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Abstract—In 2007, at the Institute of Nuclear Physics (Novosibirsk), the construction of the VEPP2000
electron–positron collider was completed. The first electron beam was injected into the accelerator structure
with turnedoff solenoids of the final focus. This mode was used to tune all subsystems of the facility and to
train the vacuum chamber using synchrotron radiation at electron currents of up to 150 mA. The VEPP2000
structure with small beta functions and partially turnedon solenoids was used for the first testing of the
“round beams” scheme at an energy of 508 MeV. Beam–beam effects were studied in strong–weak and
strong–strong modes. Measurements of the beam sizes in both cases showed a dependence corresponding to
model predictions for round colliding beams. Using a modernized SND (spherical neutral detector), the first
energy calibration of the VEPP2000 collider was performed by measuring the excitation curve of the phi
meson resonance; the phimeson mass is known with high accuracy from previous experiments at VEEP2M.
In October 2009, a KMD3 (cryogenic magnetic detector) was installed at the VEPP2000 facility, and the
physics program with both the SND and LMD3 particle detectors was started in the energy range of 1–
1.9 GeV. This first experimental season was completed in summer 2010 with precision energy calibration by
resonant depolarization.
DOI: 10.1134/S1063776111060136

1. INTRODUCTION
Since 1974, the VEPP2M electron–positron col
lider at Novosibirsk has successfully operated in the
energy range from the hadron production threshold to
1.4 GeV in the centerofmass system (CMS). A lumi
nosity integral of ~74 pb–1 was collected by the SND
(spherical neutral detector) and CMD2 (cryogenic
magnetic detector). This allowed detailed study of
most hadron e+e– annihilation channels. At the same
time, the total number of events obtained in other
experiments at energies of up to 2 GeV, where excited
states of ordinary and strange quarks occur, did not
exceed 10% of the data obtained using the VEPP2M.
Therefore, in spring 2000, at the Institute of Nuclear
Physics, Siberian Branch, Russian Academy of Sci
ence, it was decided to modernize the VEPP2M
accelerator facility to increase the luminosity to
1032 cm–2 s–1 and to increase the maximum energy to
2 × 1 GeV, which makes it possible to significantly
increase the potential of experiments at the facility.
The new project was called VEPP2000 [1].

The physics program of the VEPP2000 collider is
as follows.
(i) Precision measurement of the value of R = σ
(e+e–
hadron)/σ(e+e–
μ+μ–).
2h, 3h,
(ii) Study of hadron channels of e+e–
4h, …, h = π, K, η annihilation.
(iii) Study of excited states of vector mesons ρ', ρ'',
ω', ϕ', … .
(iv) Testing of the hypothesis of conservation of the
vector current (CVC test), i.e., comparison of the cross
section of e+e–
hadron (T = 1) annihilation with
the τ decay spectrum.
(v) Study of electromagnetic form factors of
nucleon–antinucleon pair production and the search
for nn resonances.
(vi) Hadron production during “radiative return.”
(vii) Twophoton physics.
(viii) Testing of quantum electrodynamics theory
for higher orders 2
4, 5.
To achieve the design parameters (energy and
luminosity), the concept of round beams was pro
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2. VEPP2000 FACILITY

CMD3

The VEPP2000 accelerator facility consists of the
VEPP2000 collider and a beam storage and injection
system, including a BEP (electron–positron buster)
storage cooler and injection channels for an energy of
up to 900 MeV.

e−
e+

2.1. Storage and Injection System

BEP,
900 MeV
SND

Fig. 1. Schematic representation of the VEPP2000.

posed [2]. The main feature of this concept is the axial
symmetry of the impact of the round colliding beam.
Along with the x–z symmetry of the matrix of betatron
motion between collision points, this leads to conser
vation of the angular momentum of particles (M =
xz' – zx' = const). As a result, this leads to an increase
in particle motion stability even with allowance for the
nonlinear fields of the colliding beam.
Numerical simulation of the collision effects in the
strong–weak mode (the intensity of the first beam is
much higher than that of the second beam; hence, the
effect of the second beam can be neglected) and
strong–strong (the intensities of both beams are
approximately equal and their interference cannot be
ignored) approximations confirmed these assump
tions [2, 3].
Main parameters of the VEPP2000 collider at an energy of
1000 MeV
Parameter

Value

Perimeter P
Betatron functions at collision
points β *x, z
Betatron frequencies νx, z
Emissions εx, z
Orbit compaction factor α
Synchrotron frequency νs
Energy spread σΔE/E
HF frequency
HF harmonic number q
HF voltage U
Number of beam particles N
Space charge parameter ξx, z
Luminosity L

24.39 m
10 cm
4.1, 2.1
1.4 × 10–7 m rad
0.036
0.0035
6.4 × 10–4
172 MHz
14
100 kV
1011
0.075
32
10 cm–2 s–1

The system for beam injection into the VEPP2000
collider makes it possible to store electron and
positron beams of up to 200 mA (~1011 particles) with
an energy of up to 900 MeV in the BEP ring. Experi
ments at an energy of 900–1000 MeV require increas
ing the beam energy directly in the VEPP2000 col
lider.
The VEPP2000 beam is injected into the straight
section far from the BEP, with zero dispersion in the
horizontal plane. Injection channels [4] allow trans
port of 108–1011 particles at energies of 200–900 MeV.
The inflector system consists of two inflector plates
and four switched generators (two for electrons and
two for positrons) and implies beam storage using the
preimpact of the beam stored in the VEPP2000. The
transport efficiency in experiments has reached 95%.
2.2. VEPP2000 Collider
The magnetic structure of the VEPP2000 collider
[5] consists of two superperiods with mirror symmetry
(see Fig. 1). It includes two experimental sections for
installation of detectors (3 m), two straight sections
(2.5 m) for injection and an HF resonator, and four
short technical sections with four triplets of quadru
pole lenses in them. Each triplet with two bending
magnets with a field of 24 kG represents an achromatic
bend by 90°.
Final beam focusing in the VEPP2000 ring is per
formed using a pair of superconducting solenoids with
a field of 130 kG, which are symmetrized around
either collision point and ensure equal and small
transverse beam sizes.
The main parameters of the collider are listed in the
table.
As solenoids are turned on, several combinations of
their polarities are possible, e.g., (++ ––) and (++ ++),
which provide rotation of the betatron oscillation
plane by 90° as it passes through the collision section.
In this case, the radiation emissions of two normal
betatron modes, being excited in two identical ring
arches, will be equal (εx = εz), which, along with the
equal betatron frequencies of the modes, will satisfy all
requirements of the round beam concept. However,
the simplest version of the optics (+– +–) does not
contradict the concept requirements either if the oper
ating point is chosen at the betatron oscillation cou
pling resonance.
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2.3. Superconducting Solenoids
Each solenoid consists of two parts, i.e., the main
one, which is 50 cm long with a field of 130 kG, and
the socalled antisolenoid, which is 10 cm long with a
field of 80 kG. In turn, the main part consists of two
identical halves, each including an inner section with
Nb3Sn wire winding and an outer section with NbTi
wire winding. Each solenoid is supplied with three
independent current sources for the inner and outer
sections and with an antisolenoid section. All three
superconducting coils are enclosed in a magnetic yoke
in a common cryostat with liquid helium.

σe+, mm
1.0
0.8
0.6
0.4
0.2
υ1 = 0.169, υ2 = 0.139
0

3. COLLIDER STRUCTURE CAPABILITIES
The VEPP2000 magnetic system, despite the
extreme compactness of its elements, is characterized
by sufficient versatility to implement several elec
trooptical focusing schemes. All of them appeared very
efficient during tuning and further activity within the
physics program.
3.1. Mode with Turnedoff Solenoids
At the first stage of activation, the VEPP2000
optical system was significantly simplified and
reduced to an ordinary structure without solenoids.
Such a socalled “soft” optical system (betatron oscil
lation frequencies normalized to the revolution fre
quency are νx = 2.4 and νz = 1.4) differs significantly
from the optical scheme with round beams. Neverthe
less, the behavior of betatron oscillation envelopes
(βx and βz) in the injection section is very close to the
design parameters and exhibits appropriate betatron
phase increments between the injection point and
inflector. The optical system can be used in the mode
without solenoids only below 600 MeV due to the lim
itations of the gradients of weak focusing lenses in the
experimental sections.
The soft optical system was used for the first beam
trapping into the ring, tuning of the particle bypass
factor, calibration of the beam observation system, and
training (degassing) of the vacuum chamber by elec
tron synchrotron radiation.
To begin operation with round beams, first of all,
superconducting solenoids suspended within cryostats
and cooled to liquidhelium temperature should be
mechanically aligned. This was also done in the mode
of “soft optical system” by measuring distortions of
the equilibrium beam orbit as the solenoid was turned
on as a weak perturbation.
3.2. Mode with Short Solenoids
The structural separation of focusing solenoids into
three sections allows optimum selection of the longi
tudinal field distribution depending on the beam
energy. For example, at an energy of 500 MeV (phi
meson resonance), only one of two halves of the main
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Fig. 2. Experimental dependences of beam sizes on the
counter current.

solenoid part which is closer to the collision point, but
induces a stronger field, can be used. In this case, beta
functions at both collision points are βx = βz = β* =
4.5 cm. Such an optical system in the simplest mode of
round beams (+– +–) was used in the first experi
ments with round beams in 2008. Size measurements
of the colliding round beams as a function of the col
liding beam current in the strong–weak and strong–
strong modes showed results very close to numerical
simulation data [6]. Figure 2 shows the experimentally
measured dependences of the transverse size of the
weak positron beam on the colliding electron beam
current at various azimuths of the VEPP2000 ring.
The lower curve shows the horizontal size at the point
where the horizontal beta function has a minimum in
the bending magnet; i.e., it behaves similarly to the
beta function at the collision point. This curve demon
strates that the beam size is almost independent of the
countercurrent, which confirms the theoretical calcu
lations and simulation data.
The luminosity given by the formula
2

4πγ f ε 2
L = 0  ξ ,
(1)
r e β*
where f0 is the collision frequency; re = 2.81794 × 10–13 is
the classical electron radius; ξ is the space charge
parameter expressing the strength of the electromag
netic interaction of colliding beames, which reached
1 × 1031 cm–2 s–1 (see Fig. 3); and the space charge
parameter defined by the expression
Nr e β*
(2)
ξ = 
,
2
4πγσ 0
reached ~0.1 in this case.
3.3. Mode with Complete Solenoids
Highenergy operation requires the use of the com
plete solenoid length. Such an optical system corre
sponds to a twice larger beta function at the collision
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Fig. 3. Energy dependence of the luminosity and the
achieved value.

point, i.e., 8.5 cm, while beam emissions are almost
the same. This means that the luminosity for the same
beam currents (see formula (1)) should be approxi
mately twice as low.
At the beginning of 2010, the CMD3 detector was
ready for experiments. After its installation at the
VEPP2000 ring together with final focus solenoids, it
was necessary to turn on the antisolenoids to compen
sate for the longitudinal field of this detector (B =
10 kG, LB = 1 m).
Since then, the VEPP2000 has operated in the
simple round beam mode, i.e., with solenoids turned
on toward each other at each collision point (+– +–).
This corresponds to ordinary modes of betatron
motion, i.e., horizontal and vertical everywhere
except for the experimental section, in which they
are turned at a large angle (~π/4). The equal emis
sions necessary for the round beams concept are
formed due to small but finite betatron oscillation
coupling (frequency splitting is δν = 0.001–0.002)
and the resonance νx – νz = 2 to which the VEPP
2000 operating point is tuned. Later, despite the
expected problems associated with the small
dynamic aperture, it is planned to use other solenoid
polarity schemes, i.e., (++ ⎯ ⎯) and (++ ++).
4. RESPONSE MATRIX ANALYSIS
The technique of orbit response matrix analysis is
widely used in experiments on the VEPP2000 col
lider. It has been used in the soft optical system to
measure positions and align superconducting sole
noids. However, the measurement accuracy of coordi
nates and angles was no better than 0.1 mm and
1 mrad, respectively. More accurate experiments for
measuring and correcting the solenoid positions by
response matrix analysis have been performed in the
round beams mode [7].
Another typical application of response matrix
analysis is measurement and correction of closed orbit

distortions in the BEP and VEPP rings. When the gra
dients of all quadrupole lenses are sequentially varied,
closed orbit distortions in them can be measured by
comparison with model values.
The use of the singular value decomposition
method for response matrix inversion also allows min
imization of currents in the correction coils for an
individual closed orbit. This is important for optimiz
ing the dynamic aperture, since most dipole correctors
are combined with quadrupole lenses and hence have
strong nonlinear field components.
Finally, orbit response analysis for dipole correc
tion variations has become a routine, but very powerful
tool for correcting the VEPP2000 structure itself [7,
8]. Figure 4 shows the collider optical system for the
structure with small beta functions at the collision
point before and after the fourth iteration of this pro
cedure.
5. EXPERIMENTS WITH SND
AND CMD3 DETECTORS
The first experiment on collecting the luminosity
integral with SND and CMD3 detectors started at
the end of 2009. The first rough energy scanning in the
range from 500 to 950 MeV (energy of one beam) was
performed. The total luminosity integral collected by
both detectors was L ~ 10 pb–1. Figure 5 shows the

∫

luminosity integral collected by the SND detector at
each energy point. The integral collected by the
CMD3 detector is smaller by a factor of ~1.6.
Despite the fact that the peak luminosity for a given
space charge parameter (3) should rapidly increase
with energy (L ∝ εγ2), currently there are several limi
tations that prevent achieving maximum currents at
high energies. The main one is the insufficient rate of
positron production by the old injection system (part
of the VEPP2M facility). This problem will be solved
by putting the VEPP5 facility at the Institute of
Nuclear Physics into operation. As a result, the maxi
mum luminosity will decrease with energy from 1 ×
1031 cm–2 s–1 at 500 MeV to 1.5 × 1030 cm–2 s–1 at
950 MeV. The planned luminosity can be achieved
only after BEP modernization to an energy of 1 GeV.
Such modernization at the Institute of Nuclear Phys
ics has already started.
One of the problems of the VEPP2000 physics
program is the study of nucleon–antinucleon pair
production. It is expected that the VEPP2000 exper
iments will result in improved measurement accuracy
of the neutron form factor at the threshold; due to
good angular resolution, the electric and magnetic
form factors of the neutron will be individually mea
sured; bound nn states near the threshold will be
searched for.
During the experiment at a luminosity of L =
1032 cm–2 s–1, collection of 105 events of this process is
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Fig. 4. Optical functions βx (black curves) and βz (gray curves), measured by the response matrix analysis method (a) before and
(b) after the correction procedure as functions of the coordinate s along the ring.

expected at an expected cross section of 0.7 nbarn at
the threshold, which approximately 100fold exceeds
the number of events currently available for this pro
cess.
Since produced neutron–antineutron pairs are
nonrelativistic, the best method for suppressing the
background is the use of the timeofflight technique.
The antineutron time of flight to the first calorimeter
layer at its kinetic energy of 5 MeV is ~8 ns. At such a
kinetic energy, almost all antineutrons annihilate in
the first layer of the NaI crystal, since their effective
annihilation length at this energy is 5 cm, i.e., about
twice as small as the thickness of crystals of the first
layer.
Part of the statistical data obtained in the VEPP
2000 experiments was recorded at energies above the
threshold of proton–antiproton and neutron–
antineutron pair production. Currently, the events
collected by both the SND and CMD3 have been
processed. The first task of processing is measurement
of the physical background formed by all events with
the production of many particles.

Figure 6 shows one of the numerous “frames”
recorded by the CMD3. In the detector track cham
ber, we can see the trajectories of flyingapart particles
produced in the detector magnetic field.

∫ L, pb

–1

12

8

4

0

500

600

700

800

900
1000
Energy, MeV

Fig. 5. Luminosity integral collected by the SND detector.
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antineutron pairs among useful frames. One of such
events is shown in Fig. 8. The total number of frames
with nucleon production in the collected statistics is
expected to be several hundred. Certainly, this number
is insufficient for accurate measurements of all param
eters of these processes. However, this is sufficient to
study detector parameters required to measure pro
ton–antiproton and neutron–antineutron pair pro
duction processes.
6. ENERGY CALIBRATION

−10
−20

−30

−20

−10

0

10

20

30
x

Fig. 6. Particle tracks in the central region of the CMD3
detector.

The preliminary processing results of the collected
statistics are measurements of cross sections with mul
tiple pion production. One of such measurements,
i.e., the cross section of production of four πmesons
is shown in Fig. 7.
The study of the physical background already made
it possible to begin the search for events satisfying
selection criteria for proton–antiproton and neutron–

The requirements for the measurement accuracy of
the beam energy in the experiments are such that
ΔE/E ≤ 10–4. All bending magnets of the VEPP2000
are equipped with two magnetometers based on the
nuclear magnetic resonance (NMR sensors). The sen
sors themselves are characterized by high accuracy,
and their measurements show high stability of the
magnetic field (~10–5). At the same time, they are
placed in the magnetic gap, but outside the vacuum
chamber and outside the beam orbit. Rough calibra
tion of NMR sensors was based on magnetic measure
ments of dipoles of the VEPP2000. More accurate
energy calibration of the VEPP2000 is performed
using two methods.
6.1. PhiMeson
The phimeson mass is known with high accuracy,
Mϕ = 1019.455 ± 0.020 MeV [9]. Thus, the first abso
lute energy calibration of the VEPP2000 was per
formed in the experiment for measuring the peak posi
tion of the phimeson resonance using the SND

σ, nb
30

20

10

0
1.0

2.0
1.5
Centerofmass energy, GeV

Fig. 7. Cross section of production of four πmesons at vari
ous energies. Preliminary results using the SND detector.

Fig. 8. One of the events of proton and antiproton produc
tion.
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Fig. 9. Phimeson resonance before energy calibration
(data of an SND group). e+e–
3π.

0.8

detector. This experiment showed that the error in the
energy calibration using NMR sensors is 3.5 MeV (see
Fig. 9).
Repeated measurements of the peak position of the
phimeson resonance showed a disagreement less than
0.2 MeV.

0.4

6.2. Resonant Depolarization
The socalled resonant depolarization method is
used for precision energy measurements. Two counters
of scattered particles are placed inside and outside the
ring in the beam orbit plane in one of technical sec
tions. At high energies, the main contribution to the
rate of beam particle loss is made by the socalled
intrabeam scattering (Touschek effect). A comparison
of beam lifetimes for the cases of one and two beams,
but with the same total number of particles, shows that
intrabeam scattering yields 80% of the particle loss at
an energy of 800 MeV. Furthermore, to improve accu
racy, only “pure” scattering events were selected by
detecting event coincidences in the inner and outer
sensors. Since the Touschek effect depends on beam
polarization, a jump in the counting rate should occur
at the instant of polarization decay. A highfrequency
stripline depolarizer is intended for controlled polar
ization decay, which is placed in the VEPP2000 injec
tion section. The frequency at which depolarization
occurs is uniquely related to the beam energy; there
fore, the particle energy in the ring can be calculated
with high accuracy by determining the instant of the
jump in the counting rate of scattered particles during
scanning by the depolarizer frequency.
According to the calculations [10], the jump in the
counting rate depends on the ratio of emissions and is
suppressed in the case of round beams in comparison
with the case of planar beams. Thus, the energy cali
bration experiments were performed using a planar
beam (opposite polarities of solenoids at each collision

0.6

0.2
0
0.2

0.4

0.6

0.8
1.0
Energy, GeV

Fig. 10. Calculated dependences of the degree of polariza
tion on the beam energy for solenoids tuned to (a) low and
(b) high energies.

point; betatron frequencies are far from the coupling
resonance; betatron coupling is suppressed by the sys
tem of skewquadrupole corrections). For the experi
ments, the positron beam was chosen to avoid prob
lems associated with beam parameter distortions due
to focusing by ions accumulated at the equilibrium
beam orbit during polarization. The time of radiative
polarization at an energy of 750 MeV was ~45 min.
Numerical simulation using the ASPIRRIN soft
ware [11] showed significant differences in the degree
of polarization for various solenoid polarities. Figure
10a shows the calculated degree of polarization for the
scheme (+– +–).
This scheme implies the second harmonic of the
longitudinal field, which leads to the strong integer
spin resonance at an energy of 880 MeV, which causes
polarization decay at this energy. Thus, this scheme is
applicable only to polarization experiments at low
energies. The narrow resonance at 440 MeV with two
betatron satellites appears in the case of solenoid
detuning (ΔBs/B ~ 10–3, Fig. 10), which is inevitable in
real experiments. Another scheme (+– –+) generates
the first harmonic of the longitudinal field and makes
it possible to achieve 60% polarization in the energy
range of 700–800 MeV (see Fig. 10b). Exactly this
scheme was used in experiments on calibration at an
energy of 750 MeV.
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Fig. 11. Jump in counting rate.

The results combining three such experiments are
shown in Fig. 11. We can see that the 2.5–3% jump in
the counting rate occurs at an energy of 750.67 ±
0.03 MeV.
It is planned to continue the experiments on the
VEPP2000 collider energy calibration by the reso
nant depolarization method.
7. CONCLUSIONS
The VEPP2000 collider modernized at the Insti
tute of Nuclear Physics started the physics program
and data collection using two modern detectors, i.e.,
the SND and CMD3. All systems of the facility were
tested in experiments at energies to 950 MeV.
Various versions of collider optical systems were
experimentally tested: the technical soft optical sys
tem; a round beam with β* = 8.5 cm and with intro
duced magnetic field of the CMD3; small beta func
tions for higher luminosity; and the planar beam for
using the resonant depolarization method.
The experimental results on the study of the effects
of round colliding beams confirmed the predictions of
the behavior of beam sizes in weak–strong and
strong–strong operation modes. In the former, a space
charge parameter of ξ = 0.1 was achieved. A peak
luminosity of L = 1 × 1031 cm–2 s–1 was achieved at an
energy of 500 MeV and currents of I+ × I– = 40 ×
40 mA2. To achieve the planned luminosity at 1 GeV, a
new positron injector is required and the BEP ring
should be modernized. Currently, these works are in
progress at the Institute of Nuclear Physics.
Precision calibration of the VEPP2000 energy
measurement system was performed. NMR sensors
were calibrated by the peak position of the phimeson
resonance and by the data of the first experiments on
resonant depolarization.
The SND and CMD3 began experimental data
collection at the VEPP2000 collider.
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