons that have lost a part
of energy are ejected from the equilibrium beam orbit
by the transverse magnetic field of bending magnets.
In the focusing spectrometer, the particles with a cer�
tain energy irrespective of the outgoing angle fall at the
fixed point on the curve of focusing. This idea under�
lies the SSET construction of the KEDR detector. The
optical analogy of the tagging system is shown in
Fig. 46.

In order to trace the focus displacement, the tagging
system is divided into four separate units arranged along
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Fig. 44. (a) Annihilation of electron and positron. (b) Two�photon interaction of electron and positron.
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the vacuum chamber at a distance of 9–17 m from the
intersection region, as is shown in Fig. 45. Each unit has
its intrinsic energy of focusing Ef that is a characteristic
SE energy, where the compensation for angular spread
is optimal (Table 12). A contribution of angular spread
to the energy resolution is minimal near the center and
grows at the unit edges (Fig. 47).

There is a scintillation counter behind each unit,
which is triggered by SE. Signals from these counters
are used in the trigger for forming the arguments SE1
and SE2 (see section 14).

The SE energy, further denoted as ES, is recon�
structed from the track coordinate measured in SSET.
The angle is used for selecting good tracks on the back�
ground of showers, An error of the SE energy mea�
surement is determined by the coordinate resolution
of the unit, the size of intersection region, the residual
contribution of angular spread, and the scattering by
the exit window foil and tube walls. The design energy
resolution for emitted photons with all factors taken
into account is shown in Fig. 47. Line 2 corresponds to
the modified SSET with the use of GEM (see below).

Line of focusing

Doublet of quadrupoles

Intersection region

Magnet

SSET unit

Fig. 46. Optical analogy, explaining the principle of SSET operation.

Table 12. Design parameters of SSET units

Unit Working area Range of ES/Eb Ef/Eb
〈σ(ES)/Eb〉 

for 90% of SEs
〈σ(ω)/ω〉 

for 90% of photons

TS1 7.7 cm 0.39 0.59 0.59 0.996% 1.29%

TS2 4.3 cm 0.60 0.72 0.66 0.245% 0.64%

TS3 8.9 cm 0.73 0.85 0.79 0.141% 0.67%

TS4 15.8 cm 0.87 0.98 0.89 0.114% 0.81%

KEDR

KEDR
Laser Laser beam

Luminosity
Monitor

Compton photons

VEPP–4M electron beam

Scattered
electron

T
S4

T
S3

T
S2 T
S1

Fig. 45. Layout of the VEPP�4M experimental straight section for electron direction (top view). Behind the KEDR detector, the
focusing lenses and bending magnets are placed, following which the SSET units (TS1–TS4) are located. On the left, the lumi�
nosity monitor (LM) and the scheme of the laser beam  insertion for obtaining the Compton photons are shown.



688

PHYSICS OF PARTICLES AND NUCLEI  Vol. 44  No. 4  2013

ANASHIN et al.

13.2.2. Construction of coordinate blocks. The sys�
tem consists of two sets each of four units disposed
bilaterally with respect to the intersection region.
Each coordinate unit is constructed as a unified rigid
module. Three units have a width of around 90 mm,
while one unit is 180 mm wide. The vertical system
size 200 mm is deliberately redundant because the
majority of scattered electrons fall within a band of
±10 mm with respect of the orbit plane. The SSET was
designed for operation under conditions of great back�
ground of the single bremsstrahlung (up to several
MHz). It had to ensure a high radiation resistance and
multi�track reconstruction. A hodoscope of drift tubes
(independent fast and reliable detectors) was chosen.

A schematic drawing of the unit is shown in Fig. 48.
Each unit contains six dual layers of vertical drift tubes
that measure the SE departure from the beam axis in
the orbit plane. Each layer consists of two rows of
stainless�steel tubes with a wall thickness of 90 μm and
a radius of 3 mm spaced at 8 mm. The tubes are
secured in the openings flanges of fiberglass laminate.
A distance between the layers is 48 mm. Walls of the
tubes ensure the sufficient protection against the soft
synchrotron radiation, their contribution to the coor�
dinate resolution due to multiple scattering is about
0.1 mm for 1800 MeV energy.

Anode wires are made of gilded tungsten wire
28 μm in diameter and are fastened in pins with a ten�
sion of 70 g. The pins protrude from the fiberglass�
laminate flanges and are connected to the chamber
electronics. A contribution of the mechanical accu�
racy of manufacturing to the coordinate resolution is

around 50 μm. The anode wires are shifted relative to
the tube centers by 300 μm, here a sign of displace�
ment in the neighboring dual layers is opposite. This
allows the “left�right” uncertainty in beam recon�
struction to be eliminated. The chosen construction
provides for 6–12 measurements of SE coordinate,
which is quite enough for reconstruction of compli�
cated events.

13.2.3. Gas mixture. All tubes in a coordinate unit
form a common gas volume. For this purpose, the
upper and lower flanges of the system are made dou�
ble. The tubes are glued with the help of the conduct�
ing glue into the holes of the lower part, while the
glass�fiber�laminate inserts with openings for pins are
glued into the upper part. A gas mixture is supplied
into the sealed gap between the flanges.

The SSET operates under conditions of high
counting rate of emerging beam particles of the syn�
chrotron radiation. With the luminosity 1031 cm–2 s–1,
a total charge in the most irradiated areas can reach 1–
2 C/cm for a year of operation, which may lead to the
radiation ageing. Therefore the mixture CF4 +
10%iC4H10 distinguished for its radiation resistance
was selected to be used in the system. In addition to
that, the electronics were adjusted to the low gas gain,
around 105. A dose of 7 C/cm was reached for the sys�
tem prototype without the appreciable reduction in
the gas gain. This guarantees four to five years of reli�
able operation at maximum luminosity. Additionally,
to decrease the effects of ageing, the possibility of ver�
tical displacement of units is envisaged.
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Fig. 47. The design resolution σ(ω)/Eb for TS4 (dots and
line 4). The contributions are shown from: energy spread
in the beam (1); measurement of track coordinate with an
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Fig. 48. Schematic diagram of the drift tube hodoscope.
Numerals denote drift tube (1), anode pin (2), anode wire
(3), and flange (4). The coordinate resolution of the track
in the center of the unit is 0.25–0.35 mm.
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13.2.4. Recording of signals. A high voltage is sup�
plied to anode wires through the 0.3 MΩ resistors for
channel�to�channel  signal decoupling. The wire sig�
nal is supplied to the preamplifier input through the
0.6�nF blocking capacitor that transmits useful signals
without distortion. Each unit is supplied from a sepa�
rate high�voltage source. The working voltage is
selected for each unit individually (until a good effi�
ciency to the track is obtained) and amounts to 1.9–
2.2 kV.

Chamber electronics is performed in the form of
standard mechanically protected modules that are put
with contact sockets on anode pins and secured to the
SSET flanges. Each module of chamber electronics
comprises 12 independent channels. A signal from the
wire is amplified with the help of the low�noise pream�
plifier and then is supplied to the amplifier�shaper,
whose threshold is controlled by the external voltage.
The signal duration after the preamplifier is around
30 ns, dead time after the operation is around 60 ns,
and the minimum threshold permits the operation
from a single initial electron to be performed. The
total number of the system channels is 1440.

An output logic signal is supplied to the counting
room for measuring the drift time. Time is measured
with the help of the T�board [64] with a discreteness of
2 ns with the maximum drift time around 30 ns. The
counting in each channel begins on signal arrival and
continues until the general signal “stop” comes from
the trigger. If “stop” does not come after 512 counts
(the time of the beam revolution), then “reset” is per�
formed, after which the channel is again ready for
receiving the next signal. A contribution of electronics
to the coordinate resolution is 0.12 mm. The effi�
ciency of the majority of tubes is 95–100%. For the
most part, the efficiency loss occurs due to faults of
electronics and (at high counting rate) from the cross�
talk between the neighboring channels. Even with the
90% efficiency of every tube, the track loss probability
is no more than 1%. A resolution of a single tube is
0.2–0.5 mm depending on voltage. The resulting res�

olution for the track coordinate at the unit center is
0.25–0.35 mm for conditions of low counting rate.
Under conditions of a real experiment, the resolution
is around 0.4 mm due to cross�talk and signal pile�up.
A horizontal angle resolution is around 3 mrad.

13.3. Detectors based on three�GEM stage. For
modernization of the tagging system, it was decided to
equip each module with two�coordinate high�resolu�
tion detector arranged in front of the drift tube hodo�
scope. For this purpose, a comparatively new detector
type based on multistage gas electron multipliers
(GEM) was selected [76]. This enables the SSET
coordinate and energy resolutions to be improved. A
resolution for vertical SE angle is appreciably less than
the natural SE spread, therefore the SE vertical coor�
dinate can be used for suppressing the background of
single bremsstrahlung.

Detectors based on gas electron multipliers for
SSET (GEM�SSET) include a cascade of three
GEMs located 1.5 mm apart, as is shown in Fig. 49.

Each GEM has hexagonal structure of holes 80 μm
in diameter spaced at 140 μm. The distance between
the bottom GEM and the readout strip structure is
2 mm; the distance from the top GEM to the high�
voltage drift electrode is 3mm. To minimize the dam�
age from breakdowns and short�circuits, the elec�
trodes of each GEM are divided into vertical segments
10 mm wide with a shift by 5 mm for the GEM top and
bottom (according to Fig. 49) sides. Every segment is
connected to the high�voltage divider through the
0.5 MΩ series resistor.

The strip structure (Fig. 50) ensures the two�coor�
dinate readout of the signal, at which the channels in
the accelerator orbit plane are arranged 0.5 mm apart,
while the channels in the perpendicular direction are
1 mm apart in the central part of the detector
(±10 mm around the orbit plane) and spaced at 5 mm
beyond the central part. A vertical coordinate is deter�
mined by a difference in channel numbers in the direct
and stereo layers. This scheme ensures a good resolu�
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tion in vertical near the horizon maintaining a good
multi�track identification.

Two types of GEM�based detectors were fabricated
similar to SSET units based on drift tubes. Stations
TS4 (see Fig 45.) are equipped with detectors with a
size of sensitive area of 256 × 100 mm2; stations TS1–
TS3 were equipped with detectors with a size of 128 ×
100 mm2. Large detectors have 512 channels in each
layer; the TS1–TS3 detectors contain 256 channels in
each layer. The detectors operate with the gas mixture
Ar + 25% CO2.

Each strip of the readout structure is connected to
input of the uncased chip that contains 128 analog
channels including the low�noise amplifier�shaper as
well as the analog multiplexer that enables the content
of all channels to be read out sequentially at a fre�
quency of 1 MHz. The detector electronics comprises
four or eight such chips, depending on the number of
channels. At every collision of electrons and positrons,
an output signal of amplifiers�shapers in all channels is
stored. If a signal from the first�level trigger comes
after this, a process of readout and digitization is trig�
gered.

The readout and digitization occur under control
of two control units, one on the electron side, another
on the positron side. The readout and digitized data
from the control unit memory are transmitted to a
computer via Ethernet lines at a rate of 100 Mbit/s.
Once an event has been read out of detectors, digi�
tized, and transmitted to a computer controlling the
system operation, pedestals are subtracted from the
data, the channels containing no data are removed
(suppression of zeros), and the remaining useful por�
tion of the data is transferred to the central computer
of the data acquisition system. The total time for event

processing without taking into account the time spent
for the data transfer to the data acquisition system is no
more than 2 ms. The more detailed description of
arrangement of the GEM�SSET detectors and the
system of control and data acquisition is presented in
[77–79].

Basic characteristics of GEM�SSET detectors
were measured at the dedicated test�bench on cosmic
particles [78]. The test�bench consisted of three iden�
tical GEM�SSET detectors and two triggering scintil�
lation counters. Two detectors were used for track
localization, while the middle detector was applied for
investigation of characteristics. Figure 51 displays the
distribution of the difference between the measured
event coordinate in the detector under study and the
calculated coordinate of the point where the track
crosses the detector plane. A width of the distribution
σmeas = 89 μm, which corresponds to the resolution of

a single chamber σdet � σmeas/  � 73 μm in the
orbit plane. The similarly measured resolution in ver�
tical direction is 220 μm for the central zone. The effi�
ciency of GEM detectors under the working voltage is
95–98%.

New detectors are used for refining parameters of
tracks. A track from SSET continues to GEM�SSET,
the nearest two�dimensional tag is fixed to it, and the
track refitting is performed with account for the added
data. In this case the plane of measurements of the
transverse coordinate X is shifted from the SSET unit
center to the GEM�SSET plane. Apart from the
improvement of the coordinate resolution from 0.3 to
0.1 mm, this shift reduces a contribution from multi�
ple Coulomb scattering in the exit window foil of the
vacuum chamber and in tubes. The results of using
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together the hodoscope and GEM�SSET are shown in
Fig. 52. The old track coordinate X(TS) and the new
one X(GEM) are compared. According to the coordi�
nate difference ΔX, 90% of events fall inside the Gaus�
sian distribution with σ = 0.33 mm (this value
increases to 0.45 mm for high counting rate). A sys�
tematic difference for the most part of detector is no
more than 0.1 mm. In some local regions (detector
edge and boundaries of high�voltage segments), the
systematics may grow to 0.5 mm. This, in particular, is
revealed in periodic (with a pitch of 5 mm) “deeps” in
the observed spectra (Fig. 53, lower part). Now the
work in improvement of the track reconstruction algo�
rithm is in progress.

13.4. Measuring Energy Resolution of SSET 

In order to achieve the high energy resolution in
SSET, it is necessary to know geometry of the entire
system with an accuracy of around 0.1 mm. Mean�
while, during the tuning of the collider energy, a beam
orbit may displace by a value of around 1 mm. For pre�
cise SSET calibration, a dedicated system has been
used in the experiment, which is based on the process
of the Compton backscattering (by 180°) of mono�
chromatic laser photons by beam electrons. This sys�
tem makes it possible to directly calibrate the depen�
dence of SE coordinate on its energy and additionally
to measure the energy resolution.

A spectrum of scattered photons is the relatively flat
plateau with a sharp edge with the maximum energy
(at head�on collision):

(12)ωmax
4γ2ω0

1 4γω0/me+
�������������������������,=

where ω0 is the energy of the initial photon, me is the
electron mass, γ = Eb/me is the relativistic factor of a
beam. Thus, using optical lasers with ω0 = 1–2 eV, we
obtain photons with ωmax = 40–800 MeV at Eb = 1.5–
5.0 GeV.

The SE energy lies in the range from (Eb – ωmax) to
Eb. The distribution over the SE coordinate measured
in SSET (in the orbit plane) is shown in Fig. 53.

Since energy of laser photons is known with a pre�
cision of σ(ω0)/ω0 ~ 10–7, while the beam energy can
be determined with a precision better than 10–4, we
obtain a possibility of precise calibration of the coordi�
nate–energy dependence. The spectrum edge degra�
dation near the energy (Eb – ωmax) is fully determined
by the SSET energy resolution. For the first time, the
SSET parameters were measured using this method
during the test runs on calorimeter prototypes for the
BELLE detector in 1996–1999 [80–82]. However
since then, the VEPP�4M magnetic system near the
intersection region was changed, therefore a new
energy calibration was required.

A new system of laser calibration was assembled
and put into operation in 2010. Two lasers produced
photons with energies of 1.165 and 2.33 eV. By varying
the beam energy within the limits of Eb = 1.8–
4.0 GeV, we measured the SSET resolution at ten
points corresponding to energies of scattered laser
photons from 50 to 500 MeV. Figure 54 presents the
resolution measurements taken with the hodoscope
alone (squares) and with the use of GEM�SSET (tri�
angles). The appreciable improvement of resolution
can be seen for the modernized system. The dots drop�
outs are explained by local errors of measuring the SE
coordinate and influence of the lost particle showers
from the beam pipe.
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13.5. Physical Parameters 

Parameters of the registration system depend in
rather a complicated way on the VEPP�4M magnetic
structure, accelerator beam parameters, and energy of
a scattered electron. Results of energy resolution cal�
culation for SE are given in Fig. 55 for the beam energy
1.8 GeV; dots with bars show the measured resolution.
The difference  of measurements from the calculation
indicates that the collider model used in calculations is
somewhat different from the real collider. The adjust�
ment of the magnetic�system parameters used in calcu�

lations is necessary, which is planned to do in the new
season.

Figure 56 displays the expected resolution in pho�
ton energy. The upper curve characterizes the resolu�
tion for two�photon processes, while a lower curve
corresponds to real photons of single bremsstrahlung.
The resolution for real photons is significantly better
than resolution for virtual photons due to the smaller
angular spread of the emitted photons. As it can be
seen from the plots, the tagged photons can be
obtained with a resolution around 0.3% within a wide
energy region. These photons may be used for calibra�
tion of calorimeters [59, 81] and for physical experi�
ment [83, 84].

The relative resolution for energy of 5 GeV deteri�
orates by 1.5–2.0 times because the angular and
energy spreads in the beam grow as the square of
energy.

The calculated energy resolution in the invariant
mass Mγγ for events with registration of two SEs is
shown in Fig. 57. Due to the presence of non�Gauss�
ian tails, the resolution was determined with a width of
the distribution ΔM = Mγγ – MMC as σ = FWHM/2.36.
Here Mγγ is calculated by Eq. (11), MMC is the invariant
mass of γγ system in simulation. The expected resolu�
tion is on the order of magnitude better than those of
other similar systems.

Figure 58 illustrates the efficiency of registration of
the γγ event with a good measurement of energy (ΔM <
2.5σ) for the beam energies 1.8 and 5 GeV as a func�
tion of the invariant mass of the produced γγ system.
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14. TRIGGER

The trigger’s task is to select from the entire bulk of
events only those corresponding to the processes
under study. All remaining events are background ones
and must be if possible rejected, while the counting
rate at the trigger output should be acceptable for pro�
cessing the data stream on computers and for subse�
quent writing to the disk.

The hardware trigger of the KEDR detector [85]
has the two�level structure. It includes the first�level
(primary) trigger (PT) and second�level (secondary)

trigger (ST). The third�level trigger is a software one.
The time diagram of trigger operation is shown in
Fig. 59.

14.1. Algorithm of Trigger Operation 

The primary trigger of the KEDR detector makes a
decision within 450 ns (see Fig. 59). This time is less
than an interval between beam collisions in the
VEPP�4M ring (620 ns); therefore PT has no dead
time.

The first�level trigger of the KEDR detector has
only one signal—“PT decision” (“PT”). It arises if
the current event corresponds to the selection require�
ments. The “PT” signal is synchronized with the rf sig�
nal “Phase” of the accelerator and is a time tag, with
respect to which arrival time of the signals from detec�
tor channels is measured. The pulse “PT” is also a sig�
nal to the beginning of the second�level trigger opera�
tion (see Fig. 59), which has much more time for deci�
sion making and uses the information from all track
subsystems of the KEDR detector and calorimeters.
Duration of the total ST work is 18 μs.

The second�level trigger of the KEDR detector has
two decisions: “ST+” and “ST–“ (see Fig. 59). If ST
finds no required signatures in the event, then follow�
ing 18 μs after the “PT” signal arrival, it outputs the
signal “ST–“. In reply to this, a pulse “Reset” is gen�
erated in the data acquisition system (DAQ), by which
the data are cleared in all information boards (IBs),
the PT and ST itself are reset. The time and amplitude
measuring that has begun are aborted, and DAQ
together with the triggers are again ready for the recep�
tion and processing of a new event. If ST classifies this

PT decision

A → D conversion

ST activation

ST+ST–

ST–

Reset at “ST–”

Reading IBs
to OP memory

Reset at “ST+”

Dead time of the system

Signal waiting and
data reading

Signature generation and
decision making

300 μs
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18 μs 150 μs
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Fig. 59. The timing diagram of communication between the activation of the trigger and the data acquisition system of the KEDR
detector.
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event as useful, then it issues a signal “ST+” with a
delay of 300 μs, rather than immediately, to provide
time for digitizing units of electronics to complete
measurements of time and amplitudes. By the signal
“ST+”, the process of data readout to the memory of
output processors (OPs) is triggered. Once all the data
from all IBs are read, a signal “Reset” is generated and
the system is preparing to accept a new event from the
detector.

14.2. First�Level Trigger 

Units of PT electronics are arranged near the
detector. It is optimal in view of the time of receiving
the “PT decision” signal. They are performed in the
CAMAC standard and occupy two crates and a half.

Three subsystems of the KEDR detector are signal
sources for PT: (i) the time�of�flight system based on
scintillation counters (SC), (ii) the endcap calorime�
ter based on crystals of cesium iodide (CsI), and (iii)
the barrel calorimeter filled with liquid krypton (LKr).

The PT units form three sums of the number of
operated counters (one for the barrel part and two for
the endcap parts) from the SC signals and a pulse with
470�ns duration from the logic OR of all channels.
Moreover, if for the barrel part, a sum of all inputs, at
which a signal has appeared, is simply calculated, then
for the endcap counters the sums for non�adjoining hit
channels are calculated. This is associated with a small
geometric size of the end SCs near the beam and, as a
consequence, with an increased probability of hitting
two adjoining counters from a single particle passed
through.

A size of trigger channel in the calorimeter must be
consistent with the size of the shower of particles
developing in the detector. Therefore individual CsI
crystals are combined in groups containing from 24 to
28 CsI crystals, which are called supertowers (SuT). In
total, there are 48 SuTs, 24 in each endcap. Analog
pulses from individual crystals are summed to generate
a signal from SuT. Further it is split into two signals.
One of them is used in the ST, while another is supplied
to the discriminator with a regulated threshold for the
PT. The background load of CsI crystals depends
strongly on a distance from the beam axis. Therefore all
SuTs are divided in three groups in the form of differ�
ent�radius rings, and for each ring there is a particular
threshold for the PT discriminators. Two signals from
CsI are used in the PT: one from each endcap, both
being logic OR of all discriminators.

In the barrel electromagnetic LKr calorimeter,
towers of the first two layers are combined in supertow�
ers for using in the trigger. There are in total 192 SuTs,
each consisting of eight LKr towers: 2 × 2 × 2 in all
three coordinates (r, φ, z). Signals from them gener�
ated in 1 μs are supplied to the discriminators with reg�
ulated threshold. This large time of generation is cho�
sen to decrease the discriminator noise. However,
since this time is larger than the time of signal registra�
tion in the PT (350 ns), then low�amplitude signals
from LKr SuTs are not used in the PT. Therefore, the
LKr threshold in the PT is determined rather by time
than by the discriminator threshold and amounts to
300 MeV. There is only a single signal in the PT from
the LKr calorimeter: OR of all discriminators of
supertowers.
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In total, the PT receives 128 signals from SCs,
48 from the CsI calorimeter, 192 from the LKr calo�
rimeter, 7 signals from other detector systems, and
8 signals from the generators. From these signals, the
event signatures called arguments are formed using
which the selection of useful events occurs. The argu�
ments included in the PT are given in Table 13.

The PT electronics can operate simultaneously
with 16 arguments in all. Therefore, the first ten
described arguments are always present in the trigger,
while the remaining 15 arguments are switchable. That
is only six of them can be used in the trigger simulta�
neously.

The formed arguments are compared with the pre�
set masks. A mask is the word, consisting of 0 and 1, in
which every bit corresponds to one of the arguments.
For the mask operation, it is necessary the presence of
all arguments, to which 1 corresponds in the mask.
Thus, a mask is, in essence, a logic product of argu�
ments. The presence of redundant arguments, not
included in the mask, is admissible. A mask can have
the form SC2*CSI1*ABG; this means that the trigger
will select only the events, in which two SCs (SC2) and
at least one supertower in the left part of the CsI calo�
rimeter (CSI1) have operated simultaneously and
there have been no operations of the CsI crystals near�
est to the beam (ABG).

Results of comparing arguments with masks are
united by OR; otherwise, masks create a logic sum (the
PT formula). At present, in data taking from beams,
the following formula is used:

B1 * B2 + SC2 + CSI1 * SC1 * ABG 
+ CSI2 * SC1 * ABG + CSI1 * CSI2 + LKR 

+ RND + LM + SE * CSI1 + SE * CSI2 + SE * SC1

To generate the PT positive decision, the operation
at least one product (one mask) in the formula is nec�
essary. Maximum number of masks in the PT is 16.
The comparison of masks and arguments occurs in
mask units. The comparison results are transferred to
the “Decision Unit” that generates the signal “PT”.

The information on operation of PT arguments
and masks is transmitted to the DAQ KLUKVA in
order that readout of these data together with the
information on the event was possible.

14.3. Second�Level Trigger

The second�level trigger (Fig. 61) is installed in the
KEDR counting room, where all digitizing electronics
of the detector is concentrated. It occupies five
CAMAC crates, and several tens more second�level
trigger interface (SLTI) units are distributed over the
KLUKVA crates. The second�level trigger receives

Table 13. Arguments of the first�level trigger

No. Argument Argument expansion

1 CSI1 OR of ST signals of left end of CsI calorimeter

2 CSI2 OR of ST signals of right end of CsI calorimeter

3 LKR OR of ST signals of LKr calorimeter

4 SC1 OR of scintillation counter signals

5 SCB1 OR of SC signals in the barrel part

6 SCE1 OR of SC signals in the endcaps

7 SCE2 ≥2 SCs in the same end or in both endcaps

8 SC2 ≥2 SCs in the entire detector

9 SC3 ≥3 SCs in the entire detector

10 SC4 ≥4 SCs in the entire detector

11 LM Attribute of triggering of luminosity monitor of the accelerator

12 SE Attribute of triggering of the system of scattered electrons

13 ABG Anti background − the absence of triggering of the CsI supertowers nearest to the beam

14 BG Inversion of the previous signal

15 B1 Signature of the first bunch of particles

16 B2 Signature of the second bunch of particles

17 RND Random argument—signal with a frequency of ~3 Hz

18–25 GEN_… 8 generator arguments for detector systems serving for verification of registration electronics
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signals from all subsystems of the KEDR detector with
the exception of aerogel Cherenkov counters.

From 312 drift tubes of the vertex detector (VD),
the trigger’s 192 universal cells (UCs) gathered in
three superlayers are formed. The vertex�detector
argument unit (VDA) determines a number of non�
adjacent UCs in each VD superlayer. Then a total sum
is calculated and the arguments VD2, VD3, VD4, and
VD5 are produced with the help of majority�vote
logic. They mean that no less than 2, 3, 4, or 5 UCs
operated respectively.

From the drift chamber (DC), the data from axial
layers only arrive to the ST. Now only three of them are
used: the first, third, and fifth DC layers. Units of dig�
ital DC discriminators (DCD) count a number of
operated wires in each DC cell and compare it with the
preset threshold. A cell is considered to be activated if
there are signals in it from two or more wires. Signals
on DC cells activation enter the DC argument unit
(DCA) that determines a number of operated non�
adjacent cells in each layer. Next, the majority�vote
logic generates the arguments DC11, DC12, DC13,
DC21, DC22, DC3, DC31, DC32, and DC33. The
first numeral in the argument name means a layer
number, while the second one denotes the minimum
guaranteed number of operated non�adjacent cells.
For example, the argument DC22 indicates that no

less than two non�adjacent cells have been activated in
the second layer.

Arguments of scintillation counters are formed by
the SC argument unit (SCA). Six event signatures are
provided for this system. The intermediate PT signals
are used for generating arguments. First, these are sig�
natures of the number of activated SC channels: SC2,
SC3, and SC4. They are used both in the first�level
trigger itself and in the second�level trigger. The fol�
lowing arguments are also formed in the ST.

• ASCB is the signature that for 500 ns after the
interaction moment, no scintillation counters have
operated in the cylindrical (barrel) part. This argu�
ment is required for anti�coincidence in case of the
GEOM signal activation in the barrel calorimeter.

• ASCE is the same for the endcap SCs. This argu�
ment is needed for anti�coincidence in case of the
endcap calorimeter operation.

• SC1F is the signature of the SC signal coinci�
dence with the beam phase with a resolution time of
60 ns. Since a period between beam collisions is
620 ns, the use of this argument allows suppression of
cosmic rays by a factor of 10 and more.

From analog signals of 48 SuTs of the CsI calorim�
eter, logic signals on excess of two thresholds (P1 and
P2) are generated for the ST. For each of the calorim�
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eter endcaps and for every threshold, a number of acti�
vated clusters is counted in cluster�finder (CF) units
(CsI CF).

For the LKr calorimeter, 192 signals from SuTs are
also compared with two thresholds. The results of dis�
criminator operation are used in LKr CF. The argu�
ment GEOM is also calculated in LKr CF. If there is
at least one activated cell within any 240° angle of φ,
then the argument GEOM is set to 1.

Six numbers that are sums of spots from four CsL
CFs and two LKr CFs enter the calorimeter argument
(CA) unit. Here they are used to evaluate sums of
number of clusters for each threshold: individually for
the endcap calorimeter and together in both calorim�
eters. Next, from the obtained information, the argu�
ments are generated: ST11, ST12, ST13, ST14, SE11,
SE12, SB11, SB12, ST21, SE21, SB21, ST22, and
SB22. The second letter in names of these arguments
indicates to the system: “T” denotes the entire calo�
rimeter, “E” means the endcap calorimeter alone, and
“B” stands for the barrel calorimeter. The first
numeral refers to the threshold P1 or P2. The second
numeral denotes the number of clusters. Another
argument, STEE, appears if there is a SuT with the
threshold P2 in both endcaps.

In the muon system, the data from the first layer
only are used in the ST, from which a simple argu�
ment—logic OR of the layer cells is generated.

For the system of scattered electron registration
(SSET), two arguments SE1 and SE2 are formed in
the ST. The first one appears if at least one scintillation
counter of SSET on any side has operated, while the
second argument appears if counters on both sides
have operated.

The system of luminosity measuring transmits to
the ST only one argument—LM that is logic OR of
the signals from the left and right parts of the luminos�
ity monitor.

In all, the ST has 64 arguments that are generated
by the appropriate units. Now 43 of them are used, the
rest are reserved for future application. The number of
masks included in ST electronics is 48 but only 39 of
them are checked now for the sake of shortening the
time of operation.

During the operation, the ST forms a lot of inter�
mediate information that is to be read together with
the event. These are 64 arguments, 48 masks, sums of
spots from six CFs, 384 bits on the SuT activation with
thresholds P1 and P2 in the LKr calorimeter, and
96 bits from CsI CFs. These data are needed to check
the functioning of the trigger and electronics that sup�
ply signals from detectors and measurements of the
channel operation frequency.

Dead time of the trigger. The operation time of the
KEDR detector PT is less than a period of beam colli�
sion; therefore, it processes every beam event and has
no dead time. Its contribution to loss of events (count�
ing errors) occurring due to dead time is zero.

A value of counting losses of the KEDR detector
DAQ and trigger are determined by the formula

Losses = τSTFPT + τIBFST.

Here FPT and FST are the activation frequencies of the
PT and ST respectively, τST is the ST dead time, τIB is
the information�board dead time, in which the time of
data digitization and readout in the output processor is
included.

The PT and ST counting rates with the fixed for�
mulas depend on energy and beam current, as well as
on the background situation at the accelerator. In the
course of scanning ψ' and ψ(3770), the detector load
from the background events was 50 kHz. Here, mean
frequencies of PT and ST operations were 3.5 and
50 kHz. This implies that two stages of the triggers
suppressed the background by a factor of 1000. In this
case the ST losses are 6.3%, the DAQ losses are 2.3%.
Thus, total DAQ losses are 8.6%, while its efficiency is
91.5%.

The identification efficiency for the useful events in
the trigger depends on the event type. For the physical
processes investigated at the KEDR detector, it
amounts to 98–99%.

15. DATA ACQUISITION SYSTEM

15.1. Layout of Data Acquisition System

Electronics of the data acquisition system at the
KEDR detector is based on the KLYuKVA standard
developed at the BINP. The number of electronic
channels without the GEM system is around 15 thou�
sands; the GEM system contains 5120 analog chan�
nels of slow control. Events are recorded at a fre�
quency of 50–100 Hz. An average size of the event
recording is 2–4 kB; around 160 bytes from them fall
at GEM. A data stream is divided into separate files
(“runs”) containing approximately 300 thousand
events each (around one gigabyte).

After writing, the run files are compressed with the
help of the standard archiver bzip2 [86], which enables
their sizes to be nearly halved. The primary data are
stored in three copies at independent data storages. A
total volume of a single copy of compressed raw data
received by the summer 2012 is 3.8 TB.

15.2. Electronics 

The electronic equipment of the data acquisition
system may be divided into the chamber, recording
and processing apparatus.

The chamber electronics is arranged at a minimum
distance from the detector and serves for amplification
of primary signals and their shaping. The recording
apparatus receives signals from the chamber electron�
ics, converts them to the digital form, and selects the
useful information and stores it. In the processing
apparatus, the complete or partial processing of the
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data arriving from the recording electronics and its
accumulation on the long�term storages (disks and
tapes) occurs.

The data acquisition system of the detector is based
on the dedicated crates of the KLYuKVA standard
developed in the BINP for the KMD�2, KEDR, and
SND detectors [52, 36, 51]. Each dedicated crate con�
tains 16 information boards (IB) designed for digitiza�
tion of incoming data and the servicing boards:
ST interface (STI), replicator of service signals (RSS),
and the output processor (OP).

Synchronization and control of the system of sev�
eral dedicated crates is performed by the separate
CAMAC module called SCC (Synchronization and
Control Center) whose signals are supplied to KLYuKVA
modules through the RSS boards.

15.3. Computer Infrastructure 

Data acquisition and the cryogenic and slow con�
trol at the KEDR detector is provided with 17 comput�
ers under control of OS GNU/Linux and 2 VAX/VMS
computers.

In the absence of access to external resources, there
are 20 computers under control of GNU/Linux for the
data analysis and processing, which are located
directly on the territory of the counting room of the
KEDR detector and in the neighborhood.

A part of computers is chosen exclusively for exe�
cution jobs in the batch mode. The Sun Grid Engine
software [87] is used as a system for batch job control.

All computers used for data acquisition are con�
nected to a dedicated Ethernet network with a band�
width of 100 Mbit/s.

To ensure access to data of disk servers, the network
file system (NFS) is used everywhere. The user direc�
tories with files are mounted to all computers allocated
for analysis. Within the KEDR detector infrastructure,
approximately 13 TB of disk space is also available

using NFS, which are divided among four file servers,
on which raw data, simulation files, and the files
obtained as a result of analysis are stored.

Apart from public resources, there are separate
servers intended exclusively for the data backup (7 TB)
and for the KEDR detector database.

15.4. Software

A software layout of experiment with the KEDR
detector is given in Fig. 62. 

The experiment software is divided in several layers:
• low�level real�time processes that directly inter�

act with the detector apparatus;
• a system of data acquisition, filtering and data

storage;
• application programs of calibration and moni�

toring;
• a management system linking all tasks of applica�

tion level.
The system level of the software consists of several

components:
• a system of application task management, which

provides run of application�level programs, their
maintenance, operator’s access to their data and func�
tions;

• means of intertask communication (system of
message sending), providing for means of exchange of
data and control signals between tasks including those
at different computers of the facility;

• means of software and hardware interface (data
acquisition system, system of slow control).

A flowrate of experimental data from the detector
apparatus after the preliminary hardware selection
reaches 1 Mbit/s. A requirement of real�time process�
ing is imposed only on the tasks that directly interact
with the detector apparatus. In implementation of
application�level tasks, possible delays in data transfer
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via the local network are taken into account and addi�
tional mechanisms are used to guarantee that the
high�level software will not interfere with the privi�
leged processes related to data acquisition.

Run of all software applications of the experiment
monitoring and control is coordinated using a dedi�
cated system of process control. The system enables an
operator from any computer of the facility to gain
access to the data of any running process, to transmit
and receive data, and to run and suspend tasks. The
operator gains access to the system by means of the
custom PILOT code. In the system of process control,
about 40 application programs of different purpose are
registered.

Based on the recorded data, the electronic logbook
of data taking is filled; the daily, weekly, and seasonal
reports are generated automatically. The collected and
recorded integral luminosity, the detector efficiency,
the mean instantaneous luminosity of the accelerator
facility, a fraction of time spent for different processes
of the facility (energy calibration, calibration of detec�
tor systems, preventive maintenance, data taking), as
well as registered faults of detector and accelerator sys�
tems are indicated in the reports.

15.5. Monitoring of the Detector Operation 

Checking of status of the detector systems is per�
formed with the help of a set of monitoring programs,
being run on different computers of the experimental
facility. In case of an arising of emergency situation,
e.g., at overload of power supply sources or deviation
of any parameter beyond the preset range, the moni�
toring programs send the message ALARM to the sys�
tem. The latter writes the information on the arisen
event into the logbook in the database and issues an
audible signal appropriate to the event. Signaling
relating to faults of a particular system can be turned
off by the operator (e.g., when the detector system is
switched off).

Control of serviceability of apparatus of the detec�
tor systems and variations in system parameters that
are important for data processing is performed using
the dedicated package of calibration programs. In the
course of experiment, the calibration of systems is
conducted once to twice a week in intervals between
the data taking runs. The calibration results are stored
in the database and used in reconstruction of the col�
lected statistics.

15.6. Database

PostgreSQL [89] is used as DBMS for the KEDR
detector database [88]. The selection of the standard
non�specialized general�purpose relational DBMS for
storing the experiment data has paid its way com�
pletely. The DBMS PostgreSQL proved to be suffi�
ciently flexible and effective for satisfying the demands
available. The presence of ready�to�use variant has

saved time (with another option would be spent for
implementation of the dedicated DBMS), while its
open architecture, in particular, allowed us to transfer
to VAX/VMS the library providing interface for access
to the database.

By summer 2012, a physical database volume was
31 GB, and the size of the compressed reserve copy
was 6.6 GB. In all, for the time of existence of the
KEDR detector database over ten million entries was
made, which corresponds to nearly two billion num�
bers. A key to a standard entry is time, which makes it
possible to correlate the entry with the run number,
information on which is also introduced into the data�
base simultaneously with the file writing. The slow
control data are visualized through Web�interface.

In addition to the numerical information, binary
and text objects can be also stored in the KEDR exper�
iment database.

16. SIMULATION

For simulating the KEDR detector functioning,
the KEDRSIM package of simulation programs was
developed. It is created on the basis of the package
GEANT 3.21 [90] and contains the detailed descrip�
tion of the detector material, as well as subprograms of
signal digitization with consideration for peculiarities
of functioning of the data acquisition system for each
detector subsystem. A result of the package run is the
data in the same format as in the experiment. Apart
from this, the package provides recording the addi�
tional information on interactions of the particles pro�
duced in the detector with its material, which helps in
analysis of experimental data.

The primary simulation (event generators) now
includes more than 50 different generators of multiple
productions of hadrons, the J/ψ, ψ', ψ(3770) decays,
Bhabha scattering, production of τ+τ– pairs, two�pho�
ton production of leptons and hadrons and some oth�
ers.

To use simulation effectively in the analysis of
experimental data, a bulk of events for simulation of
basic processes is recorded into the simulation
archives in the format of the KEDR raw data.

Based on the ROOT library of classes [91], an envi�
ronment was developed for analysis of the experimen�
tal and simulation data and a program of events dis�
playing during the accumulation of experimental data
and their subsequent processing was written.

CONCLUSIONS

The KEDR detector has been conducting from
2002 a regular data taking on the VEPP�4M collider.
For the time elapsed, a large series of precision mea�
surements is performed, which improved appreciably
the accuracy of parameters of particles in the PDG
tables. Among them are measurements of masses, total
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and lepton widths of ψ mesons [92, 94, 97, 98], mea�
surement of the τ lepton mass [93], measurement of
masses of the charged and neutral D mesons [95], as
well as search for narrow resonances in the regions
2E = 2.95–3.1 GeV [96].
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