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Abstract—Based on precision measurements of the beam energy using the resonant depolarization and
Compton backscattering methods, it is possible to conduct high-precision experiments in the field of high-
energy physics at the VEPP-4M electron—positron collider with the KEDR detector. The J/y- and
y(2s)-meson masses measured at the VEPP-4M collider are among the ten most precisely known masses of
elementary particles measured over the whole physical history. The degree of accuracy that we attained in
determining the t-lepton mass by the threshold behavior of the ete™ — 171~ reaction cross section is the
best in the world. Systems automatically controlling the temperature of the distillate that cools the magnets
of the main accelerating structure and the RF accelerating cavities of the VEPP-4M collider have been devel-
oped, produced, and placed in operation in order to increase the efficiency of the complex. Simultaneous
measurements of the transverse displacement and the angle of inclination of the beam near the interaction

point can be taken with the aid of a multipinhole X-ray camera.
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INTRODUCTION

The VEPP-4 accelerating complex, which includes
an injector, the VEPP-3 booster storage ring, and the
VEPP-4M electron—positron collider with the KEDR
versatile magnetic detector, has been designed for
experiments with colliding electron—positron beams
[1]. The VEPP-4M is an upgraded collider, which has
been used in high-energy physical experiments since
1977. The upgrading has made it possible to substan-
tially increase its luminosity.

The KEDR detector [2] is a versatile magnetic
detector for high-energy physical experiments in the
energy range of 2—11 GeV in the center-of-mass sys-
tem. The KEDR detector contains the following main
systems: a vertex detector, a drift chamber, aerogel
Cherenkov counters, time-of-flight scintillation
counters, an electromagnetic calorimeter based on
liquid krypton, an endcap electromagnetic calorime-
ter based on Csl crystals, a superconducting magnetic
coil, a muon system, a system for detecting scattered
electrons, and a luminosity monitor.

15

The results of the experiments carried out on the
VEPP-4 complex with the aim of precision measure-
ments of particle masses are presented in Table 1.

Since 2002, the VEPP-4 complex has been used to
conduct high-energy physical experiments in the
beam energy range of 0.9—2.0 GeV. At low energies
such as these, the peak luminosity of the VEPP-4M
electron—positron collider is (1.0—2.5) x 103 cm=2s~!
and the average rate of acquiring the luminosity inte-
gral is 300 nb~! per week. The graph of the increase in
the luminosity integral in 2004—2008 is shown in Fig. 1.

Though the VEPP-4M is inferior to modern collid-
ers in luminosity, nevertheless, the VEPP-4 complex
with the KEDR detector possesses a number of advan-
tages, among which the following ones are of prime
importance:

—the energy range of 0.9—5.5 GeV in the beam,
which is unique for the available machines;

—the capability of measuring the beam energy
using the resonant depolarization method with a
record-braking relative accuracy of 10~°, which has
not been attained in any other laboratory in the world;
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Table 1. High-energy physical experiments on the VEPP-4 complex

Particle Energy, MeV Relative accuracy Detector Years

J/y 3096.93+0.10 3.2x107° OLYa 1979—1980
y(2s) 3685.00 £ 0.12 3.3x 107 OLYa 1979—1980
Y 9460.57 £ 0.09 + 0.05 1.2x 107 MD-1 1983—1985
Y 10023.5+ 0.5 5.0%x 107 MD-1 1983—1985
" 10355.2+0.5 4.8x1073 MD-1 1983—1985
J/y 3096.917 £ 0.010 £ 0.007 3.5x10°° KEDR 2002—-2005
w(2s) 3686.119 +0.006 + 0.010 3.0x107° KEDR 2002—2005
w(3770) 3772.9+£0.5+0.6 2.1x107* KEDR 2002—-2005
D° 1865.43 +0.60 + 0.38 3.8%x107* KEDR 2002—2005
D* 1863.39£0.45+£0.29 29x107* KEDR 2002—2005
1 1776.69%) 1y +0.15 1.3%x 1074 KEDR 2005—2007

—the possibility of continuously monitoring the
beam energy with a relative accuracy of 5 x 107> and
the energy spread with an accuracy of 10% by measur-
ing the position of the Compton edge in the spectrum
of backscattered monochromatic laser photons; and

—the parameters of the KEDR versatile magnetic
detector, which is part of the complex, are comparable
to those of modern detectors for experiments at elec-
tron—positron colliders; the distinctive features of the
KEDR are as follows: a system for detecting scattered

tion of 1073, an electromagnetic calorimeter based on
liquid krypton capable of measuring the coordinate of
a y-ray conversion point with an accuracy of 1 mm,
and a system of aerogel Cherenkov counters.

The system for measuring the particle energy using
the resonant depolarization method and the proce-
dure for energy reconstruction between calibrations
with the use of measured VEPP-4M parameters,
which we developed and tried out, allow us to measure
particle masses with an extremely high accuracy. Thus,

electrons and positrons with a record-breaking resolu- the measurement accuracy for the J/y- and
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Fig. 1. Luminosity integral recorded with the KEDR detector.
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y(2s)-meson masses is three to four times better than
the world-average value [3]. Today, only the electron,
proton, neutron, muon, and ©*-meson masses have
been measured with a higher accuracy.

In the experiment aimed at precisely measuring the
mass of a T lepton near its production threshold,
acquisition of data was completed in 2008. The goal of
this experiment was to determine the t-lepton mass
with a higher precision, whereas the knowledge of this
mass, along with the knowledge of the lifetime and the
probability of the t-lepton decay into an electron, a
neutrino, and an antineutrino, offers a chance to verify
the hypothesis of lepton universality—one of the main
postulates of the Vineberg—Salam theory of elec-
troweak interactions. Processing of these experimental
data makes it possible to obtain the t-lepton mass with
the highest degree of accuracy attainable today [4]:

PDG 2006: 1776.9077 5 MeV;
BES 1996: 1776.96703 MeV:
BELLE 2006: 1776.777533 MeV:

KEDR 2008: 1776.69702 MeV.

Physical experiments in the region of c-quark pro-
duction are being continued. Preliminary results have
been obtained in the measurements of masses of
charged and neutral D mesons and y(3770) meson
with accuracies comparable to or higher than the
world average values [3]. Neutral and charged D
mesons are the lightest states with an open charm. It is
important that the exact values of their masses be
known, since they are a reference point for masses of
excited states. In addition, measurements of their
masses are necessary for understanding the nature of
recently discovered state X(3872), which is close in
mass to the production threshold of a D°—D*? pair.

Until 2007, the world-average accuracy in measur-
ing the D-meson masses was ~0.5 MeV and was basi-
cally determined by the most precise ACCMOR and
MARK-II experiments. In 2007, the scientists of the
CLEO-c collaboration measured the D° mass with an
accuracy of 0.18 MeV from analysis of the D — K¢
decay. In the experiment with the KEDR detector, we
measured the masses of the neutral and charged D
mesons. Our knowledge of the D°-meson mass agrees
with the more precise value obtained in another way
during the CLEO-c collaboration, and the D*-meson
mass agrees with the world-average value, i.e., is the
most precise direct measurement of the D*-meson
mass.

The y(3770) resonance was discovered 30 years
ago, but its theoretical description has not been clari-
fied. Existing models predict resonance parameters
differing from the experimental data. Three scans of
the y(3770) resonance were performed on the KEDR
detector, and a total luminosity integral of ~2.40 pb~!
was acquired; as a result, the mass and the full width at
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half-maximum of this resonance were measured. Our
measurement of the y(3770) mass is the most precise.

BEAM ENERGY MEASUREMENTS

Precision measurements of the beam energy are a
very important part of an experiment aimed at mea-
suring the particle masses. Two techniques for measur-
ing the beam energy are used today at the VEPP-4M
collider: one is based on resonant depolarization (RD)
of the beam, and the other on Compton backscatter-
ing (CBS).

The RD method is the most precise modern tech-
nique for calibrating the beam energy. Beam energy
calibrations were regularly performed with record-
breaking accuracy (up to 107°) in the course of the
experiments with the KEDR detector. In the time
intervals between the calibrations, the beam energy
was calculated using the interpolation method and the
measured VEPP-4M parameters.

Along with indubitable advantages, the RD tech-
nique has a number of drawbacks: it breaks the polar-
ization state and does not permit taking of prompt
measurements when the Iuminosity integral is
acquired. Therefore, a system based on the CBS
method was developed for prompt measurements of
the beam energy. Though the accuracy of this method
is worse (~3 x 107%), nevertheless, the measurement
process takes less time and does not require beam
polarization. In addition, measurements can be made
directly during acquisition of the luminosity integral.
The use of two approaches offers a chance to improve
the reliability of experimental results and provide
required accuracy. In this case, the energy is measured
using the precise RD method at the beginning and end
of data acquisition, and monitoring based on CBS is
carried out in the course of acquisition.

Resonant Depolarization Method

The RD method for measuring the beam energy
has been proposed and implemented for the first time
at the Budker Institute of Nuclear Physics (BINP) [5].
This approach has been widely used thereafter both at
the BINP and in other laboratories throughout the
world.

In an accelerator with a flat orbit (when radial and
longitudinal magnetic and electric fields, as well as a
transverse magnetic field, are absent), the spin pre-
cesses around the direction of guiding magnetic field
B. Calculating the spin phase shift over the particle’s
circulation period, we obtain the expression for the
mean frequency ) of spin precession

Q, = (@ + q'jLCfBL(G)dO = 030(1 + yq—J, 1)

Y 2n do
where 6 is the azimuth along a closed orbit, o is the
cyclic circulation frequency, v is the relativistic factor,
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and g, and ¢' are the normal and abnormal parts of the
gyromagnetic ratio.

The RD method is based on precision measure-
ment of spin precession frequency Q.. Depolarization
is caused by introduction of an external electromag-
netic field with frequency €2, satisfying the resonance
condition

at any integer »n. The fact of depolarization is detected
by any polarization-sensitive process.

By introducing normalized spin frequency

v :%—1 :yq—, we obtain a simple equation for

0 qo
beam energy FE:
2
E =v, ¢ = 440.64843(3)MeV - v,. (3)
q'/4

The constants included in this expression have
been known with a high precision: ¢'/q, =
1.1596521859 x 103+ 3.8 x 10712, mc? = 0.51099892 +
4 x 10~% MeV. This offers a chance in principle to
determine the particle energy by the measured fre-
quency of spin precession with a limiting relative accu-
racy of 7.8 x 1078,

Polarized electron—positron beams are produced
in storage rings owing to the action of magnetic dipole
radiation. As a particle moves, its magnetic moment
precesses around the direction of the magnetic field
vector and the field-orthogonal component of the
magnetic moment is reduced by magnetic dipole radi-
ation. As a result, the spin is aligned with the magnetic
field over the characteristic radiation time (the
Sokolov—Ternov effect).

Assuming that the orbit in the homogeneous mag-
netic field is circular, polarization time 7, [s] can be
presented in terms of radius R [m] of the particle tra-
jectory:

3 18 3
T,mlERs 1 :2.8><150 R ’ (4)
Y hLry ¥
where A, = A 386 x 10! cm is the Compton
m,c

2
€ > =2.818x10" cm is the
m,c

classical electron radius. At an energy of 1.8 GeV, the
polarization time of an electron beam in the VEPP-4M
storage ring is ~100 h. Nevertheless, the presence of
the VEPP-3 booster ring with a substantially smaller
orbit radius R and a polarization time of ~1 h helps
obtain polarized beams for use in the VEPP-4M.

The layout of the equipment for measuring the
energy of the VEPP-4M beam using the RD method
[6] is shown in Fig. 2. The beam is depolarized by
means of a kicker—two asymmetric strip lines
enclosed in a vacuum chamber at its top and bottom
walls. A running TEM wave propagating along the
beam is produced in the line. Its frequency varies

wavelength and r, =
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according to the linear law in a range deliberately cov-
ering the value of the expected spin precession fre-
quency. The sinusoidal signal of the depolarizer on the
TEM wave is produced by the precision synthesizer
developed by the BINP with a limiting resolution for
the frequency tuning step of better than 6 x 10~7 Hz.

The effect of intrabunch particle scattering (the
Touschek effect) is used to detect a beam depolariza-
tion event. The counting rate of scattered electrons,
which is spin-dependent, is measured by two pairs of
scintillation counters located in the vacuum chamber
segment with a cylindrical cross section. The counters
of each pair are introduced into the aperture in a hor-
izontal plane on both sides and are used to detect elec-
trons scattered around the circumference of the ring.
The coincidence circuit for events detected in the
counters of a pair is used to suppress uncorrelated
noise.

The expression for counting rate of scattered parti-

cles N can be presented in the form [7]:

2 2
N =N ),
yVyco,/E)
2 (%)
A
a= 0(81,82), b= b(81,82), 81’2 :[ p1,2] ’
Cp

Ap, = Ap(A), Ap, = ApS(A4,),
where P is the degree of beam polarization, N, is the
number of particles in a bunch, ¥}, is the bunch volume
in the laboratory system, o, if the spread of the trans-
verse momentum in the beam, a and b (b < 0) are the
evaluated functions dependent on the lower (Ap,) and
upper (Ap,) limits on the transferred momentum, A4 is
the distance from the counter to the orbit, and A4, is the
geometrical aperture of the accelerator.

From Eq. (5), it follows that the counting rate of
scattered electrons changes upon depolarization. In
particular, the counting rate at the VEPP-4M storage
ring changes by 1—3%. Measurement of a change in
the counting rate as small as this is complicated by
time instabilities of the beam, the influence of which is
approximately equal in value to the useful effect.
Therefore, detected are scattered particles from two
bunches spaced apart by half the orbital period, one of
which is polarized and the other is not.

The scintillation counters inserted into the vacuum
chamber measure the ratio of the counting rates of

scattered electrons from the polarized (N ) and non-
polarized (NO) beams: 1 — N, O/N - When depolariza-
tion happens, the observed ratio changes stepwise in
proportion to the degree of polarization squared
(Fig. 3). Knowing the depolarizer frequency at the
instant of a stepwise change in the counting rate ratio,
we can find the spin precession frequency and,
according to Eq. (3), the mean beam energy.

The limiting accuracy of absolute beam energy cal-
ibration using the RD method is governed by the width

Vol. 53 No. 1 2010
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Fig. 2. Layout of the equipment for measuring the beam energy using the RD method.

of the spin line. According to estimates, this width is
g, ~ 5x 1077 (~1keV), which agrees with results of spe-
cial experiments on the “ultrafine” scanning [8] at the
VEPP-4M accelerator. The other parameter that lim-
its the accuracy is an inverse time it takes for resonant
depolarization to occur. When measuring the particle
masses with the KEDR detector, this parameter was of
the same order of magnitude with the spin line width.

The other sources of systematic errors of measure-
ments using energy calibrations based on the RD
method have been studied or currently being studied at
the VEPP-4M. These sources include the following
factors:

—breaking the law of proportionality between the
spin frequency and the energy (the orbit is not flat or
has a torsion) [9, 10];

—the dependence of the weighted-mean fre-
quency of spin precession in a bunch on its current;

—the effect of small perturbations of the orbit
(e.g., when orbits are separated in parasitic interaction
points); and

—Ilong-term stability of the energy between two
successive calibrations (the temperature component,
the stability of the accelerating RF system frequency,
and the stability of the magnetic elements) [11].

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

To determine more precisely the error in measuring
the energy in the center-of-mass system based on
energy calibration data for only one (electron) beam,
which is included into a final result of measurements
of particle masses by the KEDR detector, the follow-
ing factors were investigated:

—the compliance of the local energy at an interac-
tion point with the mean energy over the storage ring,
measured using the RD method (the asymmetry of
radiation losses and the longitudinal particle accelera-
tion in the field of the counter-propagating bunch);

—the agreement with the energy mean-weighted
over the luminosity according to the RD method (the
chromaticity of the B function, the effect of the sepa-
ration at parasitic interaction points on the vertical
dispersion at the main interaction point) [12]; and

—the correspondence of the energy of produced
particles to the kinetic energy determined from the spin
precession frequency (the potential in the beam) [13].

In high-energy physical experiments, it is neces-
sary that the beam energy be known as the statistics is
acquired, whereas energy calibration is not performed
during data acquisition. The accuracy of energy mea-
surements at the instant of calibration is 1 keV, but the
actual energy during data acquisition differs from the

Vol. 53 No. 1 2010
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Fig. 3. Ratio of the counting rates from the polarized and nonpolarized bunches during depolarization.

measured value due to the instability of the storage-
ring parameters in time. The energy was calculated
using the following dependence on the accelerator
parameters:

Epeam = 0 H yyp [1 + OvT(Tring - TNMR)] f(Tringa T o1
Tour) + A(t)cos[m

Ta'ay

- (P(t)J + 6Evon exp(_ton/Ton) (6)

+ 6Ecycle exXp (_tcycle/rcycle) + EO (Almags t) )

where H y,,z is the magnetic field measured by the
NMR magnetometer in the calibration dipole magnet
fed in series with the magnets of the VEPP-4M arcs;
Twur is the temperature of the calibration magnet; 7,

ring
and T,,, are the average temperatures of the ring and

the cooler (air and water); 7,,; is the temperature
measured at a certain depth in the walls of the tunnel
in which the accelerator is located, ¢ is the current
time; 7,, and ¢,,.,, are the times after the last switch-on
of the magnetic system and the last magnetic cycle,
respectively; and oy, oz, 0F,,, 0, s Typs and T,y
are the free parameters determined by fitting all energy
calibrations performed in a certain collider’s operating
mode. Function E(Al,,,,t) includes the energy varia-
tions caused by relatively major changes in the current
in some elements of the magnetic structure. The expo-
nential members are responsible for the magnetic field
relaxation after its switching-on and after a magneti-
zation reversal cycle.

In the course of the whole experiment [14] (218
calibrations), the quasi-statistical accuracy of interpo-
lation varied within the limits of 6—8 keV. Various ver-
sions of functions f(T), A(f), and @(¢) were tested to
estimate the systematic uncertainty of the resultant
values for J/y- and y(2s) mesons.

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

The use of the full form of parameterization (6)
requires numerous energy calibrations without a sub-
stantial change in the operating mode of the acceler-
ator. A simplified form of Eq. (6) with relatively short
time intervals was used in the experiments aimed at
measuring the masses of y(3770) and D mesons and
a 1T lepton. The number of free parameters varied
from four to seven. An interpolation accuracy of 10—
15 keV was attained in scanning narrow resonances
and 15—30 keV in scanning y(3770) and the t-lepton
threshold.

Compton Backscattering

This method was used for the first time at the
BESSY-I synchrotron radiation source (Berlin, Ger-
many) [15]. The CBS method was implemented at the
VEPP-4M in 2005 for the first time for colliding-beam
facilities; since that time, it has been a routine tool for
monitoring the beam energy [16].

The CBS method is based on the fact that the max-
imum energy of a scattered photon is unambiguously
related to the electron and photon energies before
scattering:

o= 1-Bcosa ,
1—Bcos6 + %(l —cos0)

)

where ® and o, are the photon energies before and
after scattering, respectively; £ and 3 = v,/c are the
energy and the Lorentz factor of the electron before
scattering; o is the angle between the photon and the
electron before scattering; 0 is the angle between the
momenta of the primary electron and scattered pho-
ton; and O is the angle between the momenta of the
primary and scattered photons (Fig. 4).

Vol. 53
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Scattered photon,

Laser photon, o,

Electron, £

Fig. 4. Kinematics of Compton scattering.

Maximum energy of the scattered photon ®,,,, cor-
responds to the direction of the primary electron
momentum (6 =0, ® = a):

Omax = W L= BCOSOL . (8)

In the case of o = m (a head-on collision), the
energy of the scattered photon reaches the maximum
possible value ®,,,:

2
Doy = Ez/[E + ’”—j. )
4w,

The energy spectrum of scattered photons is pre-
sented in Fig. 5. The dependence of the scattering
cross section on the photon energy is shown with a
solid line, and the photon scattering angle 0 in terms
of 6, (6, ~ 1/y = m/E) versus the photon energy is
shown with dots. For both plots, the primary photon
energy is w, = 0.12 eV, the electron energy is £ =
1777 MeV, and the interaction angle is o = .

Analysis of Fig. 5 shows that photons with maxi-
mum energy o, are scattered in a direction along the
momentum of the primary electron and form a sharp
edge in the energy spectrum, which offers a chance to
determine ,,,, from the measured spectrum. It is
apparent that, to perform this task, primary photon
energy ®, must be constant and well-known. Such
photons can be produced by a laser with a narrow
emission spectrum. In practice, it is reasonable to con-
sider the interaction between the laser and electron
beams, having in mind that the £ and ®, values corre-
spond to the mean energies of interacting electrons
and photons. Therefore, measuring the average value
of ®,,.x, ONe can determine the mean electron energy
in the beam:

2
E=%malpy 14 M |~ Omax
2 DD max 2\ o,

A COHERENT GEM Select 50 CO, laser is used
at the VEPP-4M as a source of monochromatic pho-
tons. The laser generates by 10P20 transition with
photon energy @, = 0.117065223 eV (A = 10.591 pum).
This wavelength has been selected so that the maxi-
mum energy of Compton ¥y rays is in the range of 4—

(10)
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7 MeV, which corresponds to the measured beam
energy range of 0.5—2.0 GeV. The width of the laser
spectrum does not exceed G, /m, < 3.5 x 10-%, and the
mean energy of laser beam photons is assumed to be
constant with an accuracy of Aw,/®, < 107%. The
power of continuous laser radiation is ~50 W (TEM,).
Using the system of lenses and mirrors, the laser beam
is focused and injected through a window (ZnSe) into
the vacuum chamber of the storage ring, where it
interacts with the electron beam at zero angle.

A high-purity germanium (HPGe) detector is used
to measure the spectrum of Compton y rays. At an
operating temperature of ~90 K, the HPGe conduc-
tivity is rather low, which allows the detector to be used
at high cutoff voltages (1.5—3.5 kV) and guarantees a
high efficiency in collecting the charge released by
ionizing radiation inside the detector. The mean
energy required for production of a single electron—
hole pair in germanium is 2.95 eV (at T=90 K), which
determines its excellent spectrometric properties.
A coaxial HPGe detector with an active volume of
~120 cm?® and a total absorption efficiency of 5% for

do,./do, mb/10 keV; 6/0,

3.0F
o]
251 ©
o]
201 ‘ 0/6
. 0_6/6,

1.5

1.0

0.5

Fig. 5. Energy spectrum of scattered photons (curve) and
dependence of the scattering angle on the photon energy
(dots).
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Table 2. Isotopes for HPGe detector calibration

Source Iiilfi_(l)ge E,keV | +AE, eV

24Na 14.96 h 1368.625 5
2754.008 11

60Co 52714yr | 1173.228 3
1332.492

137Cg 30.07 yr 661.657 3

228Th (decay 1.9131 yr 583.187

products) 2614.511 10

photons with energies of 5—6 MeV is used at the
VEPP-4M. Radioactive y-ray sources with the param-
eters presented in Table 2 are used to calibrate the
energy scale of the detector.

The average counting rate of y rays emitted by the
calibration isotopes is ~1 kHz. The counting rate of
Compton y rays depends on the conditions of data
acquisition, being 10 s~! on the average. For the beam
energy to be measured with a required accuracy, about
5 million events must be detected, which takes 5—
30 min, depending on the y-ray flux density. The
energy spectrum of Compton y rays measured at the
VEPP-4M collider is shown in Fig. 6.

The Compton edge in a spectrum is fitted by the
function with six parameters:

g(x,po.5) = %[p‘;(x —Po)+ pZ]erfC(X\é Poj

D1

(11)

yav (x 4 0)2
\/Etexp|: 2])12 j|+p5(x Po)+p3 .
The visible width of the spectrum edge (Fig. 6b) results
from the energy spread in the electron beam and the
energy resolution of the HPGe detector. The contri-
bution of the latter factor is measured using the cali-
bration curve shown in Fig. 7. Thus, the mean electron
energy and the energy spread of particles in the beam
are measured at once. When processing the spectrum,
the monochromatic lines of the calibration y-ray
sources are used for absolute calibration of the scale
and for determining the energy resolution of the
HPGe detector.

The main sources of systematic errors in measuring
the beam energy at the VEPP-4M using this method
are as follows:

—the necessity to extrapolate the energy scale
from the calibration line with the maximum energy
(2.6—2.7 MeV) to the energy of the Compton edge (5—
6 MeV);

—a distortion of the full-energy peak in the HPGe
detector spectrum at high beam intensities; and

—possible shift of the measured energy from the
mean beam energy due to a high horizontal dispersion

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

function (y, = 89 cm) in the region of electron beam
interaction with laser radiation.

In the course of data acquisition at energies near
the t-lepton production threshold in 2005—2007 (£ =
1777 £ 5 MeV), 153 calibrations of the beam energy
were simultaneously performed using the RD and
CBS methods. The experimental results are in agree-
ment with an accuracy of ~50 keV or AE/E ~ 3 x 1075,

The typical time dependence of the accelerator
energy calculated by the VEPP-4M parameters is
shown in Fig. 8; the energy values measured using the
RD and CBS methods are also plotted in the figure.
It is apparent that, after the energy is lowered, the
guiding magnetic field is stabilized within 3 h, which
results in energy drift by a value of ~0.1 MeV. Further
energy drift, which is slower, can be attributed to the
temperature drift.

THERMAL STABILIZATION SYSTEMS

The relative accuracy of energy calibration in
experiments at the VEPP-4M reaches a record-break-
ing value of 10°. Investigations of all factors affecting
the accuracy of beam energy measurements and con-
tributing thereby to the systematic error of particle
mass measurements showed that the following factors
are of the highest significance:

—a variation in the geometrical dimensions of the
magnets though the instability of the ambient temper-
ature;

—a variation in the middle radius of the storage
ring due to the thermal movement of the tunnel in
which the accelerator is located;

—a variation in the temperature of the water that
cools the magnetic elements of the accelerator; and

—the long-term instability and 50-Hz ripple of the
magnets’ power sources.

The strongest effect on the beam energy is exerted
by thermal expansion of the combined magnets in the
VEPP-4M semirings, which causes the integral of the
magnetic field to vary. The magnets are cooled with
distillate circulating over a closed loop. The distillate
heated by the magnets is cooled in the heat exchanger
by service water, the temperature of which depends on
a variety of external factors (e.g., the ambient temper-
ature, the humidity, and the cooling conditions in the
cooler) and is therefore liable to substantial diurnal
and seasonal variations. The diurnal variations in the
beam energy caused by ambient temperature fluctua-
tions are shown in Fig. 9.

To maintain the temperature of the VEPP-4M
magnets within the predetermined limits without
regard to external factors, a system stabilizing the dis-
tillate temperature has been developed and placed in
operation. The temperature of the distillate and the
service water at the inlet and outlet of the heat
exchanger is measured by precision temperature sen-
sors, and temperature data are transmitted by means
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Fig. 6. (a) Compton y-ray spectrum and (b) its edge on the expanded scale.

of a controller to a computer included in the control
system of the VEPP-4 complex. A service water flow in
the heat exchanger and, therefore, the heat-exchange
efficiency are regulated with the aid of a controlled
valve, which opens and closes in response to a com-
mand arriving from the control program analyzing the
measured temperatures. The system efficiency is illus-
trated by Fig. 10, in which the diurnal fluctuations of
the service water and distillate temperatures are plot-
ted. The amplitude of the diurnal fluctuations of the
magnet-cooling distillate is ~0.1°C, which is a factor
of ~10 smaller than when the thermal stabilization sys-
tem is the off state.

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

A mode of operation with two electron and two
positron bunches has been used in high-energy physi-
cal experiments on the VEPP-4M electron—positron
collider. The instability of the longitudinal beam
motion responsible for high-amplitude phase oscilla-
tions is a side effect of the multibunch mode. Phase
oscillations lead to a sharp decrease in the luminosity
and the beam lifetime. Moreover, incidence of beam
particles on the drift chamber of the KEDR detector
may initiate high-voltage breakdowns and damage the
drift chamber.

The instability is caused by resonance excitation of
higher-order modes of the accelerating cavities by the
beam. Each of the five cavities has three controlled
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Fig. 7. Energy resolution of the HPGe detector vs. the
y-ray energy (dots) and fitting function

R(x,po..2) = po+ pix"* (acurve).

mechanisms to suppress these modes. There are
regions of stable beam motion that correspond to cer-
tain tuning of the mechanisms suppressing the higher-
order modes. Nevertheless, a change in the cavity
temperature is followed by a change in the cavity
dimensions, which result in a shift of the resonance
frequencies of the higher modes and, therefore, in
development of the beam motion instability.

The cavities are cooled by a separate distillate loop,
which has a high resistivity. To stabilize the tempera-
ture of the cavities, a system based on controlled dis-
tillate heaters has been developed; it helps maintain
the preset temperature with an accuracy of 0.05—
0.10°C at a flow rate of ~10 I/min. The temperature is

ANCHUGOV et al.

measured at the heater input and output by means of
temperature sensors with a sensitivity of ~10 mV/°C.
Results of temperature measurements are fed into the
offline ADAM microprocessor, which controls the
heating power and switches the heater on or off by
means of semiconductor switches. The ADAM micro-
processor is connected to a computer included in the
control system of the VEPP-4 complex. The control
computer is used to monitor and load the ADAM
microprocessor, which operates in the offline mode
after loading.

Figure 11 presents the 16-h temperature depen-
dences of the distillate that cools the cavities, with the
thermal stabilization system being switched off and
on. The use of the thermal stabilization system has
made it possible to lower the diurnal temperature fluc-
tuations from 2—5 to 0.1-0.2°C and, as a conse-
quence, the rate of occurrence of phase oscillations in
the experimental mode has been reduced by a factor of
~100.

A MULTIPINHOLE CAMERA

In high-energy physical experiments at the
VEPP-4M collider with the KEDR detector, it is nec-
essary that long-term stability of the beam orbit in the
region near the interaction point be maintained. This
is needed for reliable operation of important diagnos-
tic devices, such as the luminosity monitor and the
system for measuring the energy by Compton back-
scattering. However, the insufficient time resolution of
the electronics of the beam position monitor makes it
impossible to achieve the required accuracy in mea-
suring the orbit in the situation when the electron and
positron beams simultaneously circulate in the col-
lider.
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m CBS

i ®RD
1843.2 + - Interpolation
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18429
] 842 8 | | | | 1 1 1 1 |
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Fig. 8. Measurement and interpolation of the VEPP-4M beam energy.
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Fig. 10. Temperatures (a) of the service water T, and (b) VEPP-4M magnets-cooling distillate 7, measured over 24 h (with

thermal stabilization).

An optical technique based on the use of a multip-
inhole camera has been proposed for stabilizing the
orbit of the electron and positron beams in the NEM?2
and SEM?2 bending magnets adjacent to the interac-
tion point. The X-ray multipinhole camera possesses
geometrical properties similar to an ordinary pinhole
camera for visible light. Passing through a small hole,
light forms an inverted image of the source with a
transformation ratio equal to D/d, where d is the dis-
tance from the source to the screen, and D is the dis-
tance from the screen to the recording device (a CCD
array).

If a metal screen has a few holes located in line with
a separation of ~3c, (o, is the transverse beam size),
we will have an instrument permitting simultaneous
measurements both of the transverse location of the
beam and its angle of inclination at the radiation
point. The spacing between the outer holes must be
~3dvy, where v is the angular divergence of synchro-
tron radiation and d is the distance from the radiation
point to the screen.

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

The idea of simultaneous measurements of the
beam’s transverse displacement and angle of inclina-
tion are illustrated in Fig. 12. If the transverse cross
section and the angle of inclination are zero, X-ray
synchrotron radiation creates a beam image at the
metal screen, so that the center of the image is located
exactly in the middle between two outer holes and the
superposition of images formed by holes forms a sym-
metric figure on the phosphor (see Fig. 12a). The
transverse displacement of the beam without an angu-
lar displacement causes all images on the phosphor
and, therefore, their envelope to be shifted by value
y, = —yD/d, see Fig. 12c. Inclination of the beam at
angle ¢ without a displacement in the transverse plane
results in a shift of only the envelope of the beam
images by value y, = @d, since the images themselves
remain at their sites, but their intensity changes
(Fig. 12¢).

Therefore, the basic algorithm for determining the
beam displacement by the coordinate and the angle
includes the following operations:
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Fig. 11. Distillate temperature with the thermal stabilization system being (a) switched off and (b) on.
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Fig. 12. Principle of measurements of the transverse coordinate and the ingle of inclination of the beam.

(i) measuring transverse displacement y, of the
beam images on the phosphor;

(ii) measuring displacement y, of their envelope;

(iii) calculating transverse displacement of the
beam at the radiation point y = —y,d/D; and

(iv) calculating angle of inclination ¢ = (y, £ »)/d
(sign “+” corresponds to the case of y, < y, and sign
“—” corresponds to the case of y, > y).

Soft X-ray radiation from the bending magnet,
ejected outward through a beryllium foil, is used to
construct the beam image by the multipinhole camera.
The spectral composition of radiation is such that it is
almost fully absorbed in the atmosphere at a distance

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

of ~1.5 m. In this connection and, in addition, in order
to avoid damage to the beryllium foil, radiation is
ejected toward the phosphor through a tube pumped
down to a rough vacuum. The phosphor produced
from ZnS converts an X-ray image into visible light;
the beam image is thereafter transferred by the objec-
tive lens to the CCD array and read out into a com-
puter (Fig. 13a). Processing of measured data yields
the envelope of the beam images (Fig. 13b), which is
used to determine the transverse displacement and
angle of inclination of the beam at the radiation point.

The existing configuration of the instrument allows
determination of solely the vertical angle. In the hori-
Vol. 53
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Fig. 13. (a) Beam image obtained using the multipinhole camera and (b) envelope reconstructed by the experimental results.
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Fig. 14. Measured resolution of the multipinhole camera.
zontal direction, only the displacement can be moni- CONCLUSIONS

tored, but even this fact is of great importance for
maintaining the stability of the beam energy. Accord-
ing to theoretical estimates, the spatial and angular
resolutions of the instrument are expected to be 20 pm
and 50 urad, respectively. The measured resolution of
the multipinhole camera as a function of the coordi-
nate and the angle are shown in Fig. 14. The vertical
position (dots) and the angle (a curve) of the beam
were varied using an orbit corrector and monitored by
electrostatic sensors of the beam position.

Today, we do not pose the problem of measuring the
vertical and radial beam sizes at the observation point,
but, theoretically, this is possible.

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

A system of particle energy measurements using
the resonant depolarization method with record-
breaking relative accuracy has been built at the
VEPP-4M electron—positron collider. The procedure
for reconstructing the beam energy between calibra-
tions with an accuracy of 10~> has been developed.
Measurements of particle energies using the RD and
CBS methods make it is possible to conduct precision
high-energy physical experiments at the VEPP-4—
KEDR complex in spite of the loss of luminosity rela-
tive to the modern colliders. The masses of J/y- and
y(2s) mesons were measured at the VEPP-4 complex
with an accuracy a factor of 3—4 better than the world-
Vol. 53 No.
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average value. These masses are now among the ten
most precisely known particle masses measured over
the whole of the history of physics. In addition, the
masses of y(3770), D* meson, and t lepton have been
measured with the best accuracy worldwide.

A system stabilizing the temperature of the distil-
late that cools the combined magnets of the semirings
has been developed and placed in operation in order to
improve the stability of the beam energy in the VEPP-
4M collider. A thermal stabilization system for RF
cavities has been developed to reduce the operating-
time loss due to occurrence of phase oscillations.
Measurements demonstrated a significant decrease of
temperature fluctuations in the cavities and, therefore,
stabilization of the longitudinal beam motion.

Simultaneous measurements of the beam’s trans-
verse displacement and angle of inclination using the
X-ray multipinhole camera have been used to improve
the accuracy in measuring the orbit of the beams near
the interaction point in high-energy physical experi-
ments at the VEPP-4M with the KEDR detector.

REFERENCES

1. Skrinsky, A.N., Nucl. Instrum. Methods Phys. Res. A,
2009, vol. 598, p. 1.

2. Anashin, V.V., Aulchenko, V.M., Baibusinov, B.O.,

etal., Nucl. Instrum. Methods Phys. Res. A, 2002,
vol. 478, p. 420.

3. Anashin, V.V,, Aulchenko, V.M., Baldin, E.M., et al.,
Nuclear Physics B, Proceedings Supplements, 2008,
vols. 181—182, p. 353.

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

4. Anashin, V.V,, Aulchenko, V.M., Baldin, E.M., et al.,
Nuclear Physics B, Proceedings Supplements, 2008,
vols. 181—182, p. 311.

5. Bukin, A.D., Derbenev, Ya.S., Kondratenko, A.M.,
et al., Preprint of Inst. of Nucl. Phys., Siberian Branch,
Acad. of Sci. of the USSR, Novosibirsk, 1975, no. 75-64;
Trudy V mezhdunarodnogo simpoziuma po fizike vysok-
ikh energii i elementarnykh chastits (Proc. of V Int.
Symp. on High Energy and Particle Physics, Warsaw,
1975), Dubna, 1975, p. 138.

6. Blinov, V., Bogomyagkov, A., Cherepanov, V., et al.,
Beam Dynamics Newsletter, 2009, no. 48, p. 181.

7. Nikitin, S. and Nikolaev, 1., Proc. of EPAC-2006, 2006,
P 1184.

8. Blinov, V., Bogomyagkov, A., Karpov, G., et al., Beam
Dynamics Newsletter, 2009, no. 48, p. 207.

9. Bogomyagkov, A., Nikitin, S., and Shamov, A., Proc. of
RuPAC-2006, Novosibirsk, 2006, p. 153.

10. Nikitin, S., Proc. of RuPAC-2006, 2006, p. 151.

11. Bogomyagkov, A.V., Karnaey, S.E., Kiselev, V.A., et al.,
Proc. of EPAC-2002, Paris, 2002, p. 386.

12. Bogomyagkov, A., Nikitin, S., Nikolaev, 1., et al., Proc.
of the 22nd PAC, Albuquerque, 2007, p. 63.

13. Bogomyagkov, A., Nikitin, S., Telnov, V., and
Tumaikin, G., Proc. of APAC-2004, Gyeongju, Korea,
2004, p. 276.

14. Aulchenko, V.M., Balashov, S.A., Baldin, E.M., et al.,
(KEDR Collab.), Phys. Lett. B, 2003, vol. 573, p. 63,
e-Print: hep-ex/0306050.

15. Klein, R., Kuske, P, Thornagel, R., et al., Nucl
Instrum. Methods Phys. Res. A, 2002, vol. 486, p. 545.

16. Blinov, V.E., Kaminsky, V.V., Levichev, E.B., et al.,
Beam Dynamics Newsletter, 2009, no. 48, p. 195.

Vol. 53 No. 1 2010




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


