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This document is focused on a project of the Super Charm  Tau factory in the Budker Institute
of Nuclear Physics (Novosibirsk, Russia). An electron-positron collider will operate in the range of
center-of-mass energies from

2 to 5 GeV with unprecedented peak luminosity of about 1035 cm−2 c−1

and longitudinally polarized electrons at interaction point.
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Introduction
Several laboratories engaged in the research on high-energy physics discussed projects of
tories in the nineties of the last century.
of

1 ÷ 3 GeV

cτ

fac-

Those installations were planned for a beam energy

and a peak luminosity of about

1033 cm−2 s−1

[1, 2, 3, 4, 5, 6, 7].

In connection

with study of narrow resonances, various options of monochromatization of the particle collision
energy were considered, as well as the possibility of obtaining transversely polarized particles (for
accurate energy calibration). The only implemented project from the family of the

cτ

factories

of the 90s is the BEPC-II collider, which was commissioned at the IHEP laboratory in Beijing
in 2009 [8]. BEPC-II reached the projected peak luminosity of

1 · 1033 cm−2 s−1

at a beam energy

of 1.89 GeV in 2016.
The revival of interest in the sub ject under consideration and commencement of work on the
project of the Super Charm  Tau

factory at Budker INP SB RAS is due to, rst, the outstanding

results that were obtained at B-factories at the laboratories of KEK (Japan) and SLAC (USA).
These works culminated in the awarding of the 2008 Nobel Prize in Physics to Y. Nambu, M.
Kobayashi, and T. Maskawa.

Although the high luminosity of the B-factories and the initial

radiation state method (proposed and developed at BINP) yielded interesting results in the lowenergy region, the creation of a collider factory specialized on studying the physics of charmed
particles and tau lepton is still an extremely topical issue.
Secondly, the growing interest in creating a next-generation Super Charm  Tau

factory was

caused by the appearance of a fundamentally new scheme of beam collision in electron-positron
colliders.

This scheme (Crab

Waist,

CW) allows raising the luminosity by one or two orders

of magnitude without signicant increase in the intensity of the beams or the dimensions of the
installation or decrease in the bunch length. The idea was oered by the Italian physicist Pantaleo
Raimondi in 2006 in connection with the study of the possibility of creating a B-factory with high
luminosity [9]. Later, the method was rigorously substantiated in the joint works by P. Raimondi,
M. Zobov (INFN LNF, Frascati), and D. Shatilov (BINP, Novosibirsk) [10, 11]. Since 2008, the
CW scheme has been successfully applied at the

Φ-factory

DA

ΦNE

(INFN LNF, Frascati); the

results of the experiments show the method to be promising and are in good agreement with the
theory [12, 13]. In addition to the Super Charm  Tau

+ −

e e

factory in Novosibirsk, the projects of the

colliders for ultra-high energy FCC-ee (CERN) and CEPC (IHEP, China) are also based on

the new approach.
Based on the tasks discussed in detail in the section devoted to the physical program of the
Super Charm  Tau

factory, the following basic requirements to the accelerator complex were

formulated.



The beam energy must vary from 1 GeV to 2.5 GeV, which will enable conduction of experiments from the threshold of production of nucleons and antinucleons to the region of the
family of

ψ mesons and charmed baryons.

In addition, due to such a wide energy range it will

be possible to use the results obtained on the VEPP-2000 and VEPP-4 colliders at BINP.

7



The luminosity of the factory must be not less than
and not less than

34

10

cm

−2 −1
s

1035 cm−2 s−1

in the high-energy region

in the low-energy region.



The electron beam must be longitudinally polarized at the interaction point [14, 15].



No asymmetry of the energies of the colliding beams is required.



The known methods of monochromatization of the beam collision energy reduce the luminosity, and thus it was decided to abandon monochromatization. The high luminosity in the
CW collision scheme makes it possible to eectively study narrow resonance states without
monochromatization.



The energy calibration will be carried out using the reverse Compton scattering of laser
radiation on the particles of the circulating beam.

This technique was implemented in

recent years at VEPP-4M [16] and demonstrated a relative measurement accuracy of better
than

10−4 ,

which seems sucient for the objectives of the new Super Charm  Tau

factory.

Transversely polarized beams are not required.
So, the main features of the new electron-positron collider in Novosibirsk, that make it a unique
world-class facility are the wide range of energies, high luminosity, and the possibility of conducting
experiments with a longitudinally polarized electron beam.
In addition to experiments on particle physics and fundamental interactions, the creation of
such an advanced facility will result in substantial progress in technologies for application of
charged particle beams (including high-eld superconducting magnetic systems, high-power and
ecient RF generators, precision beam diagnostic devices, control systems, data collection and
processing, etc.).

These technologies can be successfully used for development and creation of

particle accelerators for applied tasks, including sources of synchrotron radiation, installations for
therapy of cancer with proton and ion beams, and other types of accelerators for industrial and
medical applications.
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Chapter 1
Collider
1.1 Crab Waist Collision Scheme
For at beams, the luminosity dependence on the main parameters can be written as follows:

L=
where

Nb

γ

is the relativistic factor,

re

γf0 Nb ξy
· ∗ ,
2re
βy

is the classical radius of electron,

is the number of particles in a bunch,

the beta function at the interaction point.

ξy

σz ,

f0

is the collision frequency,

is the vertical beam-beam parameter and

βy∗

is

In traditional collision schemes with a small or zero

angle, because of the beam divergence (the so called
longitudinal dimension

(1.1)

hour-glass

eect),

βy∗

is limited by the bunch

which cannot be made very small for intense beams because of the

collective eects. Decreasing

βy∗

(and thus

σz )

requires, in the rst approximation, a proportional

Nb , i. e., there is a certain limit on the ratio Nb /βy∗ . In addition, there is a restriction
ξy ≤ (0.07 ÷0.1) because of the beam-beam eects. These two conditions determine the maximum

reduction in

luminosity of the traditional electron-positron colliders.
The Crab Waist collision scheme [1] in the case of standard (i. e., previously achieved) currents
and bunch length makes it possible to increase

ξy

Nb /βy∗

by more than an order of magnitude, and

by a factor of two to three. The former is achieved by arranging the crossing of two beams at

an angle

2θ

in a horizontal plane so that the value of Piwinski angle

φ=
is quite large, see Fig. 1.1.
beams)

becomes approximately

σz
σz
tan θ ≈ θ
σx
σx

(1.2)

In this case, the length of the interaction area (overlapping of the

σz
σx
Li = p
≈
θ
1 + φ2

(1.3)

φ times (for φ  1) less than σz , and βy∗ can be reduced by the same factor

without amplication of the hour-glass eect.

In addition, this scheme is absolutely free of the

problem of parasitic crossings because the beams are separated by several transverse dimensions
already at a distance of the bunch length.
The need for crossing angle arose long ago, with the advent of a new generation of colliders,
the so-called factories.

Their main dierence is that the electron and positron beams circulate

in separate rings, which intersect only at the Interaction Point (IP). This enables operation in a
multibunch regime [almost] without parasitic crossings. However, for rapid tra jectory separation
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x
e+

e–

Li

φ · σx

2θ

z
2σ
z

2σx

Figure 1.1. Crossing scheme with large Piwinski angle.

the beams have to intersect at the IP at some angle. In this case, the synchro-betatron coupling
resonances intensify (see, for example, [2, 3]), and the main criterion here is not the geometric
angle, but Piwinski angle. Therefore, the rst generation of factories (DA
BEPC-II) meets the condition
collision schemes with

φ1

φ

ΦNE,

PEP-II, KEKB,

1, which was considered necessary for a long time. However, in
βy∗ ∼ σz /φ, the mechanism of excitation of coupling resonances

<

and

becomes dierent, and the main role here belongs to the modulation of the vertical betatron phase
[at the moment of a kick from the counter bunch] by the horizontal betatron oscillations.

This

problem turned out to have an elegant solution [1, 4, 5] by means of two sextupole magnets located
symmetrically on both sides of the IP at the azimuths with the certain betatron phase advance
(see Fig. 1.2) and the integral strength

1
·
K2 L =
2θβy∗ βy
where

β∗

and

β

s

βx∗
,
βx

(1.4)

denote the beta functions at the IP and at the azimuth of the sextupoles.

Sextupole
+K2L

Anti-Sextupole
–K2L

IP

∆µx = k·π
∆µy = (m + 1/2)·π

∆µx = k·π
∆µy = (m + 1/2)·π

Figure 1.2. Scheme of arrangement of CW sextupoles (

k

and

m

are integers).

The essence of this transformation is to make the vertical betatron phase of the particle at the
point where it intersects the axis of the counter beam independent on its horizontal coordinate.
In this case, the betatron and synchro-betatron coupling resonances are suppressed [5, 6], which
makes it possible to obtain a record

ξy ,

several times larger than in head-on collision. It can be

shown that such a transformation leads to rotation of the bunch waist (line of minimum

βy )

and

makes it parallel to the axis of the counter beam, as shown in Fig. 1.3. Namely this rotation of
the waist gave the name to the whole scheme, and the sextupoles involved in it got the name of
crab sextupoles.
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βy

X

X

βy
e–

e+

e–

e+

θ

θ
Z

Figure 1.3.

Z

Minimum of vertical beta function in conventional (left) and Crab Waist (right)

schemes.

The Crab Waist collision scheme was experimentally tested at the
Italy) [7, 8].

Φ-factory DAΦNE (Frascati,
θ and reduced
∗
βy approximately 2.5 times.

Via relatively small alterations, they enlarged the crossing angle

the emittances, which led to increase in

φ

and allowed decreasing

ΦNE

Fig. 1.4 [9] shows the peak luminosity at DA

under dierent conditions, and the advantages

of the new approach are clearly visible. The blue dots correspond to the new scheme but with the
crab sextupoles turned o. At the same currents, the luminosity is much higher here than in the
old conguration (red and yellow dots), due to the smaller

βy∗ .

On the other hand, the stronger

beam-beam eects (coupling resonances) hinder reaching high currents, so the blue dots vanish
early.

When the crab sextupoles are turned on (green and black dots), the coupling resonances

are suppressed and the luminosity is higher. The gap between the green and blue points increases
with increasing the beam current, which is quite natural: with small

ξy

the resonances are fewer

and weaker, and thus their suppression is not so noticeable. However, the main CW eect is that
the ultimate current from the beam-beam eects is several times higher and so is the luminosity.

Red and yellow dots: results in previous conguration (without CW).
Figure 1.4.

Measured peak luminosity at DAΦNE vs. intensity of colliding beams.
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It should be noted that initially, DA

ΦNE

was designed for the old collision scheme, and one

could not expect that minor modications would realize the full potential of the new scheme.
Besides, the luminosity there is now limited not by the beam-beam eects. But the operability of
CW has been demonstrated convincingly, and all the experimental results are in good agreement
with the theory and simulation.

1.2 Parameters
The physical program of the Super Charm  Tau factory implies collider operation in two regimes.
The rst regime is scanning in the entire beam energy range (

1 ÷ 2.5 GeV)

with a step of sev-

eral MeV. No longitudinal beam polarization is required for this experiment. The second regime
is acquisition of statistics at certain points of the beam energy.

1.00 GeV

Nucleon production threshold. Longitudinal polarization is required.

1.12 GeV Λ hyperon production threshold.
1.55 GeV J/ψ
1.78 GeV τ

Polarization is required.

peak. Polarization is desirable to study the damping of

J/ψ → ΛΛ̄.

lepton production threshold. Polarization is required.

1.84 GeV ψ(2S) peak.

Polarization is desirable to study the

1.89 GeV ψ(3770) peak.

τ

Polarization is desirable to study the

lepton.

τ

lepton.

2.10 GeV Ds

meson production threshold. Polarization is desirable to study the

2.29 GeV Λc

baryon production threshold. Polarization is required.

τ

lepton.

The main integral (the main running time of the Super Charm  Tau factory) will be acquired in
the

J/ψ, ψ(2S), ψ(3770)

peaks and at the threshold of production of

Ds

mesons and

Λc

baryons.

So, the optimization of the installation, including the luminosity, is carried out in the energy

ψ(2S) and ψ(3770) peaks and at the threshold of production of
Ds mesons and Λc baryons, the cross section of τ lepton is large, and thus longitudinal polarization
at these points is highly desirable for study of the physics of τ . Thus, polarization is needed at a
low energy (∼ 1 GeV), in the J/ψ peak, and over the entire energy range above the threshold of
τ lepton production if it does not lead to luminosity drop.
range of 1.5 GeV to 2.5 GeV. In the

The collider has the following features:



high single-bunch luminosity due to the Crab Waist collision scheme with large Piwinski
angle and submillimeter vertical beta function at the interaction point;



multi-bunch regime, which implies the use of the double ring scheme;



the nal focus on the basis of superconducting quadrupole lenses, providing a small beta
function;



small horizontal and vertical beam emittances;



high intensity of a short bunch (



eective control of the damping parameters (emittance, damping time, etc.)

∼ 10 mm);

maximum luminosity in the entire energy range;
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to ensure



high level of longitudinal polarization of the electron beam in the entire energy range;



continuous injection at the energy of the experiment, ensuring maintenance of high current,
and obtaining a high integral luminosity;



simultaneous operation of two high-performance injectors: the source of positrons and the
source of polarized electrons.
The following considerations were taken into account when choosing the collider parameters:

Luminosity.

The high luminosity of the Super Charm  Tau factory is achieved due to the multi-

bunch regime and the Crab Waist collision scheme scheme (see p. 1.1). From (1.1) one can see that
in this scheme the luminosity grows because of two factors: (a) vertical beta function reduction
at the interaction point (which becomes possible due to the shortening of the beam interaction
area) and (b) increase in

ξy ,

the dependence of which on the main parameters can be written as

follows [10, 11]:

ξy ∝

Nb
·
σx

We need at a standard bunch population
and increase

ξy

several-fold.

Nb

to make

(1.5)

φ  1,

reduce

βy∗

(by about

φ

times),

This implies the requirement of small emittance for collider

In addition, decrease in

relatively small crossing angle

βy∗
.
εy (1 + φ2 )

Obviously, this is possible only with a signicant decrease in the

transverse dimensions of the beam.
with the CW scheme.

s

σx

allows us to full the condition

φ  1

at a

θ ∼ 30 mrad.

The following strategy was chosen to maintain high luminosity in the entire energy range. The
design of the nal focus depends on the angle
which remain unchanged at all energies.

θ

and the beta functions at the interaction point,

The number of bunches, the number of particles in a

bunch, the emittances and the damping decrements also remain constant throughout the energy
range.

The parameters of the collider are chosen so as to obtain a luminosity of

1035 cm−2 s−1

at a beam energy of 1.9 GeV. With increasing energy, the luminosity will remain constant, and
the parameters
than 1.9 GeV,

ξx,y

ξy

become smaller, i. e., the beam-beam eects will weaken.

At energies lower

will remain constant due to the increase in the bunch length, and the luminosity

will go down linearly with the energy.

Note that the bunch lengthening is a positive factor in

terms of collective eects and intrabeam scattering, which grows with diminishing energy.

The

luminosity and the beam-beam eects are discussed in more detail in p. 1.5.

The arrangement of the nal focus (FF). The nal focus in colliders with the CW scheme

is one of the most dicult and critical areas.

A submillimeter

βy∗

leads to a large value of the

vertical beta function in the rst quadrupole (defocusing) lens of the FF, which causes a number
of negative eects on the dynamics of the beam:

increase in the chromaticity of the IP, which

needs local compensation by strong sextupole lenses; increase in the inuence of the edge nonlinear
elds of the FF lenses; nonparaxiality of the motion; etc. For these reasons, we have to place the
doublet of the FF quadrupole lenses as close as possible to the interaction point (in our case, in a
distance of 60 cm) and make the lenses strong (in our case, the maximum gradient is 10.7 kG/cm).
The in-detector placement of the FF lenses, solenoids compensating for the eect of the detector
longitudinal eld on the beam, the vacuum chamber of the two intersecting rings, the elements of
the cryogenic system, etc., makes the designing of the nal focus area a technical challenge. BINP
has suggested a compact superconducting two-aperture lens with an iron magnetic core, which
meets the complex requirements of the FF. The prototype lens was manufactured and tested at
the rated current. The small lens aperture and the large beta function determine the mechanical
acceptance of the accelerator.

14

Damping time and beam emittance.

In the entire energy range, the beam emittance

and damping time are assumed to be constant.

The damping decrement of horizontal betatron

oscillations because of synchrotron radiation has the following form:

αx = τx−1 = Ca E 3
where

Ca = 2113.1 m2 /GeV3 /s, Π

I2,R

Jx = 1),

I2

is the second radiation

which includes the contribution from

and from the damping wigglers

I2,W :

1
I2,W = h2W LW ,
2

I2 = I2,R + I2,W ,
hW = BW /BR, BW
= λW NW is the total

(1.6)

is the perimeter of the storage ring,

integral (the dimensionless damping decrement is
the magnetic lattice of the ring

I2
,
Π

where

is the peak value of the eld in a wiggler,

LW

length of the wigglers,

λW

(1.7)

BR

is the magnetic rigidity,

is the eld period, and

NW

is the number

of periods. For maintaining a constant damping time in the entire energy range, superconducting
wigglers (damping wigglers) are installed in the magnetic lattice of the storage ring, which makes
it possible to eectively tune the integral

I2 .

Note that the energy loss to synchrotron radiation

per revolution is uniquely tied with the damping time,

U 0 = Ca γ 2

Π
.
τx

(1.8)

Decrease in the damping time leads to increase in the power of the radiation losses, which is
to be compensated for by the accelerating RF system,

P = U0 I,
where

I

(1.9)

is the beam current.

I5,R

In addition, the superconducting wigglers enable control of the horizontal emittance (

I5,W

and

denote the contribution of the ring and the damping wigglers, respectively) according to the

following expression:

εx = C q γ

2 I5

I2

,

I5 = I5,R + I5,W ,

I5,W



20π 2 η02
1 3 2
¯
βx + ¯ 2 2 ,
=
h λ
15π 3 W W
βx hW λW

(1.10)

Cq = 3.83 · 10−13 m, β¯x is the average value of the horizontal beta function over the length
of the wiggler, and η0 is the dispersion function in the center of a wiggler. The expression for I5,W

where

was derived in a wiggler model approximation with a sinusoidal eld distribution. It is desirable
to install the superconducting wigglers in places with a small beta function, in order to minimize
their inuence on the beam. Varying

η0 ,

or if necessary

β¯x ,

it is possible to change the emittance

of the beam.

·

A beam emittance of 8 nm rad was chosen for the Super Charm  Tau factory, which is a
compromise between the small beam size at the interaction point, required for luminosity, and
the intrabeam scattering intensity, which can determine particle losses and requirements to the
injector, especially at a low energy. The technologies for obtaining such emittance are well known
and tested on SR sources.
the betatron oscillations.

The vertical emittance of the beam is determined by the coupling of
To estimate the luminosity at the Super Charm  Tau factory, we use

betatron coupling at a level of
reaches

−3

εy /εx ∼ 1 ÷ 2 · 10

εy /εx ∼ 0.005.

In modern SR sources, the value of this parameter

. However, given the complex structure of the nal focus, the presence

of Siberian snakes, etc., we apply a more conservative value.
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Number of particles and bunch length.
is determined by the

fast head-tail instability.

The maximum number of particles in one bunch

The threshold current of this eect is proportional to

the bunch length and must be taken into account when choosing the latter. A large bunch charge
distorts the potential well of the accelerating RF eld (potential

well distortion )

and increases the

bunch length. In addition, microwave instability may lead to increase in the beam energy spread
when the threshold current is exceeded, as well as in the bunch length. This eect has a threshold
character, and it is advantageous to work at beam current values below the threshold.

At this

stage, the current and bunch length values for the Super Charm  Tau factory are chosen based
on the values already achieved at B-factories. A number of particles of

7 · 1010

at a bunch length

of 1 cm seems to be a reasonable value.

Number of bunches.

The number of bunches (total current) is determined by the power of

the accelerating RF system. The number of bunches determines the parameters of the system for
suppressing the multi-bunch instabilities. Suppression of multi-turn ion instability in the electron
ring requires a

5 ÷ 10%

gap in the bunch repetition.

Fast ion instability

in the electron ring can

lead to enlarging of the vertical size of the bunches along the train, which imposes restrictions on
the pressure of the residual gas.

In the positron ring, increase in the vertical dimension can be

observed due to interaction with electron clouds (e-cloud
particles near the beam axis.

instability ),

which arise from secondary

The instability threshold is proportional to the beam current and

inversely proportional to the distance between the bunches.

To suppress the e-cloud instability,

it is recommended to use an anti-chamber, grooves, incisions, and special coating of the vacuum
chamber surface in order to reduce the yield of secondary electrons, as well as applying electrodes
and solenoids to suppress the clouds, etc.
In our pro ject, the following structure of bunch repetition is used:

406 bunches in each 3rd

separatrix (train) and 138 empty separatrices (train gap). A total of 1356 separatrices (harmonic
number).

Loss of particles.

of particles:

Two eects dominate at the Super Charm  Tau factory, leading to loss

intrabeam scattering (the Touschek eect) and single bremsstrahlung.

The second

eect is practically independent of the energy of the particles and is determined by the luminosity,
which goes down with decreasing energy. Respectively, the single bremsstrahlung losses will also
fall. The Touschek losses increase with decreasing beam energy, but bunch lengthening partially
suppresses this eect.

Injection.

To provide a high integral luminosity it is necessary to maintain an appropriate

average current.

So, continuous particle injection (top-up injection) is planned.

The choice of

the injection rate is determined by the eciency of data recording (the ratio between the dead
time of the detector and the background load). The maximum injection rate is 50 Hz.

Polarization.

One of the key aspects of the Super Charm  Tau factory is the longitudinal

polarization of the electron beam at the interaction point.
electrons will be used.

To this end, a source of polarized

At the exit of the source, any spin direction can be obtained.

So, all

further rotations taken into account, the injected beam will have the correct spin direction at the
injection point.
Two options to obtain longitudinal polarization at the interaction point were considered:

a

scheme with restoration of polarization and a scheme using Siberian snakes. In the rst variant,
two spin rotators are placed in the vicinity of the IP, which rotate the spin in a small longitudinal
interval so that in the rest of the ring the motion of the spin is not perturbed. The spin rotators
are compact, and the integral of the longitudinal eld is small, but this scheme has a drawback
of the presence of (three) spin resonances in the working energy region, one of which is at the
threshold of production of

τ

lepton, and the other in the region of

Λ baryon.

For these reasons, we

have chosen a scheme using ve Siberian snakes, which is free of this shortcoming. For reduction
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in the spin-orbit coupling, the superconducting damping wigglers are placed between the Siberian
snakes.

Measurement of beam energy and polarization level.

The physical program of the

Super Charm  Tau factory does not require very precise measurement of the beam energy; it is
enough to provide a relative precision of
scattering [84].

∼ 10−4 ,

which can be done using the Compton back

This method also makes it possible to measure the energy spread in the beam

within 10%, as well as the beam polarization level.

General scheme of facility.

The Super Charm  Tau factory consists of the following instal-

lations (see Fig. 1.5):



the positron injector with the cooling storage ring;



the injector of polarized electrons;



the linear accelerator, which accelerates/decelerates the beams to the energy of the experiment;



the double ring collider.

Damping wiggler

Siberian snake

Siberian snake

Crab sextupole

Damping wiggler

Detector

Crab sextupole

Siberian snake

Siberian snake

RF cavities

Damping wiggler

Siberian snake

e+e– Linac

Damping wiggler

Siberian snake

Compressor
e– Linac
Polarized
e– photo gun
e– Photo gun

e+ Linac

Debuncher

e+ Damping ring

e– Gun
e– Linac

Figure 1.5. Scheme of Super Charm  Tau factory complex.

The two independent injectors (of electrons and positrons) make it possible to eciently produce particles without losing time to change the polarity of the magnets, as well as realizing
the scheme of simultaneous two-bunch acceleration.

The linear accelerator (in contrast to the

synchrotron one) makes it possible to accelerate the polarized particles without losing the degree
of polarization, as well as accelerating large particle charges with smaller losses and a higher
frequency.
The main parameters of the collider are given in Table 1.1.
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Table 1.1. Table parameters of Super Charm  Tau factory.

Energy

1.0

1.5

2.0

2.5

GeV

Perimeter, Π

813.1

m

Time of revolution, τ0

2.712

µs

Revolution frequency, f0

368.7

kHz

RF frequency, fRF

499.95

MHz

Harmonic number, h

1356

Betatron tunes, νx /νy

43.545 / 40.58

Synchrotron tune, νz

4.62 · 10

−3

1.17 · 10−2

9.98 · 10−3

8.19 · 10−3

Compaction factor, α

8.73 · 10−4

8.81 · 10−4

8.82 · 10−4

8.83 · 10−4

Wiggler eld, BW

50.0

50.0

34.8

10.2

kG

Bending eld, B0

3.85

5.78

7.71

9.63

kG

Energy loss per turn, U0

107

271

361

452

keV

0.156

1.106

1.108

0.988

MV

RF voltage, URF
RF separatrix, ∆E/Emax
Hor. damping time, τx

50.5

30

ms

Ver. damping time, τy

50.5

30

ms

Long. damping time, τz

25.4

15

ms

Coupling, k

0.5%

Hor. emittance, εx

8.0

Ver. emittance, εy

0.04

Energy spread, σ∆E/E

8.7 · 10

−4

nm·rad
nm·rad

−3

−4

−4

1.1 · 10

9.3 · 10
1.86

1.79

MeV

1.0

1.0

cm

Energy spread, σE

0.87

1.65

Bunch length, σz

2.13

1.2

Hor. admittance, Ax
Ver. admittance, Ay

7.2 · 10

1.1 · 10

−4

cm·rad

4.6 · 10

−6

cm·rad

Number of particles per bunch, Nb

10

7.1 · 10

Bunch current, Ib

4.19

Number of bunches, nb

mA

406

Train gap

138 (10%)

Time between bunches, τb

6

ns

2.88·10

Total number of particles, N
Total current, I
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1.7

A

Hor. beta functions at IP, βx

4

cm

Ver. beta functions at IP, βy

0.08

cm

Hor. beam size at IP, σx

17.8

Ver. beam size at IP, σy

0.178

µm
µm

Crossing angle, 2θ
Piwinski

60

mrad

35.9

20.2

16.8

16.8

Hour-glass factor

0. 9066

0.9067

0.9068

0.9068

Hor. beam-beam parameter, ξx

0.0016

0.0033

0.0036

0.0029

Ver. beam-beam parameter, ξy

0.114

0.135

0.121

0.097

angle,

φ

Single-bunch luminosity, Lb

Luminosity, L

32

32

1.17 · 10

2.08 · 10

0.47 · 1035

0.86 · 1035
18

32

2.50 · 10

2.50 · 1032

1.02 · 1035

1.02 · 1035

cm−2 s−1

cm−2 s−1

1.3 Optics
The collider of the Super Charm  Tau factory consists of two (electron and positron) storage rings
(see Fig. 1.6), lying in the horizontal plane and crossing at two places:
the detector is located, and in a half a turn.

at the main one, where

The collider is mirror-symmetrical with respect to

the straight line passing through the crossing places.

The storage rings are identical except for

the fact that the electron ring comprises ve Siberian snakes to control the particle spin direction
(see p. 1.6). The Siberian snake consists of two superconducting solenoids, between which a group
of quadrupole lenses is placed. The similar sections of the positron ring have the same structure,
but without solenoids, which can be established if necessary. The half-rings between the Siberian
snakes accommodate four superconducting damping wigglers, which control the beam emittance
and the damping time of the oscillations (see p. 1.4).

The Siberian snakes and the damping

wigglers are placed in dispersion free sections.
Each ring consists of two bending arcs, the experimental section, and the technical section.
The distance between the rings, except for the section near the main crossing place and the rings
separation section in the technical section, is 1 m. The outer half of ring has a length of 408.26 m,
and the inner of 404.85 m. The dimensions of whole ring are as follows: the minor axis (from the
crossing place to the intersection of the rings in the technical section) is 197.9 m, and the ma jor
axis (from the outer arc to the inner one) is 302.6 m.
Figure 1.7 shows the optical functions of a half-ring of the Super Charm  Tau factory.

Here

and below, under the gure with optical functions, the sequence of the magnets is shown: black is
for the bending magnets, blue is for the quadrupole lenses, green is for the sextupole lenses, and
magenta is for the solenoids.

1.3.1 Experimental section
The experimental section is to ensure crossing of the beams at an angle of 60 mrad in the center
of the detector, parameters corresponding to the maximum luminosity. The optical functions of
the experimental section include focusing of the beams at the intersection point to the required
dimensions, correction of chromatic and geometric aberrations, crab transformation, matching
of the optical functions of the nal focus with the arcs, etc.

Sections with large betatron and

dispersion functions can accommodate collimators to suppress the background of the detector.
The experimental section consists of (1) the nal telescope, which includes the nal focus
system, (2) the vertical and horizontal chromaticity correction sections, (3) the crab sextupole
section, and (4) the matching section. The section from the interaction point to the matchung cell
also forms a telescope (see below about the concept of telescope). For separation of the electron
and positron rings from the interaction point, as well as controlling the dispersion function inside
the chromaticity correction section, the experimental section contains dipole magnets. The total
bending angle and the length of the section are, respectively,

◦

24.2

and 99.61 m; in the inner arc,

◦

20.8

45◦

and 197.87 m (in the outer arc,

and 98.25 m). Figure 1.8 presents a schematic image of

the experimental section, and Fig. 1.9 shows the optical functions of this section.
The rst (nal) telescope consists of two doublets of quadrupole lenses separated by a long
section, containing a bending magnet. The rst doublet of quadrupole lenses, which are also called
the nal focus lenses, should be placed as close as possible to the collision point inside the detector,
since the beta functions increase quadratically:
over the entire ring.

from very small values to the maximum values

For the required focusing of the beams at the interaction point, the nal

focus lenses have a large eld gradient, which can only be realized by means of superconducting
technology. The nal focus lenses have two apertures for both the incoming and outgoing beam
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Figure 1.6. Scheme of ring of Super Charm  Tau factory.
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Figure 1.7. Optical functions of half-ring of Super Charm  Tau factory.
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Figure 1.9. Optical functions of experimental section.
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Figure 1.8. Scheme of experimental section.

to pass through the center of its aperture and to not experience the dipole eld, which generates
synchrotron radiation, which creates a substantial background load on the detector. The crossing
angle was chosen such that it is possible to create a double aperture lens and attain the required
beam sizes at the interaction point.
In front of the nal focus lenses there is placed a superconducting anti-solenoid, which compensates for the integral of the longitudinal eld of the main detector solenoid from the IP to the
end of the anti-solenoid.

After the anti-solenoid, the longitudinal eld is made equal to zero by

compensating solenoidal windings placed above the yoke of the quadrupole lenses and the section
between them.
be uncoupled.

Thus, the motion of a particle outside the main solenoid and anti-solenoid will
The entire system of the solenoids has a common axis.

It should be noted that

when the beam energy changes, the gradient of the quadrupole lenses will vary proportionally,
whereas the anti-solenoid and compensating solenoids will remain constant, and their eld will be
determined only by the eld of the main solenoid.
The entire structure of the nal focus, including the compensating solenoids and the antisolenoid, is placed inside one cryostat. The technical implementation of the nal focus system is
set out in p. 1.13.1. Parameters of the magnets of the nal focus section and of the beam in them
are given in Table 1.2.

Table 1.2. Parameters of nal focus magnets and beam sizes in them.

Azimuth

Magnet

Aperture*

Length

cm

cm

∅5.3

45

cm

0

detector solenoid

40

Field

10 kG**

∆x
cm

σx
µm

σy
µm

0

17.8

0.178

2.7

201.6

100.4

3.3

246.1

122.7

3.6

268.3

133.9

4.3

348.5

147.7

4.8

436.8

142

6.6

830

98.4

7.7

952.5

83.7

7.8

951.6

83.6

Beginning of cryostat

45

anti-

55

solenoid

10

∅5.3

45 kG**

Empty section of 5 cm
60

defocusing

72

quadrupole

80

lens  EQ0

20

∅2.0

−10.7 kG/cm***

Empty section of 20 cm
110

focusing

129

quadrupole

130

lens  EQ1

20

∅4.2

135
*
**
***

6.6 kG/cm***

End of cryostat

Internal size of the vacuum chamber.
Regardless of the beam energy.
Corresponding to a beam energy of 2.5 GeV.

Each of the subsequent magnets has a single aperture and aects only one beam. The second
doublet of the nal telescope lenses is located in 4.8 m.

This distance is necessary for both the

beta functions, which reach the maximum values in the quadrupole lenses of the nal focus, to
decrease to acceptable values. Before the second doublet of the lenses there is a bending magnet,
which has dierent angles for incoming and outgoing beams, i. e., for the inner and outer arcs. Its
purpose is to separate the beams and excite the dispersion that is required in the chromaticity
correction sections after the nal telescope. The eld of the magnet was chosen small to reduce
the synchrotron radiation directed to the detector.
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Figure 1.10. Orbit and beam dimensions in nal focus system.

After the nal telescope, the chromaticity correction sections are located: the vertical one and
then the horizontal one. These sections are intended for local compensation of the chromaticity of
the nal focus lenses. For example, both nal doublets produce a chromaticity equal to
and

ξy = −161.6,

which is 17% and 60% as compared with the whole ring.

ξx = −19.5

For the purpose of

compensation for the chromaticity of the beta functions, the sextupole lenses of the chromaticity

nπ

correction sections are spaced from the nal focus lenses by

in the betatron phase. For higher

eciency of the sextupole lenses, the beta functions in them attain high values (with respect to
the ring),

βx /βy = 9/177 m

in the vertical sextupole and

βx /βy = 61/3 m

in the horizontal one.

As a result, these sextupole lenses produce large geometric aberrations. For their compensation,
we use a scheme with sextupole pairs with a spacing of

−I

and sextupole compensators placed

next to the main ones [12].
After the chromaticity correction sections, the section of the crab sextupole is located. At the
beginning of this section, the dispersion function becomes equal to zero.

The quadrupole lenses

of this section allow tuning of the beta functions in the crab sextupole with preservation of the
condition for the phase advance before the interaction point:

∆µx = 7/2 π

and

∆µy = 11/4 π.

After the crab sextupole, the group of quadrupole lenses is located, which turn the entire section
to the interaction point into a telescope.

The experimental section is ended with the matching

section, which is necessary to obtain the required values of the optical functions at the entry to
the super-period of the bending arc.
The telescope is the name for an optical section the transformation matrix of which is represented in the following form [13]:

"
Mx,y =
where

Kx,y is the conversion factor of
nπ. The beta functions at the

equal to

Kx,y
0

0
1
Kx,y

the telescope.
beginning

s0

#
,

The phase advance in this section will be

and at the end

2
βx,y (s1 ) = Kx,y
βx,y (s0 ),
and the beam sizes will be

σx,y (s1 ) = Kx,y σx,y (s0 ).
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s1

of the telescope will be

The telescope enables tuning of the beta functions at the IP by means of the quadrupole lenses
in the matching cell of the experimental section.

In so doing, all the other elements (inside the

telescope) will remain constant, and all the phase relationships necessary for the chromaticity
and crab sextupoles will be performed automatically. This will greatly simplify the tuning of the
optics, correction of errors, etc.

1.3.2 Bending arc
The half-rings accommodate four Siberian snakes with four superconducting damping wiggles
between them. The Siberian snakes and the damping wigglers are installed in the dispersion free
sections. These sections are connected by four super-periods of bending arc with a bending angle
of

36◦ .

The length of the super-period of the outer arc is 37.53 m, and of the inner one 36.89 m.

The optical functions of the super-period are depicted in Fig. 1.11.

Each super-period contains

two cells, located at the edges and intended to nullify the dispersion function, and seven FODO
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Figure 1.11. Optical functions of super period of bending arc.

The dispersion matching cell contains two quadrupole lenses and one bending magnet, at the
output of which the dispersion function and its derivative are zero. Besides that, the dispersion
matching cells contain two sextupole lenses for optimization of the dynamic aperture.
The FODO cell contains two bending magnets and two quadrupole lenses.

The length of

the FODO cell is 4.30 m and 4.22 m in the outer and inner arcs, respectively. The advance of the
betatron phases in the FODO cells in both arcs is
through two FODO cells is

−I ,

∆νx,y = 0.25.

Thus, the matrix of transformation

due to which the sextupole lenses used to compensate for the

natural chromaticity can be arranged as sextupole pairs [13] to suppress the second order of
geometric aberrations.
Both in the matching cells and in the FODO cells, the same bending magnets 34 cm long with
a bending angle of

2.25◦

are used. The eld of bending magnet is chosen from the condition of the

damping time of the betatron oscillations

τx,y ∼ 30 sec
25

at a beam energy of 2.5 GeV (see p. 1.4).

The length and number of the FODO cells are selected from the consideration of formation of
beam emittance

εx ∼ 8 nm·rad

and creation of three sextupole pairs in one super period of the

bending arc (one horizontal and two vertical pairs).
Since the experimental section has a total bending angle of

45◦ ,

the matching of the geometry

of the ring between the experimental section and a Siberian snake is performed using a short
super-period consisting of two dispersion matching cells and two standard FODO cells, in which
one horizontal sextupole pair is located.

The bending angle of this super-period is

13.5◦ ;

the

length in the outer arc is 16 m; the length in the inner arc is 16.74 m. The optical functions of the
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super-period are depicted in Fig. 1.12.
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Figure 1.12. Optical functions of short super-period of bending arc.

1.3.3 Technical section
The technical section is located in a half-turn from the main interaction point and is intended for
placement of the RF system, one Siberian snake, the ring separation segment, and the injection
segment.

The total length of the technical section, which is 139.74 m, is chosen so as to match

the geometry of the entire ring, which is determined by the experimental section and the bending
arcs.

The technical section consists of the internal straight section 58.81 m long, the separation

section 22.1 m long, and the outer straight section 69.83 m long. The technical section is shown in
Fig. 1.13, and the optical functions are shown in Fig. 1.14.
The main part of the long segments of the technical section are FODO cells 5 m long and
empty segments 2.25 m long. The advance of the betatron phases on one cell is

∆νy ≈ 0.09.

∆νx ≈ 0.08

and

Tuning of the betatron tunes of the entire ring is performed by means of change in

the phase advance of the FODO cells. On the edges of the technical section, there are matching
cells, which are to match the periodic behavior of the beta functions of the FODO cells with the
super-period of the bending arcs.
On the edge of the inner segment adjacent to the bending arcs, there is one of the Siberian
snakes. The inner segment also accommodates RF cavities, which are powered from the RF generator behind the inner wall of the tunnel of the Super Charm  Tau factory.
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Figure 1.13. Technical section.
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Figure 1.14. Optical functions of technical section.

The 22.1 m long ring separation segment is located in the middle of the technical section and
consists of two achromatic bends, between them two doublets of quadrupoles spaced by a gap
5.8 m long are placed, where the two rings intersect.

The achromatic bends carry out parallel

transfer of the axis of the ring (the beam orbit) 1 m apart. Each achromatic bend consists of two
dipole magnets of dierent polarity with a bending angle of
triplet of quadrupole lenses.

2◦ ;

between the magnets there is a

The magnets are powered from the main eld power source.

The

quadrupole doublets form a parallel beam in the long section of the crossing of the rings.

The
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optical functions of the ring-separation segment are shown in Fig. 1.15.
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Figure 1.15. Optical functions of ring-separation segment in technical section.

The injection segment is in the external part of the technical section. The optical functions of
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Figure 1.16. Optical functions of injection segment in technical section.

this segment are shown in Fig. 1.16.

βy = 1.68 m.

The beta functions at the injection point are

βx = 29.4 m,

Before and after the injection point there are a pre-inector and inector.

1.3.4 Siberian snake
Longitudinal polarization at the interaction point is created using ve Siberian snakes (see p. 1.6),
located azimuthally in the storage ring with a spacing of

72◦ .

A Siberian snake consists of two

superconducting solenoids, each 1.85 m long, between them seven quadrupole lenses (four focusing
and three defocusing) are placed in a straight section 5.23 m long.
snake is 8.93 m.

The total length of Siberian

All the Siberian snakes are located in the dispersion-free sections.

Figure 1.17

shows the optical functions of the bending arc segment containing a Siberian snake. The behavior
of the optical functions is symmetrical with respect to the middle of the Siberian snake. The main
parameters of the magnetic elements and the distance between them are represented in Table 1.3,
where the following notation is used:

N=
where

BR

is the magnetic rigidity and

Bz
,
BR
By

K1 =

and

Bz

1 ∂By
,
BR ∂x

are the vertical and longitudinal components

of the eld.
The transport matrix of Siberian snake (from the beginning of the rst solenoid to the end of
the second one) is


M=
where

I

is the

2×2

I 0
0 −I


,

unitary matrix. This condition is met due to use of seven quadrupole lenses

and empty sections between them, the solenoids either switched on or o.
The issue of the eld of tolerances for the permissible deviations of the lens gradients from the
nominal values was investigated. No too strict limitations on the exactness of the control of the
lens currents were found. In fact, eld deviations in the lenses and solenoids of up to 10% do not
result in a signicant increase in the vertical emittance.

28

0.2

16
14

0.15

12
10

0.1

8
6

0.05

4
2
0

165

170

175

βx ,

180

βy ,

185

0

s, m

ηx

Figure 1.17. Optical functions of segment with Siberian snake (solenoids switched o ).

Table 1.3. Siberian snake parameters.

Element

Notation Length

Strength

Snake

On

Solenoid

SOL

Section

DSP0

Quadrupole QSP0
Section

DSP1

Quadrupole QSP1
Section

DSP2

Quadrupole QSP2
Section

Value

DSP3

Quadrupole QSP3

1.85 m
0.50 m
0.50 m
0.20 m
0.65 m
0.20 m
0.65 m
0.30 m
0.50 m
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O

N

0.849 m−1

K1

2.03 m−2

2.37 m−2

K1

−2.21 m−2

−2.89 m−2

K1

2.78 m−2

3.04

m−2

K1

−2.57 m−2

0.62

m−2

0

m−1

Nx, m

Bx, By, m
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1.3.5 Damping wiggler
Control of the radiation parameters of the beam in each ring of the Super Charm  Tau factory
is performed using four superconducting damping wigglers.

The choice of parameters for the

damping wigglers is described in detail in p. 1.4, and the technical realization of superconducting
wiggler  in p. 1.13.2. For reduction in the eect of the damping on the dynamics of the spin in
the ring, the damping wigglers are placed in the bending arcs between the Siberian snakes, i. e.,
with a spacing of an angle of

36◦ .

The total length of the section is 21.9 m.

the optical functions of the damping wiggler segment.

Figure 1.18 shows

The behavior of the optical functions is
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Figure 1.18. Optical functions of damping wiggler section at 2.5 GeV.

A damping wiggler with a (magnetic) length of 1.875 m is placed in the middle of section. On
both sides of the wiggler there are two bending magnets 34 cm long with an empty gap 50 cm
long between them, which are used for creation of a local bump to the orbit (with zero bending
angle) and, thus, a change in the dispersion in the wiggler. Further, between the bending magnets
and the super-period of the bending arc, in a straight section 8.62 m long, there are 8 quadrupole
lenses to focus the optical functions in the center of the wiggler to small values, which is required
to reduce the emittance growth at high energies, as well as diminishing the inuence of wiggler
focusing at low energies. With the help of these lenses, the eect of the wiggler eld on the optics
of the storage ring is compensated for. So, the values of the optical functions at the entry to and
exit from the section and the phase advances in the section do not depend on the wiggler eld in
the entire energy range.
For due account of the eect of damping wiggler eld on the optics and radiation parameters
of the beam, we used an approximate wiggler modeling based on considerations stated below. The
eld of a wiggler with innitely wide poles is described as follows [14]:

Bx = 0,
By = BW cosh(kW y) sin(kW z),
Bz = −BW sinh(kW y) cos(kW z),
where

kW = 2π/λW , λW

is the eld period, and

BW
30

(1.11)

is the maximum (peak) value of the eld. The

wiggler model used at the Super Charm  Tau factory is built on a periodic sequence of rectangular
magnets. One half-period of the eld is represented by a set of three magnets of the same polarity
but of dierent lengths and eld amplitudes (see Fig. 1.19).

From the symmetry condition, the

rst and last magnets are identical. Parameters of these magnets are chosen from three conditions:
the angle of bending in a half-period and the second

θW =
Thus, the eld

Bm

1
hW λW ,
π

and the lengths

Lm

I2

and third

1
I2,W = h2W λW ,
4

I3

radiation integrals,

2 3
h λW .
3π W

I3,W =

of the equivalent magnets are

2

−48)
K−2π
Bm0 = BW 6(π
Lm0 = λW πK−2(5π
,
2 −8) ,
8πK
(1.12)

K+2π
Bm1 = BW 6(π
Lm1 = λW
2 −8) ,

πK+2(5π 2 −48)
4πK

,

m0 and m1 denote the side magnet and the central magnet on the eld half-period, and the
constant K is equal to
p
K = 2(768 − 166π 2 + 9π 4 ).

where

This model will also give a correct contribution to the focusing.

For example, the betatron

tune shift introduced by the wiggler eld is

∆vx = 0,
where

∆νy =

1 2
h LW β̄y ,
8π W

LW = NW λW is the total length of the wigglers, and β̄y

over the length of the wiggler.

(1.13)

is the vertical beta function averaged

The dependence of the betatron tunes on the amplitude of the

νx, νy

By, kGs

damping wiggler, obtained from the simulation, is shown in Fig. 1.20.
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1.4 Control of the beam emittance and damping
parameters
To attain the maximum luminosity at the Super Charm  Tau factory in the whole energy range
(see p. 1.2), it is necessary to eectively control the radiation damping parameters of the accelerator
in order to maintain the horizontal emittance (

τz = 15 ms)
rings.

constant.

εx = 8 nm·rad) and the damping time (τx,y = 30 ms,

For this purpose, it is planned to place superconducting wigglers in both

The parameters of the magnet lattice of the main ring (without damping wigglers) are

chosen so that at the maximum energy (2.5 GeV) they meet the requirement

τx,y ≈ 30 ms.

εx ≈ 8 mn·rad

and

Table 1.4 presents the radiation integrals [15] of the main lattice of the Super

Charm  Tau factory, i. e., without damping wigglers. The technical aspects of the realization of
superconducting wigglers are discussed in p. 1.13.2.
All calculations of this section are performed without taking into account the intrabeam scattering, whose eect is signicant at low beam energies.

Table 1.4. Radiation integrals of Super Charm  Tau factory without damping wigglers.

Integral

I1
I2
I3
I4,x
I5

Value
0.727 m
0.687 m
0.077 m

−1
−2

−9.17 · 10−5 m−1
4.88 · 10−4 m−1

The parameters of the wigglers can be estimated from the considerations below. The dependence of the damping time on the energy and magnet lattice of the circular accelerator looks as
follows [15]:

τx,y,z =

Π
Ca E 3 Jx,y,z I2

,

(1.14)

Ca = 2113.1 m2 /GeV3 /s, Π is the perimeter of the storage ring, E is the beam energy, Jx,y,z
are dimensionless damping decrements for which the condition Jx,y = 1 and Jz = 2 is met (since
at the Super Charm  Tau factory all the bending magnets have no eld gradient), and I2 is the

where

second radiation integral, which is calculated as follows:

Z

h(s)2 ds = I2,R + I2,W .

I2 =
The integral

I2

has two components:

I2,R ,

(1.15)

which is formed by the main lattice of the ring without

damping wigglers (only the bending magnets) and is a constant of the beam energy, and
which is an adjustable contribution from the damping wigglers.

I2,W ,

In the case of a sinusoidal eld

behavior along the wiggler axis, the latter component can be calculated as

1
I2,W = h2W LW ,
2

hW = BW /BR, BW is the peak value of the eld in the wiggler, BR is the magnetic rigidity,
= λW NW is the total length of all wigglers, λW is the eld period, and NW is the number of

where

LW

(1.16)

periods.
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Let us express (1.15) in terms of (1.14), taking

τx = τy = const

and

I2,R = const,

i. e.,

independent of the beam energy,

I2,W =

Π
E −3 − I2,R
Ca τ x

(1.17)

and use (1.16) to nd the dependence of the eld in the damping wiggler on the beam energy:

s
BW = 33.36E

2
LW




Π
−3
E − I2,R .
Ca τ x

(1.18)

So, changing the eld of the wiggler, we can control the time of radiation damping.

Let us

now consider the contribution of the wigglers to the emittance of the beam, which is expressed as
follows [15]:

εx = C ε

I5 2
E ,
Jx I2

(1.19)

Cε = Cq /m2 /c4 = 1.467 · 10−6 m/GeV, and I5 is the radiation
2
0
02
optical functions in the storage ring (Hx = βx ηx + 2αx ηx ηx + γx ηx )
Z
I5 = |h(s)|3 Hx (s)ds = I5,R + I5,W ,
where

where

I5,R = const

integral determined by the

(1.20)

is the contribution of the bending magnets of the ring, and

I5,W

is the con-

tribution of the damping wigglers, which in the case of a sinusoidal wiggler eld is calculated as
follows:

I5,W
where

β¯x



1 3 2
20π 2 η02
¯
=
h λ
βx + ¯ 2 2 ,
15π 3 W W
βx hW λW

(1.21)

is the mean value of the horizontal beta function over the length of the wiggler, and

η0

is the dispersion function at the entry to the wiggler. In this expression, we neglected the eect of
the wiggler eld on the focusing. However, the contribution from the intrinsic dispersion function
excited by the wiggler eld is taken into account. This contribution is especially important at low
energies of the Super Charm  Tau factory. Then

I5,W =
where the dependence of

I2

1 I2 (E)εx
− I5,R ,
Cε E 2

on the energy can be expressed through (1.15) and (1.17).

The dependence of the integrals

I2,W

and

I5,W

in the energy range of the Super Charm 

Tau factory is shown in Fig. 1.21 under the condition that

Π = 813.1 m,

τx = 30 ms, εx = 8 nm·rad,

I2,R and I5,R taken from Table. 1.4.
BW , we can control I2 and, in turn, τx . With a given I2

and

the integrals

Thus, varying

εx

(1.22)

we can attain a required

via changing the dispersion,





β¯x h2W λ2W 15π 3
1 I2 (E)εx
¯
η0 =
− I5,R − βx .
20π 2
h3W λ2W Cε E 2

(1.23)

To ensure dependencies (1.17) and (1.22) we use four damping wigglers with a maximum eld
of 50 kG, a length of 1.875 m, and a eld period

λW = 25 cm.

Variation in the dispersion in a

damping wiggler is achieved using four dipole magnets with a zero total bending angle, which are
placed near the wiggler and create local distortion of the orbit inside the wiggler (bump).
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The

dependence of the wiggler eld and dispersion in it on the beam energy is shown in Fig. 1.23.
For comparison (here and below), presented are the dependences for the lattice with the damping
wigglers switched o (red dots), with the damping wigglers without eld limitation (green dots),
and with a 50 kG damping wiggler.

These dependences were obtained from calculation of the

actual lattice of the Super Charm  Tau factory considering compensation for the inuence of the
damping wigglers on the optics of the collider. Table 1.5 presents radiation integrals of the whole
ring of the Super Charm  Tau factory at dierent beam energies. The table also shows the regular
bending eld

B0 ,

the wiggler eld

Be

the eld

Bb

of the bending magnet that creates dispersion

of the bending magnet in front of the IP (detector).

I5w, m-1
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BW ,

12

10

0.07
0.06
0.05

8
0.04
6
0.03
4

0.02

2

0.01

0
1

1.5

2

0
1

2.5

1.5

2

E, GeV

9

I2,W

8
7
6
5
4
3
2

I5,W

and

Horizontal damping time, msec

Emittance, nm rad

Figure 1.21. Integrals
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Figure 1.22. Beam emittance and decay time vs. beam energy.

Unfortunately, because of technical diculties in implementing the superconducting wiggler
(see p. 1.13.2), we failed to obtain a eld of above 50 kG and, therefore, did not meet the conditions

εx = 8 nm·rad and τx,y = 30 ms in the entire energy range.

However, the main energy range (where

the basic acquisition of the luminosity integral will be realized) is 1.5 GeV to 2.5 GeV. Thus, at
energies below 1.5 GeV, the wiggler eld will remain constant (maximal), 50 kG. In this case it is
possible to keep the emittance of the beam constant,

εx = 8 nm·rad, due to varying the dispersion

in the wiggler, and the damping time will increase (see Fig. 1.22).
damping time at 1 GeV is

It is worth noting that the

τx ∼ 50 ms, whereas with the damping wigglers switched o τx ∼ 550 ms.
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Table 1.5. Radiation integrals and eld of magnets of Super Charm  Tau factory at dierent beam
energies.

1.0

1.5

2.0

2.5

B0
Be
BW
Bb
I1
I2
I3
I4,x
I5

3.85

5.78

7.71

9.63

9.63

kG

1.47

2.2

2.94

3.67

3.67

kG

50

50

34.8

10.2

0

kG

3.42
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7.91

10.3

0

kG
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0.717
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0.727

m
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m
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Figure 1.23. Damping wiggler eld and dispersion in it vs. beam energy.

As a consequence, the use of the damping wigglers to increase the radiation with decreasing
the beam energy changes the dependence of the energy spread on the energy:

r
σ∆E/E = E

I3
Cε
=E
Jz I2

r

Cε I3
.
2 I2

(1.24)

In the case of a ring without damping wigglers, the expression under the square root is a constant.
The dependence of the relative and absolute energy spread in the beam is shown in Fig. 1.24 (blue
dots). For comparison, the dependence of the energy spread for the lattice without the damping
wigglers is given (red points).
In turn, the dependence of the energy loss to the synchrotron radiation and the loss power per
turn changes (see Fig. 1.25)

U0 = c Ca I2 E 4 =
where

c

is the speed of light, and

I

2cΠ
E,
τx

P0 = U0 I,

is the total beam current. For comparison, the dependences

without the damping wigglers are also given (red dots).
Let us estimate the power of synchrotron radiation for dierent types of magnets.
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Table 1.6. Radiation power of dierent types of magnets of Super Charm  Tau factory.

Energy

1.0

1.5

2.0

2.5

GeV

Regular bending

0.13

0.65

2.04

4.99

kW

Final bending

0.05

0.28

0.87

2.13

kW

Damping wiggler

48.4

109

94.1

12.6

kW

Bump bending

0.10

0.49

2.34

6.16

kW
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As noted above, the eect of the damping wigglers on the radiation parameters of the beam was
estimated without taking into account the intrabeam scattering, which at low beam energies will
lead to increase in the phase space volume in dependence on the beam current. The increment of
the emittance of the beam because of this eect can be compensated for by reducing the dispersion
function in the damping wigglers in comparison with dependence (1.23). In addition, the process
of intrabeam scattering will lead to increase in the energy spread in comparison with (1.24), and
this increment can not be compensated for. However, the use of the damping wigglers, with which
it is possible to keep the emittance of the beam constant throughout the energy range, enables
substantial weakening of the eect of the intrabeam scattering.

1.5 Beam-beam eects and luminosity
The beam-beam parameters for

ξx =

σy  σx

and

θ 6= 0

β∗
Nb re
· 2 x 2
2πγ σx (1 + φ )

become [10, 11]:

⇒

Nb re
βx∗
·
2πγ (σz θ)2
(1.25)

ξy =

βy∗

Nb re
p
·
2πγ σx σy 1 + φ2

ξx ∝ βx∗

when

Nb re
·
2πγ σy σz θ

φ  1 and θ  1. Note that ξx ∝ 1/εx
φ  1, and the ξy dependence on σx vanishes.

The expressions after arrows correspond to
collision) transforms to

⇒

βy∗

(in head-on

To nd the area of good working points, we performed numerical simulations using the beambeam code

Lifetrac [17].

At the rst stage, a simplied model was applied: linear lattice without

explicit betatron coupling, weak-strong approximation. The fractional parts of betatron tunes were
scanned in the range from 0.5 to 1.0, all other parameters are taken from Table 1.1 at 2 GeV; the
results are presented in Fig. 1.27. Since

ξx  ξy ,

the footprint looks like a narrow vertical strip,

the bottom edge resting on the working point. Particles with small vertical betatron amplitudes
have maximum tune shifts and are in the upper part of the footprint, so the resonances in Fig. 1.27
seem to be shifted down.
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1.0

νx
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(red).

The black narrow rectangle shows the

footprint at (0.545, 0.580).
Figure 1.27. Luminosity at 2 GeV as a function of betatron tunes.

In collision schemes with large Piwinski angle, the bunches rotate in the horizontal plane due to
beam-beam interaction; so we have some kind of crab crossing without crab cavities. In the weakstrong model, rotation of the weak bunch is compensated by the crab sextupoles and does not
lead to negative consequences. However, rotation of the strong bunch can disrupt the operation
of Crab Waist scheme; so the rotation angle should be much less than

νx :

θ.

The former depends on

it is minimal near the half-integer resonance and is maximal near the integer one; hence the

red regions on the right-hand side of Fig. 1.27 should be excluded from consideration.

Another

point: to achieve the design luminosity it is necessary to obtain a small vertical emittance, and
here the distance from the working point (and the whole footprint) to the main coupling resonance

νx = νy

is important. If we consider good regions near this resonance, it is better to stand above

it, since beam-beam eects shift the bunch core upward, thereby increasing the distance to the
resonance.
In view of the foregoing, the good region is reduced to the red triangle in the lower left corner,
bounded from below by the main coupling resonance, from above by the sextupole resonance

νx + 2νy = n,
satellites.

and from the left by the half-integer resonance

2νx = 1

with its synchrotron

All other higher-order coupling resonances are suppressed by the Crab Waist, and

therefore are not visible.

However, the synchro-betatron resonances

to be more dangerous than it may seem from Fig. 1.27.
discovered in collisions with

φ  1:

coherent

X Z

2νx − 2kνz = n

turned out

A new phenomenon has recently been

instability [18], which leads to a disruption in

the operation of Crab Waist scheme and multiple growth of the horizontal emittance. The increase
in

σx

itself does not have a noticeable impact on the luminosity, but this leads to a proportional

increase in

σy

due to the betatron coupling; so eventually the luminosity decreases several times.
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The instability does not cause dipole oscillations and therefore cannot be suppressed by feedback.
We need to look for conditions under which it does not arise.
As shown in [19], the problem is related to synchrotron satellites of half-integer betatron
resonance, so
growth of
visible.

εx

νx

and the relation between

ξx

and

νz

are of great importance. Fig. 1.28 shows the

because of the instability, and synchro-betatron resonances of high orders are clearly

As a consequence, in contrast to a head-on collision, the limit on

by the synchrotron tune. In our case

ξx

is less than

νz

εx, cm rad

ξx ∝

is now determined

approximately 3 times; precisely because

of this there are regions between resonances that are free of instability.

∗
important that βx be small enough: besides that
∗
above is also proportional to βx .

ξx

In this connection, it is

βx∗ , the bunch rotation angle mentioned

×10−6
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Figure 1.28. Growth of

εx

due to coherent X-Z instability, as a function of

As is seen from Fig. 1.28, with the growth of

νx .

νx the order of resonances increases, their strength

weakens and the free gaps become wider. However, moving the working point to the right, it is also
necessary to increase

νy

to keep the distance to the main coupling resonance. Both these actions

lead to a decrease in the distance between the upper edge of the footprint and the resonance

νx + 2νy = n
νy should be

(see Fig. 1.27). Thus, for

νx

there are two suitable options: 0.545 and 0.555, while

selected from the requirement

νy − νx

>

0.03

to provide sucient distance to the

coupling resonance. This determines our choice of the working point.

design value ξy = 0.12 is well below the limit. The margin can be
estimated by the distance from the footprint top edge to the line νx + 2νy = n or, which is almost
It should be noted that the

the same, from the footprint bottom edge to the point where it crosses the border of the red
area. There are several ways to raise

ξy :

increasing the bunch current, reducing the bunch length,

and decreasing the vertical emittance (betatron coupling).

But all this also leads to decrease in

the lifetime due to intrabeam scattering (Touschek eect) and enhancement of collective eects.
This means that

ξy

is not limited by beam-beam interaction, which, consequently, will not have a

signicant impact on the equilibrium distribution of particles in a bunch.
In colliders with a large total current and a large number of bunches, one of the important
parameters is their permissible longitudinal displacement. The parameters and cost of RF system
depend on this, and the tolerance is determined by its inuence on beam-beam eects and luminosity. In head-on collision, a longitudinal displacement of bunches implies a displacement of the
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IP azimuth; so it should be much smaller than

βy

βy∗ .

Otherwise, because of the hour-glass eect,

will grow at the actual collision point, which means that

ξy

will increase (and may exceed

the threshold), while the luminosity falls due to the geometric factor. However, in collision with

φ  1, everything looks dierent.
now

does not lead

As is seen from Fig. 1.1, a longitudinal displacement of bunches

to a shift in the IP azimuth, and

ξy

does not grow but even falls slightly. The

only drawback is a slight decrease in luminosity due to the geometric factor. So, a displacement of
one of the bunches by

0.3σz

leads to a drop in the luminosity by

2÷3%, which is quite acceptable.

1.6 Polarization
Polarized electrons are produced on the photocathode of the source with an energy of 100 keV
to 200 keV and then they are accelerated in a linear accelerator to the energy required for the
experiment, 1 GeV to 2.5 GeV. The spin manipulator of the source can set any desired direction
of the electron spin at the point of their injection into the ring. It remains only to make a closed
spin trajectory along the perimeter of the ring such that the spin is longitudinal at the point of
the collision of electrons with positrons.

1.6.1 Closed spin orbit. Spin rotators
For this, it is proposed to install ve spin rotators on the electron storage ring, the so-called
Siberian snakes [20], each rotating the spin by
coordinate system.

180◦ around the longitudinal axis of the accelerating

Each such snake consists of two superconducting solenoids separated by a

mirror-symmetric optical system of seven quadrupole lenses, see Fig. 1.29. The total eld integral
of the two solenoids is

Z
B dl = πBρ = 26.15

T

· m,

for

E = 2.5

.

GeV

βx, βy, m

6.

4.

2.

0.

SOL1

DSP3 DSP2 DSP1 DSP0
QSP0 QSP1 QSP2 QSP3

170.

Figure 1.29.

172.

174.
s, m

176.

SOL2

178.

Optical scheme of spin rotator, full Siberian snake rotating spin by

180◦

around

solenoid axis.

The transport matrix of the spin rotator, including the solenoids, must satisfy two conditions:
rst, it is to have zero o-diagonal

2×2

blocks;
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second, it is to meet the condition of spin

transparency. For a full Siberian snake, both these requirements are met simultaneously if we set
that [21]


Mx = −My =
where

φ

 

− cos(2φ)
−2r sin(2φ)
1 0
=
,
(2r)−1 sin(2φ) − cos(2φ)
0 1

is the angle of spin rotation by one solenoid. In the case of full snake,

the case of

φ < π/2,

cos(2φ) = −1.

In

the snake is called partial. Unfortunately, it is considerably inferior to a full

snake in the rate of depolarization of the beam and will not be considered further.
A method for compensating for betatron oscillations introduced by solenoids by means of
inserting between them a certain optical system that satises the condition
proposed in [22].

Mx = −My

was

A great advantage of the discussed option of compensation for the coupling is

the absence of necessity to use any skew lenses.

In this scheme, the eld of solenoids can vary

within wide limits without change in the strength of the quadrupole lenses and, in particular,
their complete switching-o is allowed, the coupling remaining zero.

However, if we want to do

without changing the betatron phase advance throughout the insert, then we need to slightly
adjust the gradients of the elds in the lenses.

The main advantage is that the lens does not

need to be rotated around the longitudinal axis, as it should be done in some alternative coupling
compensation schemes, also considered in [22].
With an odd number of snakes, the spin in the arcs of the ring is everywhere in the median
plane and is exactly longitudinal in the middle of the arcs between the snakes.

Schematically

this is depicted in Fig. 1.30, where the equilibrium direction of the spins is shown (a closed spin
trajectory) in a ring with ve snakes spaced uniformly in the azimuth. The depolarizing eect of
the damping wigglers is minimal if they are set at places where the spin is longitudinal.

Interaction point

Siberian snake
Siberian snake

Damping wiggler

Damping wiggler

Siberian snake
Siberian snake

Damping wiggler

Damping wiggler
Siberian snake

Figure 1.30. Equilibrium closed spin trajectory in ring with ve Siberian snakes.
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1.6.2 Radiative relaxation of spins
The depolarization time grows in proportion to the square of the number of the snakes. We chose
ve snakes, which ensures reliable preservation of the polarization of the electron beam in the
entire energy range. When working at a low energy, we can use fewer snakes. Analytical estimates
of the azimuth-averaged squared modulus of the spin-orbit coupling vector for the ring with

nsnk

Siberian snakes give the following result:

π2 ν 2
3 n2snk
π2
πν
2
d (0) =
sin2
.
4
nnsk
hdi = d2 (0) +

d is the spin-orbit coupling vector, d2 (0) is the square of its modulus at the minimum point,
hdi is its mean value over the entire length of the arc, and ν = E(MeV)/440.652 is the spin
tune. Figure 1.31 depicts the d(θ) = |γ(∂n/∂γ)| dependence graph calculated by the program
ASPIRRIN [23, 24] for this number of Siberian snakes (nsnk = 5) at an energy E = 2.5 GeV.
Knowing the behavior of d in the ring, it is easy to calculate the time of radiative spin relaxation
Here

and the equilibrium degree of radiative polarization.

They are determined by the well-known

Derbenev and Kondratenko formulae [25]:

D

E

−3

|r| b(n − b)
8
ξrad = − √ D
E
5 3 |r|−3 1 − 2 (nv)2 + 11 d2
9
18
√



2
5 3
11 2
−1
5
2
−3
τrad =
λe re cγ |r|
.
1 − (nv) + d
8
9
18
Here

r

is the radius of curvature of the orbit in the dipole magnets,

along the eld in these magnets,

n

b

is a unit vector directed

is a unit vector indicating the equilibrium direction of spin,

v

is a unit vector directed along the velocity, and the rest notations have a usual meaning.
At the Super Charm  Tau factory it is planned to use the wigglers to adjust the radiation
damping decrements, namely, to maintain the damping time at a level of about 30 ms in the entire
energy range of the operation.

At a low energy, the wigglers are switched on to the maximum

eld, and in the case of operation at the maximum energy near 2.5 GeV, the wigglers are almost
completely turned o. When calculating the depolarization time in the storage ring, it is necessary
to take into account the inuence of the wigglers on this process. As can be seen from Fig. 1.31,
their contribution depends heavily on their place.

If they are in the sections of the ring where

the modulus of the spin-orbit coupling vector is minimal (in the middle of the arcs separating the
snakes), their inuence is insignicant. If they are evenly distributed over the ring, their inuence
becomes quite tangible. So, naturally, we placed all the four damping wigglers at the places where
the modulus of the spin-orbit coupling vector is minimal.

The basic parameters of the wigglers

are given in the general list of parameters of the collider.

1.6.3 Time-averaged degree of polarization
The equilibrium degree of radiative polarization of the beams almost turns to zero in the presence
of the Siberian snakes, see Fig. 1.32. And this is good, since a non-zero degree of beam polarization
can lead to systematic errors in analysis of the spin asymmetry of the processes of interest to us. It
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800.

s = 406.55 m

Dependence of modulus of spin-orbit coupling vector on azimuth for 2.5 GeV with

ve Siberian snakes.

is proposed to inject in some random way bunches of polarized electrons into dierent separatrices
(there are about 400 separatrices) and to mark all the events recorded with the number of the
separatrix they correspond to.
The loss of particles, mainly from the bremsstrahlung on the counter beam, must, of course,
be replenished with fresh polarized electrons. As a result, some equilibrium degree of polarization
gradually sets, determined by the balance of the number of particles that have lived in the ring
for dierent times. It is easy to show that the equilibrium degree of polarization is

ξ = ξbeam
Here

ξbeam = 90%

τbeam
τrad
+ ξrad
.
τbeam + τrad
τbeam + τrad

is the degree of polarization of fresh beam,

self-polarization of electrons in the ring,

τrad

τbeam = 1000 s

ξrad = 0%

is the degree of radiative

is the lifetime of particles in the ring, and

is the time of radiative spin relaxation.
Figure 1.33 presents graphs of the dependence of the time-averaged longitudinal polarization of

the electron beam for the option of the Super Charm  Tau factory with ve snakes in the top-up
mode with a degree of polarization of 90%. The beam lifetime in these calculations is set equal to
750 s.

It can be seen from the graphs that the basic option with ve Siberian snakes provides a

level of polarization of the order of 80% practically in the entire energy range of the accelerator,
except for only 2.5 GeV, where it decreases to a level of

−66%/ + 72%.

The equilibrium degree of

polarization can be increased due to reduction in the time of replacement of a partially depolarized
beam with a new one with a 90% polarization. So, transition to a cycle with an eective lifetime
of 300 s increases the degree of polarization at an energy of 2.5 GeV to

−79%/ + 82%.

The regime

of faster replacement of a partially depolarized old beam with a fresh one is easily accomplished
through partially knocking out the stored beam during the injection of each new portion.

We

must, of course, bear in mind that decreasing the eective beam lifetime to 300 s will require
increasing the rate of production of polarized electrons to at least

1011 particle/s.

The technical aspects of the implementation of spin rotators are presented in p. 1.3.4, and of
superconducting solenoids in p. 1.13.3.
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Figure 1.32. Dependence of equilibrium radiative polarization degree on electron energy.

1.7 Collective Eects
1.7.1 Collective Eects
The interaction of an intense beam of charged particles with the electromagnetic elds induced by
it in the vacuum chamber (wake elds) leads to various collective eects in the beam dynamics.
These eects depend on the beam intensity and become noticeable when the number of particles in
the beam is large. The most signicant consequence of collective eects is the motion instability.
When the resonance conditions are satised, small deviations in the position or energy of the beam
can increase because of the beam interaction with the wake elds. Such a positive feedback leads
to instability of the oscillations and, as a consequence, to loss of the beam or its degradation.
In the frequency domain, the interaction of the beam with the components of the vacuum chamber via the wake elds is described by frequency-dependent coupling impedances.

The presence

of narrow-band impedance sections in the accelerator (for example, parasitic higher modes of accelerating cavities) can lead to appearance of multi-bunch instability, and broadband impedance
can cause intrabunch instability of the beam.

Fundamentals of the theory of collective eects,

instabilities, and coupling impedances are presented in [26, 27, 28].
To analyse single-bunch stability of the beam, the vacuum chamber of the accelerator as a
whole is usually represented in the form of a broadband impedance, resulting from summing of
the broadband impedances of all the components of the chamber.

The broadband impedance is

generally assumed to be additive because the wake elds rapidly decay, and the interference of the
wake elds excited by the beam in dierent components of the vacuum chamber can be practically
neglected.

The value of the total broadband impedance is used to estimate the stability of the

intrabunch motion of the beam. It is also a measure of the quality of the design and fabrication
of the vacuum chamber.
To assess the permissible coupling impedances of the projected collider, it would be useful to
consider the experience of previous B-factories:

KEKB and PEP-II. It makes sense to compare
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The red and blue colors correspond to opposite signs of projection of the polarization vector on
the longitudinal axis. The beam lifetime is set equal to 750 s.
Figure 1.33. Degree of longitudinal polarization of electrons with 5 snakes switched on in top-up
mode (90%).

the parameters of storage rings, the beam energy in which is close to a value of 2.5 GeV, chosen
for the projected Super Charm  Tau factory.

These are the installations KEKB LER with an

energy of 3.5 GeV and PEP-II LER with an energy of 3.1 GeV. The energy of the KEKB HER and
PEP-II HER storage rings, 8 GeV and 9 GeV, respectively, signicantly exceeds the design energy
of the Super Charm  Tau factory.
The main parameters of the KEKB LER and PEP-II LER accelerators and the Super Charm 
Tau factory that are of interest for the analysis of collective eects, as well as the results of
estimates of the instabilities, are given in Tables 1.7 and 1.8.

1.7.2 Beam lengthening
The electromagnetic elds induced by the beam change the shape of the acceleration RF eld
acting on the beam. This eect results in distortion of the longitudinal propagation of particles
and bunch lengthening, while the energy spread does not change. The bunch lengthening caused
by the potential well distortion is approximately described by Eq. [29],



where

Ib

σt
σt0

3

σt
Ib α
−
=√
Im
σt0
2π νz2 (ω0 σt0 )3 E/e



Zk
n


,

(1.26)

eff

σt0 = σz0 /c, and σz0 is the bunch length at zero current, α is
νz is the synchrotron tune (in the units of the revolution
The eective impedance (Zk /n)eff , used for estimates of beam stability, is a weighted

is the beam current,

the momentum compaction factor, and
frequency

ω0 ).

normalized impedance averaged over the spectrum of the beam frequencies [30]:

∞
P



Zk
n


=
eff

p=−∞

Zk (ωp ) ωωp0 hm (ωp )
∞
P

p=−∞

45

,
hm (ωp )

(1.27)

Table 1.7. KEKB, PEP-II, and Super Charm  Tau factory parameters.

KEKB
LER

KEKB
HER

PEP-II LER

PEP-II
HER

Super cτ

Energy, GeV

3.5

8.0

3.1

9.0

2.0

Perimeter, m

3016.26

3016.26

2199.3

2199.3

813.1

Bunch length, mm

4

4

11

11

10

Energy spread

7.1 · 10−4

6.7 · 10−4

8.1 · 10−4

6.1 · 10−4

9.3 · 10−4

Distance between bunches, m

0.59

0.59

1.26

1.26

1.8

Horizontal emittance, nm

18

18

50

8

Vertical emittance, nm

0.36

0.36

2

0.04

Synchrotron tune

0.01 ÷ 0.02

0.01 ÷ 0.02

0.03

0.05

0.01

Betatron tune (hor.)

45.52

47.52

36.57

24.57

43.54

Betatron tune (ver.)

45.08

43.08

34.64

23.64

40.57

Average beta function (hor.), m

10

10

10.84

14.5

6.3

Average beta function (ver.), m

10

10

9.95

13.84

9.5

Orbit coupling

1 ÷ 2 · 10−4

1 ÷ 2 · 10−4

1.31 · 10−3

2.41 · 10−3

8.82 · 10−4

Radius of bend in magnets, m

16.3

104.5

8.25

Bending magnet length, m

0.915

5.86

0.454

RF voltage, MV

5 ÷ 10

10 ÷ 20

5.12

18.5

1.24

RF frequency, MHz

508.887

508.887

476

476

500

Harmonic number

5120

5120

3492

3492

1356

Revolution frequency, kHz

99.4

99.4

136.3

136.3

368.7

Rad. damping time (longit.), ms

43/23

23

40

37

15

SR energy loss/ revolution, MeV

0.81/1.5

3.5

0.87

3.57

0.361

Total radiation power, MW

2.1/4.0

3.8

Number of particles in bunch

3.3 · 10

Bunch current, mA

0.52

0.22

Bunch peak current, A

158

Total beam current, A
Vacuum chamber

∗
∗∗

10

0.586

2.7 · 10

7.1 · 1010

1.3

0.59

4.19

67

104.5

47

136

2.6

1.1

2.1

1.0

1.7

Cu
∗
∅94 mm
NEG
inserts

Cu
racetrack∗∗
104 ×
50mm2
∅50 mm
NEG
stripes

sections:
stainless
steel
∅94 mm
arcs: Al
ellipt.
95 × 59 mm2
antichamber

1300 m:
copper,
900 m:
stainless
steel

Copperplated
aluminum100×
50 mm2

1.4 · 10

10

6 · 10

10

10

Low photodesorption coecient, high thermal conductivity, possibility of X-ray shielding.
For minimization of gap in dipole magnets.
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Table 1.8. Estimates of instabilities of KEKB, PEP-II and Super Charm  Tau factory.

KEKB LER

KEKB HER

PEP-II LER

PEP-II HER

Super cτ

Microwave
instability

Ith = 0.1 mA @
Z/n =
72 mOhm
Ith = 0.5 mA∗
Ib = 0.52 mA

Ith = 0.2 mA @
Z/n =
76 mOhm
Ib = 0.22 mA

Ith = 3.0 mA @
Z/n =
80 mOhm
Ib = 1.3 mA

Ith = 9.0 mA
@ Z/n =
80 mOhm
Ib = 0.6 mA

Ith = 2.2 mA @
Z/n =
100 mOhm
Ib = 4.2 mA

Bunch
lengthening

25%

7%

20%

6%

50%

TMC
instability

Ith = 1.4 mA∗

Ith = 2.4 v∗

Ith = 1.9 mA

Ith = 2.7 mA∗

Ith = 6 mA @
Zy =100 kOhm/m,
1 GeV

Longitudinal
multi-bunch
instability 
higher modes of
cavities

60 ms

150 ms

1 ms

2 ms

Transverse
multi-bunch
instability
higher modes of
cavities

30 ms

80 ms

0.5 ms

1 ms

Transverse
multi-bunch
instabilitywall
resistance
(resistive-wall
CBI)

5 ms (feedbacks
suppress.)

hor: 1.4 ms,
ver: 0.9 ms;
feedbacks
damping time
0.31 ms

hor: 5.6 ms,
ver: 3.8 ms

Multi-bunch
instabilityions
Multi-bunch
instability
electronic
clouds
∗

1 ms
(calculation)

solenoids with
eld of 30 G

>0.4 ms
solenoids +
feedbacks

hor: 4 ms,
ver: 1.5 ms @
1 GeV, 1 A

>10 ms
0.16 ms at ξ = 1

According to measurements.
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n = ω/ω0 is the number of the
harmonic of the revolution frequency, E is the beam energy, and ωp = pω0 + mωs is the set of
frequencies of a single bunch. For a Gaussian beam, the normalized spectral power densityhm (ω) =
Cm λ̃m (ω)λ̃∗m (ω) of the mth oscillation mode is described by the equation
where

Zk (ω)

is the frequency-dependent longitudinal impedance,

hm (ω) = (ωσt )2m e−ω
where

σt = σz /c, σz

is the length of the bunch. The

2 σ2
t

,

(1.28)

m = 0 mode corresponds to bunch lengthening

because of potential well distortion.
If the beam current exceeds a certain threshold value, then the interaction of the beam with
the longitudinal impedance leads to microwave instability of the longitudinal motion.

Above

the instability threshold, both the bunch length and the energy spread of the beam grow with
increasing current. The value of the amplitude of the bunch threshold current

Ip

for a relativistic

beam can be estimated from the following formula [31, 32]:

Ipmwi

α E/e
=
Zk /n eff



∆p
p

2
,

(1.29)

FWHM

∆p/p = γ 2 /(γ 2 − 1)∆E/E is the spread of the longitudinal beam momentum, equivalent
to the energy spread ∆E/E for ultrarelativistic (γ  1) particles. For a bunch with a Gaussian
density distribution and mean-square length σz , the amplitude current value Ip is tied with the
average current Ib by the following relation:
√
2πR
,
(1.30)
Ip = Ib
σz
where

where

R

is the average radius of the accelerator.

The average threshold current of microwave

instability for a Gaussian beam is given by the following expression [32]:

Ibmwi
Figure

σs0
=
R

√

2πα E/e  σE 2
.
E
Zk /n eff

(1.31)

1.34 shows graphs of the threshold current of microwave instability vs. the normalized

longitudinal impedance for four beam energies: 1, 1.5, 2, and 2.5 GeV. It can be seen that a design
bunch current of 4.4 mA will not exceed the instability threshold at a normalized impedance of
not more than 70 mOhm.
It should be noted that formulae (1.29 and1.31) were derived for long proton beams and for
short bunches in modern electron storage rings, such as the third generation SR sources.

These

formulae give highly overestimated values of the threshold instability current. For more accurate
estimates, numerical simulation using a realistic impedance model is required.
The microwave instability is usually restricted by the nonlinearity and does not lead to beam
losses. However, it causes turbulent lengthening of bunch and increase in the energy spread with
growing beam intensity. Above the threshold of microwave instability, the bunch lengthening as
a function of the current for a relativistic electron or positron beam with a Gaussian distribution
of the linear density is approximately described by the following cubic equation [33, 34]:

σt3 = √

Zk
Ib α
2π νz2 (ω0 σt0 )3 E/e n

.

(1.32)

eff

It should be noted that the results of measurements of the bunch length as a function of current
do not show a noticeable change in the function describing the bunch lengthening above the
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Figure 1.34. Threshold current of microwave instability.

microwave instability threshold, although the threshold is clearly visible in the measurements of
the energy spread [34, 35, 36].
Figure 1.35 shows the bunch length as a function of the beam current for three values of the
normalized longitudinal impedance (0.05, 0.1, and 0.2 Ohm) at 2 GeV and at xed accelerating
voltage

VRF =0.99 MV.

For comparison, the measured bunch lengthening at KEKB LER [38] at

Z/n ' 0.07 Ohm)
Z/n ' 0.08 Ohm).

a working bunch current of 0.5 mA is about 25% (

and at PEP-II LER [39]

about 20% at a bunch current of 1.3 mA (

If it is necessary to maintain the longitudinal beam size at any current, then to compensate
for the lengthening it is necessary to increase the accelerating RF voltage, see Fig. 1.36. It can be
seen that a signicant excess of the microwave instability threshold is undesirable since it leads to
a signicant increase in the RF voltage required to compensate for the bunch lengthening.

1.7.3 Coherent energy losses
The interaction of the beam with the longitudinal impedance leads to coherent energy losses,
which depend quadratically on the beam charge

q

[27]:

∆E = kk q 2 .
The coecient of proportionality

kk

(1.33)

is called the coherent loss factor (longitudinal loss factor). It

depends both on the properties of the vacuum chamber, characterized by the impedance

Zk ,

and

on the longitudinal density distribution of the beam:

∞
ω0 X
Zk (ωp )h0 (ωp ),
kk =
2π p=−∞

49

(1.34)
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Figure 1.36. Compensation for bunch lengthening (

where

h0 (ωp )

is the normalized density of the spectral power of the 0th mode of oscillations of

Gaussian beam (1.28). If

σt ω0  1,

then the sum can be replaced with the integral:

1
kk =
2π

Z∞
Zk (ω) h0 (ω)dω.
−∞
50

(1.35)

Like losses to synchrotron radiation, the coherent energy losses are compensated for in the accelerating cavities at each beam revolution.

1.7.4 TMC instability (fast head-tail)
The resonant interaction between the beam and short-lived transverse wake elds, characterized
by the transverse broadband impedance, is the cause of the instability of the transverse coupled
modes (transverse mode coupling, TMC, or fast head-tail). The wake elds induced by the head
of the bunched beam act on the particles of its tail part (the head-tail eect).

Because of syn-

chrotron oscillations, the head and tail of the beam periodically change places; when the resonance
conditions are met, unlimited increase in the amplitude of the betatron oscillations takes place,
which leads to losses of beam particles down to the threshold intensity.
For a vacuum chamber of a circular cross-section, the relationship between the longitudinal

Zk (ω)

and transverse dipole

Z⊥ (ω)

impedances is described by the following formula (a conse-

quence of the Panofsky-Wenzel theorem) [37, 27]):

Z⊥ (ω) ≈
b

where

2c
Zk (ω),
b2 ω

is the chamber radius. In the case of inductive impedance,

2R Zk
,
b2 n

Z⊥ (ω) ≈
where

(1.36)

R is the average radius of the accelerator.

(1.37)

This formula can also be used for rough estimates

in the case of a chamber of varying cross section,

b assumed to be equal to the average half-height

of the chamber.
The interaction of the beam with the dipole transverse impedance results in the coupling of
the head-tail modes of the transverse oscillations of the bunch. The rise/damping time increases
rapidly with the mode number

m,

and thus modes with large

m usually are not dangerous for the

stability of the beam since they are suppressed by the radiation damping. Since only a few lower
modes are essential for analysis of the transverse bunch stability, the problem can be reduced to
solving the eigenvalue problem [26]. The coupling of the oscillation modes of the bunch leads to
a coherent shift of the betatron tune, which is linearly dependent on the beam current at low
currents [26]:

X
Ib
eff
βj Im Z⊥j
,
∆νβ = − √
4 π σt ω0 E/e j
where
and

βj

eff
Z⊥j

(1.38)

is the eective transverse impedance, summation performed over all local impedances,

is the beta function at the place of localization of the

j th

impedance. Figure 1.37 shows

graphs of coherent shift of the betatron tune vs. the beam current for three transverse impedance
values (19.5, 39, and 78 Ohm/m), calculated using formula (1.37), applied to the respective values
of the normalized longitudinal impedance (0.05, 0.1, and 0.2 Ohm).

The energy is 2 GeV; the

accelerating voltage is 0.99 MV. The solid lines show the calculation results with allowance for the
bunch lengthening, and the dashed lines show the calculation results without the lengthening.
As can be seen in Fig. 1.37, the dependence (1.38) of the betatron tune on the beam current
remains linear only if the lengthening of the bunch is neglected. For more accurate estimates of
the tune shift and the instability threshold, the beam length in (1.38) must take the lengthening
into account.

For comparison, the measured coherent shift of the vertical betatron tune in the

case of KEKB LER is about 3.5 A

−1

[40], and in the case of PEP-II LERabout 12 A
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−1

[41].
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Figure 1.37. Coherent shift of vertical betatron tune vs. current (

At zero beam current, the tune of the
the

0th

−1th

mode of bunch oscillations is less than the tune of

mode by the synchrotron tune value. With increasing current, the tunes of these modes

shift towards each other and the instability of the transverse coupled modes arises when the tune
of the 0th oscillation mode coincides with the tune of the
threshold current as the current at which the tune of the

−1th

0th

mode.

Dening the instability

mode shifts by half the synchrotron

tune, we can write the formula for the threshold current:

Ibtmci

√
4 π σt νz ω0 E/e
.
= P
eff
βj Im Z⊥j

(1.39)

j

Figure 1.38 presents graphs of the TMC instability threshold current with allowance for the bunch
lengthening vs. the transverse impedance for four beam energy values: 1, 1.5, 2, and 2.5 GeV. It
can be seen that a design bunch current of 4.4 mA will not exceed the instability threshold at a
transverse impedance value of not more than 150 kOhm/m at a minimum energy of 1 GeV.

1.7.5 Longitudinal multi-bunch instability
The interaction of the beam with the higher modes of the accelerating cavities (narrowband
impedance) leads to the excitation of long-lived wake elds, which, acting on subsequent bunches,
can cause longitudinal instability in the multi-bunch regime [42]. A beam consisting of

Nb

bunches

evenly distributed over the perimeter of the accelerator can be considered as a system of coupled

Nb degrees of freedom and thus Nb oscillation modes with the phase shift ∆ϕ =
2πn/Nb , n = 0, 1, . . . , Nb − 1. The interaction of such a beam with the higher mode of cavity leads
to resonance excitation of the nth oscillation mode when the higher mode frequency ωr coincides

oscillators with
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Figure 1.38. TMC instability threshold current.

with any of the frequencies

ωnp

of the beam spectrum:

ωnp = (pNb + n + mνz ) ω0 ,
where

p

is an integer,

νz

is the synchrotron tune in units of the frequency of revolution

is the coherent mode of oscillations (dipole:
If the

nth

(1.40)

m = 1,

quadrupole:

m=2

ω0 ,

and

m

an so on).

oscillation mode is excited by any of the higher modes of the accelerating cavity,

whose impedance has the following form:

Rs


ZkHOM (ω) =

1 + iQHOM
where

ωr

is the resonance frequency,

Rs

ωr
ω
−
ωr
ω

,

is the shunt impedance, and

(1.41)

QHOM

is the Q factor, then

the rise time can be estimated using the following formula [43, 44]:

α Nb Ib
1
=
ωnp Re ZkHOM (ωnp ).
τkn
4π νz E/e
If the frequency of the

nth

oscillation mode

ωnp

(1.42)

is close to the resonance frequency of the higher

ωr , then the impedance Re ZkHOM can be expressed in terms of the characteristic impedance
ρ = Rs /QHOM , and the Q factor QHOM of the higher mode by the following approximate formula:
mode

Re ZkHOM (∆ω) ≈

where

∆ω = ωnp − ωr

ρQHOM
 2 ,
1 + 4Q2HOM ∆ω
ωr

is the frequency detuning (

∆ω  ωr ).
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(1.43)

In electron-positron storage rings the main mechanism for suppressing longitudinal oscillations
is radiation damping.

For a stable motion, the characteristic time

must be less than the rise time

τkn

τz

of the radiation damping

(1.42) of any mode in the operating range of the beam current.

Since the impedance of each of the higher modes is characterized by its resonance frequency, shunt
impedance, and the

Q

factor, the instability rise time must be estimated for each mode. Taking

into account the radiative damping, it is possible to estimate the minimum shift of the frequency
of the higher mode from the resonance that is required for stabilization of the

nth

oscillation

mode [44]:

ωr
|∆ω| ≥
2QHOM

r
Nb Ib

α τz
ωnp ρ QHOM − 1 .
4π νz E/e

The detuning of higher modes from the resonance with the frequencies

(1.44)

ωnp = (pNb + n + νz ) ω0

can be carried out by adjusting the temperature of the cavity, which changes its geometric dimensions, which results in a shift of the resonance frequencies of the higher modes. In principle,
certain temperature ranges corresponding to detuning of higher-mode frequencies from resonances
can be found.

The use of modern systems of auto-regulation makes it possible to stabilize the

cavity temperature within

0.05 ◦ C

and thereby maintain beam stability during the experiment.

1.7.6 Transverse multi-bunch instability
The interaction of beam with higher modes of accelerating cavities, the resistive impedance of the
walls of the vacuum chamber, as well as with residual gas ions and electron clouds (in positron
storage devices), can lead to excitation of transverse multi-bunch instabilities.

When a bunch

ies through a narrow-band impedance structure, it excites long-lived wake elds, which aect
the subsequent bunches.

When resonance conditions are fullled, all the bunches start coherent

oscillations with a certain phase shift between the bunches.
The interaction of a beam consisting of

Nb

bunches uniformly distributed over the perimeter

of the accelerator, with any of the higher modes of the cavity the frequency of which

ωr

coincides

with one of the frequencies

ωnp = (pNb + n + mνβ ) ω0 ,
leads to excitation of the

nth

mode of oscillations. Here

p

(1.45)

is an integer, and

part of the betatron tune in units of the revolution frequency

νβ

is the fractional

ω0 .

The transverse impedance of the higher mode of the accelerating cavity can be written in the
following form:

Z⊥HOM (ω) =
where

nth

ωr

is the resonance frequency,

Rs

ωr
ω 1 + iQ

Rs

HOM

ω
ωr

−

ωr
ω

,

is the shunt resistance, and

(1.46)

QHOM

is the Q factor. If the

oscillation mode is excited by a higher mode of the cavity with a frequency close to

ωnp ,

then

the rise time can be estimated using a formula similar to (1.42) [45, 44]:

1
τ⊥n

=

ω0 βc Nb Ib
Re Z⊥HOM (ωnp ).
4π E/e

The instability will not be excited if the rise time
of the beam current is greater than

τ⊥ ,

τ⊥n

(1.47)

(1.47) of any mode in the operating range

the time of damping of the transverse oscillations of the

beam by the radiative and other mechanisms. To stabilize the transverse motion of the beam, it
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is necessary to detune the unstable

nth transverse oscillation mode from the resonance by a value

not less than[44]

ωr
|∆ω| ≥
2QHOM
where

ρ = Rs /QHOM

s
Nb Ib

ω0 βc τ⊥
ρ QHOM − 1 ,
4π E/e

(1.48)

is the characteristic impedance.

In addition to the higher modes of the cavities, the transverse multi-bunch instability can
be excited by the interaction of the beam with the resistive impedance of the vacuum chamber
walls.

The image current induced by the ying relativistic beam in the walls of the chamber

with a nite conductivity excites electromagnetic elds, which, acting on subsequent bunches, can
lead to development of instability. The frequency dependence of the impedance of the walls of a
cylindrical vacuum chamber of radius

b

and length

Z⊥rw (ω) = (1 + i)

L

is described by the following expression:

L Z0 δz (ω)
,
2π b3

(1.49)

q
2
is the thickness of the
Z0 = 120π Ohm is the impedance of free space, δz (ω) =
µσω
layer, and σ and µ are the conductivity and magnetic permeability of the wall material,

where
skin

respectively.

Since the value of impedance (1.49) is inversely proportional to the square root of

the frequency, the interaction with the resistive impedance at the lowest frequency of the transverse
spectrum of the beam (1.45)

ωmin = νβ ω0

or

ωmin = (1 − νβ )ω0

is the most dangerous in terms

of beam instability. The formula for estimating the rise time of this instability has the following
form:

1
τ⊥rw

∞
X
βaver ω0
Re Z⊥rw (ωnp ).
Nb Ib
=
4πE/e
p=−∞

(1.50)
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Figure 1.39. Instability increment vs. mode number
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n.

Figure 1.39 shows graphs of the instability increment
modes in dependence on the mode number
2.5 GeV; the total beam current

n

1/τyrw

of the lowest (the most dangerous)

for four values of the beam energy: 1, 1.5, 2, and

Nb Ib = 1 A.

1.7.7 Ion instabilities
In electron storage rings with intense beams, multi-bunch instabilities can be excited at the interaction of beam particles with the residual gas ions, which can accumulate in a potential well
of the electron beam.

The ultimate current of electron beam limited by a multi-turn electron-

ion instability can be estimated roughly through comparison of the linear densities of ions and
electrons. The instability arises when the number of ions trapped in a potential well of the beam
approaches the number of electrons in the beam. The linear density of ions can be estimated using
the following formula:

λi =
and

Pgas

(1.51)

σi is the
Nb is the number of bunches, Ne = Ib T0 /e
is the number of electrons per bunch, and T0 = 1/f0 is the revolution period. Neglecting the
recombination processes and assuming that the instability arises at λi ≈ λe , we can estimate the
characteristic time of development of the instability as τ ≈ T0 λe /λi , where λe is the linear density
where

Tgas

Ne Nb
σi Pgas ,
kB Tgas

are the temperature and pressure of the residual gas, respectively,

ionization cross section,

kB

is Boltzmann's constant,

of electrons.
Within the framework of the linear theory of the interaction of an electron beam with ions,
which is valid for oscillation amplitudes not exceeding the transverse size of the beam, the frequency of the ion oscillations in a potential well of the electron beam is described by the following
expression [46]:

s
ωi =
where

qi /qp

2(qi /qp )Ne rp c2
,
Ai Lsep σy (σx + σy )

is the charge of ion in the proton charge units,

Ai

(1.52)

the mass of ion in a. m. u.,

rp

is

Lsep is the distance between bunches. Ions can cause only multibunch instabilities, since the c/ωi value exceeds 10 m at most installations. The nonlinearity of
the interaction taken into account, the Q factor is small in most cases, Qi < 10. In the case of
Nb uniformly distributed bunches, ions accumulate in the beam if their atomic mass exceeds the
critical value Acrit :
(qi /qp )Ne rp Lsep
.
(1.53)
Ai ≥ Acrit =
2σy (σx + σy )
the classical proton radius, and

For the Super Charm  Tau factory, the minimum bunch current at which the accumulation of
ions is possible is 0.24 mA (H2 ), 2.2 mA (H2 O), 3.5 mA (CO), and 5.5 mA (CO2 ). A fairly eective
means of control of multi-turn accumulation of ions is a gap in a sequence of bunches.
The intensity of the electron-ion interaction can be characterized by the magnitude of the
coherent shift of the horizontal

∆νx =
where

hβx,y i

energy.

νx

and vertical

νy

hβx i(qi /qp ) re λi P
4πγσx (σx + σy )

is the average beta function,

betatron tunes [46]:

∆νy =

γ = E/me c2

hβy i(qi /qp )re λi P
,
4πγσy (σx + σy )

is the Lorentz factor, and

Taking into account the spread of ion frequencies
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∆ωi ,

(1.54)

E

is the beam

caused by the variation of the

transverse dimensions of the beam along the perimeter of the ring, we can express the instability
rise time

τ

through the coherent shift (1.54):

π
∆νω0
1
=
.
τ
2 (∆ωi /ωi )FWHM

(1.55)

Figure 1.40 shows graphs of the rise time of vertical multi-turn ion instability (1.55) vs. residual
gas pressure

Pgas

Nb = 406

at a nominal total beam current of 1.7 A in

bunches.
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Figure 1.40. Time of rise of vertical multi-turn ion instability.

In installations with very large (several amperes) beam currents and small emittances, such
as the modern B-factories or linear accelerators, the accumulation of ions in a single beam ight
may be sucient to excite fast ion-beam instability.

The density of the ions of the residual gas

increases along a train of electron bunches, which leads both to excitation of coherent oscillations of
individual bunches and to growth of the emittance of the beam. Unlike multi-turn ion instability,
this eect is one-turn and is not suppressed by a gap in a train of bunches. Evidences of fast ion
instability were observed in the electron rings of the KEKB [47] and PEP-II B-factories at the
beginning of their work. The possible cause of instability is inadequate vacuum. The instability
was successfully suppressed by means of systems of bunch-to-bunch transverse feedback.
Within the framework of the linear theory of the interaction of an electron beam with ions,
which is valid for oscillation amplitudes not exceeding the beam transverse dimension, the growth
of the amplitude of the oscillations is proportional to
the time constant

τc

p
exp( t/τc ),

and asymptotic estimates of

can be made using the formula [48] (for singly charged ions),

3/2

1/2

1/2

1
4ngas σi hβy iNe Nb2 re rp Lsep c
=
.
√
3/2
1/2
τc
3 3γσy (σx + σy )3/2 Ai

(1.56)

The linear model is based on the assumption that the ions are produced due to impact ionization of the atoms of the residual gas by the beam particles, and the captured particles have small
initial velocities. The linear theory does not take into account the following eects:
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non-linearity of the electron-ion interaction: the oscillation build-up stops at amplitudes of
the order of the transverse beam size, after which lamentation and a slower growth of the
instability occur;



the beta function beating, which leads to a spread in the ion frequencies;



the synchrotron motion;



electron beam halo formation.

The modied linear theory, taking into account the loss of coherence because of the beta function
beating, which leads to a spread in the frequencies
proportional to

exp(t/τe )

∆ωi , results in an exponential instability growth

with the characteristic time [49]:

1
c
1
√
≈
.
τe
τc 2 2Nb Lsep (∆ωi )rms

(1.57)

Figure 1.41 shows graphs of the rise time of vertical fast ion instability (1.57) vs.

the residual

Pgas at√a nominal total beam√current of 1.7 A in Nb = 406 bunches, hβx i = 6.3 m,
hβy i = 9.5 m, σx = εx βx = 224 µm, σy = εx βx = 20 µm, and Lsep = 1.8 m.
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Figure 1.41. Rise time of vertical fast ion instability.

In [50] it is shown that fast ion instability may increase the beam emittance. Because of the
relationship between the longitudinal and transverse motion of the beam (head-tail), the ion cloud
produced by the beam head particles is displaced relative to the tail particles, and the electric
eld of the ions deects the tail particles.

The perturbation theory applied to a simple linear

interaction model gives in the rst order the perturbation of the emittance over the train length

Ltrain :
1
∆εy ≈
2πhβy i



Ltrain hβy iλi re
ŷ
2γσy (σx + σy )
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2
,

(1.58)

where

λi ≈ 6Ne Nb Pgas

is the linear ion density at the end of the train, and

ŷ

is the amplitude of

the Fourier components of the longitudinal distribution of the beam at the beginning of the train
at the frequency

ωi .

This initial amplitude can be determined by, for example, the shot noise

(Schottky noise) or vertical dispersion.

1.7.8 Electron clouds
The formation and accumulation of electron clouds in positron machines can lead to excitation of

ωe of the electron oscillator
p
mi /me > 100 times, and the wavelength of the wake
bunch length σz . Neglecting the motion of the bunch and

both multi-bunch and single-bunch instabilities since the frequency
is larger than the ion frequency

2πc/ωe

elds

ωe /ωi =

is comparable with the

assuming that the interaction force is linear, we can write the following simple expression for the
frequency of the electron oscillator [51]:

s
ωe =
where

λp ≈ Ne /(2σz )

2λp re c2
,
σy (σx + σy )

(1.59)

is the linear density of the beam positrons, and

re

is the classical radius

of electron. Vertical blow-up of the positron beam was observed at the KEKB electron-positron
collider [52, 53]. The eect has a threshold character: at a beam current exceeding the threshold
value, the vertical beam size began to grow in proportion to the current and almost doubled at
a current of 300 mA. This eect was one of the most serious problems limiting the luminosity of
KEKB.
The blow-up of the positron beam is characterized by the following features:



the eect is multi-turn and is not associated with the beam-beam eects;



the instability threshold is proportional to the beam current and inversely proportional to
the distance between the bunches;



at large vertical chromaticity (

5 ÷ 8),

no dipole oscillations were observed; at lower chro-

maticity (about 2) and feedback switched o, dipole oscillations were excited;



the blow-up of the beam is practically independent of the betatron frequencies, vacuum
conditions, or wiggler elds;



the introduction of vertical collimators (the main source of impedance) does not aect the
blow-up of the beam;



this eect was not observed in the horizontal plane.

A theoretical explanation of the eect is proposed in [51].

The blow-up of the positron beam is

attributed to the single-bunch instability, which is caused by the interaction with the electron
clouds arising in photoemission or secondary emission. The instability arises in the multi-bunch
mode of operation, since an electron cloud is formed in a successive ight of many bunches.
Coherent dipole oscillations are excited by the wake-elds of the electron cloud, which manifest
themselves as the head-tail eect (strong or weak).
dimension is a result of the head-tail oscillations.

The observed increase in the transverse

The rise time of the instability is determined

by the density of the electron cloud near the beam. The distribution of electrons in the cloud was
calculated by computer simulation [54].
The results of calculation of the instability increments by a two-particle model are given in [51].
Formulae were derived and were used to make estimates of the increments for KEKB LER, which
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are in good agreement with the results of numerical simulation.

Within the framework of the

W0 =
ρe = Ne /πhx hy Lsep is the equilibrium space density of electron cloud with
allowance for neutralization, hx and hy are the vertical and horizontal semi-apertures of the vacuum
chamber, and Lsep is the distance between the positron bunches. Substituting W0 in the equation

two-particle model, the integral of wake elds in one revolution can be written in the form

8πρe P/Ne ,

where

for calculating the increment of the head-tail instability [26] with allowance for the chromaticity,
we can write down the following expression for the rise time of the dipole head-tail mode:

64 ρe hβy ire σz ξy f0
1
≈
,
τ1
3
αγ
where

α

is the momentum compaction factor,

ξ

(1.60)

σz is the length of
E = 2 GeV): τ1 ' 160 µs with a

is the chromaticity, and

positron bunch. Evaluation for the Super Charm  Tau factory (
chromaticity

ξ =1

(for KEKB LER

τ1 ' 500 µs

at

ξ = 8).

The two-particle model also makes

it possible to calculate the threshold value of the space density of electron cloud above which the
fast head-tail instability arises:

ρe >

2γνs
.
πre P hβy i

(1.61)

E = 2 GeV): ρe > 1012 m;

Evaluation for the Super Charm  Tau factory (

this value is close to the

estimates made for KEKB LER.
The mathematical model of the head-tail instability caused by electron clouds was published
in [55]. The model was developed on the basis of a multimode analysis of the eigenvalue problem
with allowance for the chromaticity of the magnetic lattice. The model also shows the results of
the analysis of the shift of the frequencies and the increments of the coupled modes in dependence
on the density of electron cloud and chromaticity, with and without feedback, for two installations:
KEKB LER and CERN SPS. It is shown that increase in chromaticity can signicantly rise the
instability threshold, the chromaticity eect being more pronounced at higher

Q

factors of the

model electron oscillator.
To reduce the density of electron clouds in KEK, it was proposed to use a magnetic eld (about
10 Gs is enough to capture photoelectrons with a characteristic energy of 10 eV), for which purpose
solenoids were placed on the free sections of the vacuum chamber.

1.8 Feedbacks
1.8.1 Objective of stabilization
The eective operation of lepton colliders and synchrotron radiation source is usually associated
with high requirements to the stability of beam parameters.

The following perturbating factors

can decrease the eciency of the accelerator: deviation of the elds in magnets from calculated
values, errors in the alignment of the elements of the magnetic system, seismic vibrations, thermal expansion of magnets and accelerating cavities, temperature drift of parameters, and other
dynamic eects.

Fully automated control of key beam parameters, such as the orbit, betatron

frequencies, coupling of oscillations, chromaticity, energy, etc., with continuous correction of perturbations introduced by the above factors becomes practically an integral part of the modern
accelerator control system.
The variety of modern feedback systems is determined by dierent requirements to feedback
parameters in accelerators of dierent types. Beam stability in colliders is a necessary condition
for optimizing luminosity in experiments on high-energy physics.
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Orbit stabilization is required

to minimize the emittance and ensure stable convergence of the beams at the interaction points.
In addition to the orbit, the feedback systems stabilize the betatron tunes to prevent intersection
of betatron resonances during acceleration because resonances can cause losses of beam particles.
In dependence on the sources, various perturbations aecting the beam orbit, betatron tunes,
betatron coupling, chromaticity, and energy can be conditionally divided into three groups.
1. External perturbations: changes in ambient temperature and atmospheric pressure; mechanical ground motion caused by seismic activity, tidal waves, and human activity (industry and
transport).

These perturbations come to the particle beam mainly from quadrupoles, the

beam focusing in which depends on transverse displacements.
2. The intrinsic perturbations of the accelerator: variation of the elds in the elements of the
magnetic lattice, noise caused by the ow of cooling liquids, vibration of ventilation pumps,
and eddy currents.
3. Failures of individual elements, which are important for large machines, where failure of one
of the tens or even hundreds of correctors can stop the experiment for the time of repair.
The characteristic time scale of the perturbations can be long-term (from several months to several
days), medium-term (days or hours) or short-term (from hours to milliseconds). Applicability of
feedbacks to correct slow perturbations of the beam is eventually limited by the thermal drift,
noise, and systematic errors in the measuring and correcting circuits. Because of the sensitivity of
beam to thermal drift, in the modern machines it is necessary to stabilize not only the orbit but
also the temperature of the experimental hall, accelerator tunnel, vacuum chamber, and cooling
water within about

±0.1 ◦ C.

The instabilities of longitudinal or transverse motion of beam with

fast growth times (multi-bunch and TMC instability) can be suppressed by fast feedback systems
whose reaction time is comparable with the period of beam revolution.
External perturbations, beam parameters, and the strengths of correctors are functions of time.
Therefore, the feedback systems are designed with a separate analysis of the scheme to correct
deviations of beam parameter from a required value for a given constant perturbation (space
domain) and time-dependent (time domain) processes describing the operation of the system in
real time. This separation makes the operation of the system more exible, especially at possible
failures of individual elements, when fast adjustment of the feedback parameters is required.

1.8.2 Correction algorithms
If the eect of the correcting elements on parameters such as the orbit, betatron tunes, betatron
coupling, chromaticity and energy can be considered linear in the rst approximation, then the
matrix formalism can be used to calculate the correction.

The relationship between the mea-

sured beam parameters and the corrective actions in the linear approximation is described by the
following matrix equation:

x = Rf,
x = (x1 , ..., xN ) is the
(f1 , ..., fM ) is the vector of M

where

(1.62)

vector of beam parameter values measured by
corrective actions,

which describe the reaction of the

ith

f

x

N

j th

corrector. In the

is the set of orbital deviations measured by

are the currents of the dipole correcting magnets.

The correction algorithm essentially consists in the inversion of the response matrix
ever, in practice, the matrix

R

f =
Rij of

pickups,

is the response matrix the elements

pickup to a change in the force of the

case of correction of the closed orbit of the beam,
the beam position pickups, and

R

R.

How-

often turns out to be degenerate or almost degenerate, and thus
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one of the most widely used algorithms to invert

T

R is the singular value decomposition, SVD. The
−1
and the inverse matrix as R
= V λ−1 U T , where

R = U λV ,
M × N dense unitary matrix, λ is the diagonal matrix consisting of the eigenvalues of the
matrix R, and V is the orthogonal matrix whose columns are eigenvectors of the matrix R. To
−1
−1
exclude singularities in the calculation of R
, the λ
k values corresponding to the small eigen−1
values λk are taken to zero. The number of eigenvalues used to calculate the inverse matrix R
response matrix is written down as

U

is a

is chosen as a compromise between the accuracy of the correction and the reliability of the algorithm: a larger number of eigenvalues provides better convergence, but the correction process
becomes more sensitive to measurement errors and electronics noise.

In addition, the response

matrix used for correction may diverge from the actual matrix of the magnetic lattice.

So, the

correction process can consist of several successive iterations.

1.8.3 Calculation of transfer functions
Analysis of the time-domain processes occurring in the system of beam parameter stabilization
makes it possible to optimize the system operation in real time. A scheme of a closed automatic
control system with one input and one output is shown in Fig. 1.42.
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Figure 1.42. First-order automatic control system.

The ob ject to control is characterized by the frequency-dependent transfer function
the control device (controller)by the function

D(s).

G(s),

and

The stability of the system and its sensitivity

to perturbations and noise are determined by the following functions:

T (s) ≡

y
D(s)G(s)
=
,
r
1 + D(s)G(s)

(1.63)

Sd (s) ≡

y
1
=
,
δd
1 + D(s)G(s)

(1.64)

Si (s) ≡

y
G(s)
=
,
δi
1 + D(s)G(s)

(1.65)

Su (s) ≡

u
D(s)
=
,
δd
1 + D(s)G(s)

(1.66)

T (s) is the full transfer function, Sd (s) is the nominal sensitivity that denes the suppression
Si (s) is the sensitivity to input perturbations, and Su (s)
is the sensitivity of the control system. The state variables are also indicated in Fig. 1.42: r is
the correction goal; y is the quantity to correct; e is the error signal; u is the corrective eect; δm

where

of perturbations by the feedback scheme,
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is the measurement noise;

δi

and

δd

are perturbations at the input and output of the object to

control. The sensitivity to measurement noise is equal to the nominal transfer function

T0 (s).

The classical feedback calculation is based on the study of the zeros in the denominator in
equations (1.63-1.66) using, for example, the Nyquist stability criterion, formulated as follows: a
close-loop system is stable if the hodograph of the transfer function
system does not encompass a point with the coordinates

(−1, 0i)

D(p)G(p)

of the open-loop

on the complex plane.

If an

open-loop system is unstable, then the closed-loop system is stable if and only if the hodograph

D(p)G(p) of the unstable open-loop system
(−1, 0i) n/2 times, where n is the number of the roots

of the transfer function
coordinates

of the open-loop system with a positive real part.

encompasses a point with the
of the characteristic equation

In this case, a number of conditions must be

met, such as providing the necessary bandwidth, minimizing mavericks in the regulatory process,
ensuring a wide dynamic range of corrective actions, and achieving maximum reliability with
respect to the measurement errors and the model inaccuracies.
As a rule, feedback systems for stabilization of beam parameters in accelerators are developed
and put into operation independently of each other, and their interdependence and reduction of
parasitic links are not studied properly. Nevertheless, for stable and reliable operation of systems,
as early as at the design stage it is necessary to take into account possible cross-links between
several parallel and possibly embedded feedback loops.

1.8.4 Orbit Stabilization
Stabilization of the orbit is necessary for eective collision of beams in a collider.

Usually, the

main cause of distortion of the beam orbit on the short to medium-term time scales is mechanical
displacement of the magnets caused by ground vibrations, thermal eects, movement of the cooling liquid, etc.

Other sources of instability are the power supply current oscillations containing

harmonics of the mains frequency and magnetic elds.

Identication and minimization of noise

sources at the stage of the accelerator design can signicantly improve the situation. However, in
many cases the required level of stability can only be achieved through feedback systems. In particular, it is impossible to do without fast feedbacks when the most stringent conditions are imposed
on the short-term (milliseconds to seconds) and medium (minutes to days) beam stability [56].
In a typical feedback scheme to stabilize the beam orbit, the input signals come from a set of
beam position pickups, and the corrective action is performed using dipole magnetic correctors.
Programmable signal processors of various types are commonly used as regulators.

In a local

scheme, three or four magnetic correctors create a local compensated eect to stabilize the position
and angle of the electron beam at a desired point without aecting the rest of the orbit. A global
feedback circuit, including all available beam position pickups and correctors, is to minimize the
root-mean-square deviation of the orbit from some optimal one.
A correction algorithm is based on the inversion of the response matrix that ties the beam
position at the locations of the pickups with the currents of the magnetic correctors. The method
of eigenvalue decomposition of the matrix is used for the inversion. With this method, a system
of an arbitrary number of pickups and correctors linked together by the response matrix can be
imaged in the transformed space, where each pickup is associated with one virtual equalizer via a
single coecient. These coecients correspond to the eigenvalues of the diagonal response matrix
in the transformed space, and thus it is possible to turn from the original MIMO system to a set of
independent SISO feedback loops for each transformed correction channel. The dynamics of each
channel is determined by the low-frequency characteristic of the corrector, mainly by the eddy
currents in the yoke of the magnet and the walls of the vacuum chamber.

Another important

parameter is the total delay time of the system, determined by the time of the measurement,
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processing, and transfer.

Thus, each correction channel can be fairly accurately described by a

model consisting of a rst-order low-pass lter and a delay.
Data processing in systems of fast orbit stabilization is most often realized in eld-programmed
gate arrays (FPGAs).
controller).

The control element is a proportional-integral-dierential controller (PID

At feedback operating frequencies up to 10 kHz,

the optimal choice of the PID

controller parameters enables eective stabilization of the beam orbit in the frequency band
of

100 ÷ 150 Hz.

Correctors without magnetic cores can be used to expand the frequency band

in local fast-feedback loops, while all available standard orbit correctors are usually included in
a slower global feedback.

Stable components of the perturbation spectrum, such as the mains

frequency and its harmonics, can be eectively suppressed by special narrow-band feedback loops.

1.8.5 Fast feedback systems
Modern accelerators are equipped with fast feedback systems for turn-by-turn or bunch-by-bunch
suppression of transverse and longitudinal instabilities of beam movement.

A block diagram of

feedback system for suppressing the transverse oscillations of beam is shown in Fig. 1.43.
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Input
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Picup 2
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Control system

Figure 1.43. Block diagram of feedback system for suppression of transverse oscillations of beam.

The beam position sensors are electrostatic or stripline pickups, whose signals are processed
by analogue hybrid circuits, whose output signals are proportional to the vertical and horizontal
coordinates of the beam and its intensity.

These signals are then detected and digitized.

The

digital data is processed by a eld-programmed gate array (FPGA), which calculates the strength
of the pulsed kicker impact on the beam.

Filters with nite impulse response (FIR lters) are

applied to processing the signals. Stripline pickups and kickers with directivity enable simultaneous stabilization of the motion of opposite-direction electron and positron bunches using the same
striplines for both types of particles [57].

Measurement of the beam position with two pickups

enables calculation of the transverse position and momentum of the beam in each revolution.
Signal processing includes the following operations: measurement of beam deection in the pickups, calculation of the coordinate and momentum of the beam in the kicker, and calculation of
corrective action. In longitudinal feedback systems, the input signal is the deviation of the phase
of the beam from the equilibrium signal, and broadband cavities are used as kickers.
For the Super Charm  Tau factory it is necessary to develop a feedback system for suppressing
the transverse multi-bunch instability caused by the interaction of the beam with the resistive
impedance of the walls of the vacuum chamber. It is also very likely that the threshold current of
the TMC instability will be close to the design beam current.
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1.9 RF system
The project of the Super Charm  Tau factory includes two storage rings:
beam energy in each ring is in the range of

1 ÷ 2.5 GeV.

for

e+

and

e− .

The

For both rings, the parameter values

are identical. Table 1.9 presents parameters of one ring of the Super Charm  Tau factory for the
maximum regime of the collider.
The beam structure: a train of 406 bunches lling each third separatrix and then 138 empty
separatrices.

Table 1.9. Parameters of storage ring of Super Charm  Tau factory.

Energy

1.0

Revolution frequency,
RF frequency,

1.5

f0

fRF

Harmonic number,

Bunch current,

499.954

MHz

1356

·

N0

8.3 10

10

4.93

Nb

mA

406

Train gap

138 (10%)

Total number of particles,

·

N

3.39 10

I

τ x / τ y / τz
Bunch length, σz
Energy spread, σ∆E/E
Energy spread, σE
Compaction factor, α
Synchrotron tune, νz
Energy loss per turn, U0
RF voltage, URF
*
Synchronous phase, ϕs1
Damping time,

*

GeV
kHz

I0

Number of bunches,

2.5

368.7

h

Number of particles per bunch,

Total current,

2.0

1.92

2.0

A

30/30/15

ms

1.28

−3

1.09 · 10
1.09

1

−3

1.1 · 10
1.65

−4

13

1

−4

9.3 · 10
1.86

−4

cm

−4

7.2 · 10
1.80

−4

MeV

−4

8.49 · 10
6.23 · 10−2

8.77 · 10
9.73 · 10−3

8.82 · 10
1.06 · 10−2

8.83 · 10
8.21 · 10−3

190

298

397

497

0.33

0.96

◦

1.5

◦

144.3

162.4

keV

1.2

◦

163.0

MV

◦

152.9

phase value relative to the zero of growing RF voltage.

1.9.1 Requirements to RF system
The operation of the RF system of the Super Charm  Tau factory has the following features:



heavy beam load (high beam power and reactivity introduced by it);



need to suppress multibunch instabilities (the feedback system and damping of the higher
modes of the RF system) and transient processes associated with the presence of unlled
separatrices (beam load uneven over the period of revolution, which requires a generator
power margin).

Since similar requirements were applied to the RF systems of the B-factories at KEKB and
PEP-II [58, 59], a preliminary estimation can be made using the parameters of the RF systems of these colliders.

Table 1.10 presents the parameters of the accelerating cavities of these

factories [60, 61, 62].
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Table 1.10. Parameters of accelerating cavities of B-factories at KEKB and PEP-II.

Parameter
Frequency,

ARES, KEKB

PEP-II

509

509

476

MHz

46.5

7.5

116

Ohm

5

4

fRF

Characteristic impedance,
Q factor,

s/c, KEKB

ρ

1.15 · 10

Q0

RF voltage,

URF

Power to cavity and to beam

3 · 10

1.3

0.5

0.59

MV

250 ÷ 400

350

350

kW

Comparison of the required maximum RF power, of about 1.2 MW, the losses taken into
account, and the maximum RF voltage, 1.5 MV, shows that the RF system of each ring must
include at least three accelerating cavities.
The simplest conguration of the RF system is the power supply of each cavity from a separate
klystron with a power equal to

400 ÷ 500 kW (continuous wave).

The powers of klystrons available

in the market are 300, 800, or 1200 kW. In this case, the arrangement of the RF system has several
options:



4 klystrons (each for 300 kW CW) for 4 cavities;



6 klystrons (each for 300 kW CW) for 3 cavities;



2 klystrons (each for 800 kW CW) for 4 cavities.

Figure 1.44, a) presents the option of 6 klystrons THALES TH2161B (310 kW) and 3 accelerating
cavities.

Figure 1.44, b) shows the option with 2 klystrons made by CPI (Microwave Power

Products Division) VKP-7958A (800 kW) and 4 accelerating cavities.
To reduce the RF power reected from the cavity (compensation for the beam-induced reactivity), it is necessary to detuning the eigenfrequency of the RF system and the operating
frequency

fRF .

The detuning value can be estimated from the following formula:



fRF Iρ sin arccos
df = −
where

URF



U0
URF


,

fRF , I , U0 , and URF are parameters from Tab. 1.9, and ρ is the total characteristic impedance

of the cavities of the RF system.
Table 1.11 gives estimates of the impedance of the 3-cavity RF system, obtained using data
from Table 1.10. The minimum bandwidth

∆f

and detuning of the RF system

df

occur with the

ARES cavities, and the maximum ones occur with the PEP-II cavities. In this case, suppression
of the bunch beam instabilities associated with the interaction with the working mode of the
RF system may necessitate creation of a feedback system on comb lters. A description of such a
system for PEP-II is given in [63]. Fig. 1.451.46 shows cavity impedance curves without feedback
and with feedback, taken from this article.
The interaction of bunches with higher order modes (HOMs) of the accelerating cavities can
also lead to development of multibunch beam instabilities, which will limit the beam current.
Therefore, the design of the accelerating cavities should allow for decrease in the Q factors (suppression) of the HOMs.
There is an additional requirement to the operation of the RF system, consisting in ensuring
the exactness of bunch arrival at the IP. Since part of the perimeter of the ring is not lled with
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Circulator

Magic-Tee

Klystron
Cavity

Klystron Power
Supply

Load

(a) Each cavity is powered from two THALES TH2161B klystrons via circulators and hybrid
waveguide tee; the klystrons have common power source.
Magic-Tee
Cavity

Circulator
Klystron

Load

Klystron
Power
Supply

(b) Two klystrons VKP-7958A feed four cavities.
Figure 1.44. Options of RF system of one ring of Super Charm  Tau factory.
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Parameter
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RF
reference
impedance
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link
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500

Characteristic impedance,

band limited
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kick
3 signal

ρ

·

Q (2.5 GeV)
Bandwidth, ∆f = fRF /Q
Detuning, df (2 GeV, 3 cavities)
Detuning, df (1 GeV, 1 cavity)
Q factor with load,

5.19 10
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500 delay
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delay
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loop
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500
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filtersOhm
348
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Fig. 2. Block diagram of RF feedback loops used in the
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kHz
PEP-II low-level RF system. Multi-cavities not shown.
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At the design current the beam induced cavity voltage
vector is larger than the klystron vector. To prevent the RF
feedback loops from saturating while trying to fight the
cavity transients caused by the 370 ns ion clearing gap, a
dedicated module performs a learning algorithm and generates IQ references which track the gap transient.
To provide a safety margin of longitudinal control each
RF station may be modulated with a band-limited version
of the longitudinal feedback system “kick” signal. A fiber
optic serial link allows each RF station to operate as a
powerful “sub-woofer” for the wideband (but power limited) longitudinal multi-bunch [8] feedback system (LFB).
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accelerating mode of the RF cavities. The cavity detuning
required to store the high beam currents create a worst
case scenario where the peak cavity impedance actually
crosses the first revolution harmonic (figure 1). Evaluating
equation 1 for these conditions produces longitudinal
growth rates less than one revolution period. This drove
the system design to include several RF feedback loops to
reduce the impedance observed by the beam (figure 2) [1].
The direct RF feedback loop is a simple proportional
controller operating on the complex RF vector using the
cavities as the bandwidth limiting element(s). The gain of
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bunches (a train gap of 10%, see Table 1.9), at the respective time the RF system is not loaded
with the beam.

This leads to the fact that the amplitude and phase of the accelerating voltage

change with a period equal to the period of revolution:

during the ight of a train of bunches,

the amplitude of the voltage across the cavities decreases (because at this time the load exceeds
the average value over the period of the revolution), and during train gap it increases to its initial
value (see Fig. 1.47). As a result, each bunch will have its own synchronous phase:



◦

ϕsi = 180 − arcsin
is the synchronous phase of the

ith


+ ϕRFi ,

U0 is the energy loss per turn, URFi is the
amplitude of the RF voltage (during the ight of the ith bunch), and ϕRFi is the value of the
RF voltage phase relative to the generator current (during the ight of the ith bunch).
The value of the voltage dUi induced by the passing ith bunch on the cavities of the RF system
where

ϕsi

U0
URFi

bunch,

can be estimated from the following formula:

dUi = −
where

qi

is the bunch charge, and

C , ωc ,

and

qi
= −qi ωc ρc ,
C
ρc are, respectively,

the equivalent capacitance, the

1.4

Phase, degree

Voltage, MV

cyclic frequency, and the total characteristic impedance of the RF system cavities.

1.35
1.3

1.25

10

5

0

−5

1.2
1.15

−10

1.1
−15

1.05
3

1

44

44.5

45

3

×10

−20

44

44.5

Bunch number

×10

45

Bunch number

Figure 1.47. Varying amplitude and phase of RF voltage.

If the charge distributions over the bunches in both rings are identical, then the RF voltages
in both rings change identically during the time of ight; the synchronous phases for each pair of
colliding bunches (with the same number from dierent rings) are also the same. In this case, the
interaction point for each pair of bunch does not move.
If the bunch charges in each ring are varied independently in the range of

±10%

from the

average value (this is caused by the need to compensate for the loss of particles by means of

dUi induced
within ±10%. As

additional injection during the factory operation), then the voltages

by them (in

the ight through the cavities of the RF system) will also vary

a result, the

amplitudes and phases of the RF voltages in the two rings will dier, and hence the synchronous
phases in the pairs of colliding bunches (with the same number from dierent rings) will also be
dierent, which will cause displacement of the IP from pair to pair.
The value of the dierence for synchronous phases

ϕsi

and hence the value of the displacement

of the interaction point are directly proportional to the non-uniformity of the charges in the
bunches (in C), as well as to the frequency and the total characteristic impedance of the cavities.
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Since the average value of the bunch charge has been set (by the beam current), the inhomo-

±10% of
ωc = 2π · 500 MHz),

geneity of the bunch charge is also given (and amounts to

the average value) and the

frequency of the RF system operation is xed (

the displacement of the IP

is entirely determined by the value of the total characteristic impedance

ρc

of the cavities of the

RF system.
Estimates show that to ensure a required accuracy of the beam interaction point of

1.5 ÷ 3 mm,

it is necessary to have an RF system with a total characteristic impedance not exceeding 350 Ohm
(the estimate is derived from peak-to-peak levels).

1.9.2 Accelerating cavities
A more detailed evaluation of the RF system of the Super Charm  Tau factory was made using the
data for accelerating cavities at PEP-II [62]. These cavities are made of copper and equipped with
a waveguide power input (with a vacuum ceramic RF window), a tuner for adjusting the frequency
of the operating mode, and 3 waveguide suppressors of higher order modes.

The parameters of

cavity are given in Table 1.12.

Table 1.12. Cavity parameters at PEP-II.

Parameter
Length,

Value

∼ 2m

L

Operating frequency,

fRF

Characteristic impedance,
Q factor,

476 MHz

ρ

Shunt impedance
RF voltage,

116 Ohm

3 · 104

Q

3.5 MOhm

URF

0.59 MW

RF power applied at cavity
Power of loss in walls
Power transmitted to beam

350 kW
50 kW
300 kW

The number of accelerating cavities is determined by the maximum required RF power, which
is equal to 994 kW to the beam (when operating at 2.5 GeV), and the maximum RF voltage, which
is equal to 1.5 MV in operation at 2.0 GeV(see Table 1.9). From comparison of these requirements
with the parameters of cavity at PEP-II (see Table 1.12) it follows that each ring of the Super
Charm  Tau factory needs three cavities of this type.

1.9.3 RF power supply system
The maximum RF power level of the generator corresponds to operation at 2.5 GeV. This level
is determined by the sum of the power transmitted to the beam and the power of loss (in the
waveguides and circulators of

∼ 7%

and in the walls of the cavities and in HOMs loads) and is

equal to 1.17 MW for each ring of the Super Charm  Tau factory.
The THALES TH2161B (500 MHz, 310 kW) klystrons or the CPI VKP-7958A (800 kW) klystrons
can be used as RF power generators (see Fig. 1.44).
Let us make an estimation of the power consumption.

Taking the eciency of the klystrons

equal to 64% and the eciency of the high-voltage power supplies equal to 89%, we nd that the
total power consumption for the two rings is

2 × 1.2 MW/0.89/0.64 = 4.2 MW.
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1.9.4 Procedure for calculating operation of RF system
Simulation of the operation of the RF system was carried out using the equivalent circuit shown
in Fig. 1.48.

Cavity

Generator

Beam

Beam

Rg
C, R

, and

L

Ig

C

R

L

Ib

Ig

are parameters of equivalent resonant circuit;

generator, referred to circuit;

Ig

is the RF generator current;

C R||Rg L

Ib

Rg is the equivalent impedance
Ib is the beam current.

of

Figure 1.48. Equivalent circuit of RF system.

Figure. 1.49 shows the time dependence of the voltage on the resonant circuit.

URF is the amplitude of the RF voltage (since the picture is qualitative, for its simplicity we neglect
the change in URF after the ight of bunches); T is the generator oscillation period; τi and τi+1 are
the moments of ight of the bunches, counted from the moments T and 3T ; qi /C and qi+i /C are
the changes in the voltage after the ight of the bunches with the numbers i and i + 1.
Figure 1.49. Voltage

UC (t) vs.

time, shown near moments of ight of bunches with numbers

i and

i + 1.
The oscillatory process in the resonance circuit shown in Fig. 1.48 can be represented as the
superposition of the processes caused by the generator current (forced oscillations) and by the
beam current (damped free oscillations arising in the circuit after the ight of the next bunch).
The capacitor voltage

UC

and current through inductor

IL

follows:

UC (t) = UC forced (t) + UC free (t) ,
IL (t) = ILforced (t) + ILfree (t) .
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versus time can be written as



for forced oscillations





Ig ρ Q exp (j (ωg t + ϕ)) 


,
1 + jQ ωωgc − ωωgc


Ig Q exp (j (ωg t + ϕ)) 


 ,
ILforced (t) = Re 
ωg
ωg
ωc
j ωc 1 + jQ ωc − ωg

UC forced (t) = Re 

Ig , ωg , and ϕ are the amplitude, cyclic frequency, and phase of the generator current,
ρ, ωc , and Q are the characteristic impedance, cyclic resonant frequency, and Q factor
the circuit with load Rg (see Fig. 1.48, right);

where
and
of



for free oscillations (after the ight of the next bunch)


 

1
,
UC free (t) = Re UC free (0) + jρILfree (0) exp ωc t j −
2Q





1
1
,
ILfree (t) = Im UC free (0) + jρILfree (0) exp ωc t j −
ρ
2Q


where

UC free (0)

and

ILfree (0)

are the voltage and current at the zero time point.

The voltages and currents during the ight of the

ith

bunch can be calculated by the following

step-by-step algorithm.
1. 1.

t = 0, corresponding to the zero phase of the generator
UC (0) (see Fig. 1.49), and the current is IL (0). Then for the voltage
at an instant τi we obtain
h

i
UC (τi ) = Re UC (0) − UC forced (0) + jρ IL (0) − ILforced (0) ×



1
× exp ωc τi j −
+ UC forced (τi ),
2Q
h

i
1
IL (τi ) = Im UC (0) − UC forced (0) + jρ IL (0) − ILforced (0) ×
ρ



1
× exp ωc τi j −
+ ILforced (τi ).
2Q

Suppose that at a moment

current, the voltage is
and current

2. Let

τi

be the moment of ight of a synchronous particle with a charge

qi .

Then for the

values the of voltage and current immediately after the ight we obtain

UC (τi + 0) = UC (τi − 0) −

qi
,
C

IL (τi + 0) = IL (τi − 0).
3. For the moment

t = 3T ,

corresponding to the zero
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moment of the next bunch (see

Fig. 1.49), we obtain:

h


i
UC (τi + 0) − UC forced (τi ) + jρ IL (τi ) − ILforced (τi ) ×



1
+ UC forced (0),
× exp ωc (3T − τi ) j −
2Q
h

i
1
IL (3T ) = Im UC (τi + 0) − UC forced (τi ) + jρ IL (τi ) − ILforced (τi ) ×
ρ



1
× exp ωc (3T − τi ) j −
+ ILforced (0).
2Q

UC (3T ) = Re

4. For the bunch with the number

i+1

we set that

t = 0:

UC (0) = UC (3T ),
IL (0) = IL (3T )
and repeat the calculations of steps

1 ÷ 3.

The calculations carried out in this way allow us to determine the values of the voltage
current

IL

during the entire period of revolution of the beam (for 1356 periods

UC

and

T ).

Modeling of the tuning of the RF system is reduced to selection of tuning of the cavity frequency
and the value of the generator current to provide a stationary process of particle acceleration at
a given RF voltage and energy loss per turn.

1.9.5 Operating modes of the RF system
Table 1.13 presents the results of modeling of the operating modes of the RF system of the storage
ring for parameters corresponding to the data from Table 1.9 (overdesign).

To obtain a stable

regime when operating at an energy of 1 GeV, we reduce the beam current to 1.25 A, and only one
accelerating cavity used (to reduce the characteristic impedance). Operation at a current of 2 A
necessitates further reduction in the characteristic impedance (down to

∼ 15 Ohm)

or application

of feedback system.
The calculations for each regime were carried out in two stages.
1. First, we tuned the RF system for a beam with identical charges in the bunches.
2. Then (with these settings of the RF system) we calculated beams with a random variation
of charges in the bunches within

±10%

(of the average value). This calculation was carried

out twice, modeling regimes for both storage rings of the accelerator.

Comparison of the

synchronous phases obtained for these two calculations allows estimating the oset of the
interaction point.
For each mode of operation, the displacement of the interaction point was estimated from the
peak-to-peak levels (the dierence between the maximum and minimum values) of three pairs of
calculations (see Fig. 1.50).

1.9.6 Control System
Figure 1.51 presents the block diagram of the RF system in which each accelerating cavity is fed
from a separate klystron.
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Table 1.13. Modes of operation of RF system of one ring (with margin in parameters).

Energy

1.0

1.5

2.0

2.5

Beam current

1.25

2.0

2.0

2.0

A

Loss per turn

190

298

397

497

kV

Power to beam

238

596

794

994

kW

RF voltage

330

960

1500

1200

kV

1

3

3

3

pc.

330

320

500

400

kV

-185

-349

-224

-273

kHz

16

44

108

69

kW

Power into RF

254

640

902

1063

kW

Power into 1 cavity

254

213

301

354

kW

VSWR in feeder line

1.05

1.06

1.84

1.0

Generator power

254

704

992

1169

kW

Generator power without frequency tuning

291

1200

1350

1470

kW

RF shift of interaction point (peak-to-peak)

1.79

1.78

0.92

1.5

mm

Number of cavities
Voltage across one cavity
Frequency detuning

Offset of meeting point, mm

RF loss in cavities

0.8
0.6
0.4
0.2
0

−0.2
−0.4
−0.6
−0.8
0

100

200

300

400

Bunch number
Figure 1.50. Oset of IP.
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RF switch-on
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D2

-

+

+

+

+
Reference
voltage 2

Reference
voltage 1

Operation for accelerator
PD 1

LINE 2
LINE 3
Figure 1.51. Block diagram of RF system of Super Charm  Tau factory.

1.9.7 Estimation of parameters of RF system with superconducting
cavities
The estimates are based on the parameters of the superconducting cavities with suppression of
HOMs at HER SuperKEKB [61, 64] (see Table 1.10).
According to these data, three superconducting cavities are enough for one ring of the Super
Charm  Tau factory. The total characteristic impedance of the cavities will be 140 Ohm, which is
2.5 times less than the characteristic resistance of the RF system based on PEP-II cavities. Such
a decrease in the characteristic impedance will result in a 2.5-fold decrease in the displacement of
the interaction point and a decrease in the detuning of the cavities to 115 kHz (see Table 1.11),
which would allow us to abandon the need to create a feedback system.
According to the estimates of the superconducting cavities of the project SuperPEP [65], one
cavity with a 1 MW transmission power and an accelerating voltage of 1.5 MV will be enough for
the RF system of one ring of the Super Charm  Tau factory.
However, currently there are no manufacturing technologies for superconducting cavities in
Russia.
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1.10 Vacuum system
1.10.1 Requirements to the vacuum
The operating vacuum in the electron ring is determined by the dynamics of storage of ionic core
as a result of the ionization of the molecules of the residual gas.

In p. 1.7.7 it was shown that

for the rise time of fast ion instability to exceed the period of revolution of relativistic particles
by tens of times, a vacuum at a level of

10−9 Torr

is required (in the nitrogen equivalent). In the

positron ring, the pressure of the residual gases is determined by the requirement to the vacuum
lifetime of the beam: not less than 3 hours.

Inelastic scattering of electrons and positrons with

energies of above 0.5 GeV on the molecules of the residual gas is the dominant process, which
determines the vacuum lifetime of the beam:

 




−1/3
E
E
+ 19 ln ∆E
− 58 ln 183Zi
−1 , cross-section of inelastic scattering
 σin = 4re2 αZi2 43 ln ∆E
on the nuclei of the residual gas molecules,

 σie =

4re2 αZi2

 
4
3

ln

E
∆E

−

5
8



ln

−2/3 
1440Zi

+

1
9



ln

E
∆E


−1 ,

cross-section of inelastic scat-

tering on the electrons of the residual gas,

 τ=
where


P

i

ni c σin + σie

ni = Pi /kT



−1
, beam lifetime,

is the concentration of the residual gas of the

sponding residual gas pressure,
light velocity,

k

is the Boltzmann constant,

T

ith

component,

Pi

is the corre-

is the gas temperature,

c

is the

4E/E is the energy acceptance, Zi is the nuclear charge of the ith component
α is the ne structure constant, and re is the classical radius of electron.

of

the residual gas,

The main components of residual gases in the presence of synchrotron radiation are molecular
hydrogen (about 80%) and carbon monoxide (less than 20%). The remaining signicant components (carbon dioxide and saturated hydrocarbons) are less than 5%. Calculations show that the
pressure of the residual gases in the positron ring must not exceed

3 · 10−9 Torr

for the vacuum

beam lifetime to be three hours at least.

1.10.2 Concept of beam vacuum chamber
Table 1.14 presents the main parameters of the collider that determine the geometry and properties
of the beam vacuum chamber.
To ensure the maximum smoothness of the beam vacuum chamber and to simplify and reduce
the cost of the evacuation system, it is proposed to use the TiZrV getter coating (the technology
has been implemented at BINP [66]).

Such a solution obviously provides the required level of

rarefaction in the presence of intense SR since it transforms the inner surface of the vacuum
chamber from a source of gas loading into a distributed vacuum pump [67, 68, 69]. In addition,
certain regimes of the TiZrV system getter deposition result in lms with a low quantum yield of
secondary electrons [70, 71], which makes it possible to reduce the density of electron clouds in
the positron ring. To activate the getter, it is necessary to warm up the chamber (up to

220 ◦ C).

Calculation of the maximum possible internal vertical aperture of the chamber in a dipole
magnet:

the dipole distance gap

for thermal insulation)

− 2h

− 2 mm

(doubled technical section)

− 2 mm

(double wall thickness of the vacuum chamber).

thickness of 2 mm, the inner diameter of the vacuum chamber is 68 mm.
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(double clerance

Thus, with a wall

It is assumed that the

Table 1.14. Parameters of vacuum chamber of Super Charm  Tau factory.

Parameter

Value

Beam current

2A

21 −1

∼ 4.5 · 10 s
∼ 5.5 · 1018 s−1 m−1
∼ 900 kW

Total SR ux
Average SR ux per unit length
Total SR power
Maximum SR power of dipole magnet

6.2 kW

Maximum SR power of damping wiggler

109 kW

Bunch repetition period

6 ns

Number of bunches

*
**

406

Gap between poles of dipoles*

76 mm

Diameter of inscribed circle of magnetic lenses*

76 mm

Minimum distance between poles of sextupoles**

17 mm

Minimum technological gap to the poles is 2 mm.
Minimum technological gap to the poles is 1 mm.

vacuum chambers will be made of an aluminum alloy (for example, A6063) by extrusion, which
allows designing the vacuum chamber with channels for water cooling and installation of heaters.
The most signicant potential problem of the positron ring is the formation of dense electron
clouds. According to many theoretical estimates and experimental results [72, 73], the threshold
density of electron cloud at which coherent beam instabilities arise is as low as

5 · 105 cm−3 .

The primary source of low-energy electrons in the beam propagation region are photo electrons
resulting from the action of direct, re-reected, and re-emitted photons of SR on the walls of the
vacuum chamber.

The simplest and most eective way to suppress the photo electrons in the

straight drift section is application of a longitudinal magnetic eld of

20 ÷ 30 G, which deects the

electrons back to the walls of the vacuum chamber. In the magnet elements, the photo electrons
from the direct SR are also deected back to the chamber wall.

Therefore, the accumulation of

electrons in the beam propagation region is because of electrons (moving along the lines of force of
the magnetic eld) resulting from the action of the re-reected and scattered SR. For estimates,
in a simple circular vacuum chamber the fraction of re-reected and scattered photons is taken
equal to 70% of the direct SR ux[74, 75].

In the rst approximation, the vacuum chamber is

uniformly illuminated by this photon ux.

The averaged quantum yield of photo electrons at

photon energies of above 20 eV is

2 ÷ 5% [74, 75].

On the average, in a chamber with a diameter of

over 40 mm, a time between bunches of 6 ns, and a number of positrons in a bunch of

7 · 1010 ,

the

photo electrons have time to accelerate in the eld of two bunches (they get two bumps) before
they reach the wall of the vacuum chamber. Thus, the average lifetime of the photo electrons is
12 ns. Respectively, the average density of the photo electrons can be estimated as

ne =
where

Γ0 = 5.5 · 1018 m−1 s−1

2τ Γ0 R Y
≈ 7 · 105 cm−3 ,
πr2

is the average photon ux per unit length of the beam chamber,

τ = 6 ns is the period of bunch repetition, r = 34 mm is the radius of the beam vacuum chamber,
R = 0.7 is the fraction of the re-reected and scattered photons, and Y = 0.05 is the quantum
yield of photo-electrons.
The obtained estimate of the photo electron density already exceeds the threshold of beam
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instability. Therefore, the geometry of the vacuum chamber must be arranged so that the surface
interacting with the direct SR ux is beyond the beam propagation region. Possible realizations of
the beam vacuum chamber by the method of aluminum alloy extrusion are presented in Figs. 1.521.54.

The extrusion technology enables simultaneous production of parallel channels for cooling

(curly channels) and heating of the chamber (channels with a diameter of 3 mm).
Free electrons are accelerated in the eld of the bunches to energies exceeding 100 eV. The
interaction of the accelerated (primary) electrons with the walls of the vacuum chamber leads to
formation of secondary electrons, which after acceleration in the eld of subsequent bunches in turn
act as primary electrons. If, on average, the number of the secondary electrons in the process of
the secondary electron emission exceeds the number of the primary electrons, this process leads to
an avalanche-like increase in the electron density (this phenomenon was called the multipactor)
in the beam propagation region. Note that the phenomenon of the secondary electron emission can
lead to a signicant increase in the density of the electron cloud in the beam propagation region
even if the average quantum yield of the secondary electrons is less than the unity.

Assuming

that the average number of the secondary electrons does not exceed the number of the primary
electrons, the total density of the electron cloud can be estimated from the following expression:

ne =
where

s

Y · s· Γ0 · τ
,
(1 − δeff )· πr2

is the fraction of the photon ux interacting with the walls of the vacuum chamber in

the beam propagation region,

∞
R
δeff = δ(Ee )ne (Ee )dEe

is the eective (average) secondary electron

0

δ(Ee ) is the quantum yield of secondary electrons as a function of the energy of
the primary electrons (the maximum value of δ(Ee ), which as a rule exceeds 1, and corresponds to
the energy of the primary electrons in the range of 200 ÷ 400 eV), ne (Ee ) is the energy distribution
emission coecient,

of the primary electrons, which is most dicult to estimate because of the shielding eect of the
space charge of the electron cloud itself on the interaction with the beam. The estimates show that
if a certain functional coating or specialized treatment of the vacuum chamber allows reducing
to a value of 0.95 or less, then the requirement to

s

δeff

is 0.05 or less, which is quite feasible.

Currently, there are three options for processing the inner surface of the chamber that signicantly decrease the quantum yield of secondary electrons.
1. TiZrV system getter coating.

As already noted, this is the most promising option since

it provides distributed pumping of the beam vacuum chamber.
vantages: the vacuum chamber is to be warmed up to 220
required for obtaining

δ max <1,

It has the following disad-

C, and a technological study is

which has not yet been implemented in practice.

2. Graphene-like carbon coating [76].
quired.

◦

Advantage:

no heating of the vacuum chamber is re-

Potential disadvantages: signicant gas emission because of the SR. A distributed

pumping system is required.
3. Laser surface treatment [77].

Advantages: no heating of the vacuum chamber is required.

Potential disadvantages: signicant gas emission because of the SR. A distributed pumping
system is required.
All the three options of processing the inner surface of the beam vacuum chamber require careful
study in terms of reliability in operation in the presence of intense SR and requirements to the
radio-frequency impedance of the beam vacuum chamber.
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Figure 1.52. Cross section of regular vacuum chamber.

Figure 1.53. Cross section of vacuum chamber in sextupole lenses.

Figure 1.54. Cross section of vacuum chamber in wigglers.
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1.11 Magnet system
The magnet lattice of the Super Charm  Tau factory consists of two identical storage rings: for
positrons

1

and for electrons. The main part of the magnet lattice of each of the rings consists of

normally conducting electromagnets. The superconducting devices (nal focus, damping wigglers,
solenoids of Siberian snakes) are discussed in p. 1.13.
Table 1.15 presents the types of magnetic elements for one ring with the following notation:

Bn =
x
B1

y

where

and

eld,

is the eld gradient,

∂ n By
(x = 0, y = 0, z),
∂xn

are the horizontal and vertical directions, respectively.

B2

B0

That is,

is the dipole

is the sextupole gradient, and so on.

Table 1.15. Types of magnetic elements of one ring of Super Charm  Tau factory.



Magnet type

Length, cm

Apert., mm

150 × 76
150 × 76

1

Dipole

34

2

Dipole

100

Not.

Min

Max

Unit

Q-ty

B0
B0

0.0

10.5

kG

160

1.0

6.0

kG

18

Total

178

1

Quadrupole

25

2

Quadrupole

30

3

Quadrupole

40

4

Quadrupole

50

5

Quadrupole

65

B1
B1
B1
B1
B1

∅76
∅76
∅76
∅76
∅76

0.2

1.2

kG/cm

41

0.7

2.2

kG/cm

130

0.0

2.6

kG/cm

60

0.0

2.6

kG/cm

97

0.0

2.6

kG/cm

84

Total
1
2
3

412

Sextupole

20

Sextupole

30

Sextupole

40

B2
B2
B2

∅76
∅76
∅76

0.0
0.0
0.0

1.3
1.3
1.3

kG/cm
kG/cm
kG/cm

2
2
2

Total

14
90
14
118

The material of the cores of all magnetic elements is stamped sheet electrotechnical steel of
grade 21848; the thickness is 1 mm; the lling factor is 98%.
The vacuum chamber cross section has a complex shape, with a
thickness of the walls in the minimum size (vertically) is 2 mm.

∅68 mm

beam area.

The

The technical gap to the poles

is 2 mm. The vertical aperture of the dipoles (pole gap) is 76 mm; the inscribed diameter in the
quadrupoles and sextupoles is

∅76 mm.

The magnetic calculations are performed by the program

MERMAID, created by A. N. Dubrovin

at BINP SB RAS.

1.11.1 Dipole magnets
All the dipole magnets have the same yoke cross section. Field variation occurs due to the current
and number of turns in the excitation winding.

Since the lengths of the magnets are small in

comparison with the radius of curvature of the trajectory of the beam, the magnets are straight
(rectangular bending).

The vacuum chamber in the dipole magnet aperture has a regular cross

section (see p. 1.10, Fig. 1.52). The cross section of

1 In

1/4

magnet is shown in Fig. 1.55.

the positron ring there are no superconducting solenoids of Siberian snakes.
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Figure 1.55. Cross section of

The excitation winding consists of two coils:
copper hollow conductor with a

1/4

dipole magnet.

top and bottom ones.

23 × 15 × ∅6.55 mm

The coil is made of a

cross-section. Each coil of the 1st and 2nd

type dipoles contains 4 layers of 7 turns, in total 28 turns, and each coil of the type 3 dipoles
contains 2 layers of 7 turns, in total 14 turns.
Figure 1.56 shows the distribution in the axis

x (y = 0)

at small and large led levels.

distribution is similar at intermediate eld values. The eld quality
in the area within

±30 mm.

∆B/B

is better than

The

±1·10−4

The shape of the core meets the requirements to the eld quality.

(a) 1 kG

(b) 10.5 kG

Figure 1.56. Field distribution in dipole magnet.

Table 1.16 presents the parameters of the dipole magnets.
All types of the dipole magnets are provided with a correction of

±1%. 2 × 2 mm

PSD type

tie, current of up to 6 A, 45 turns per coil, two coils per magnet.
The coils are cooled by water. At a pressure dierence of 4 atm, the heating of the coils of all
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Table 1.16. Parameters of dipole magnets.

Type

Q-ty

L,

cm

B0 ,

kG

I,

A

U,

P,

V

kW

Dimensions, m

0.6 × 0.76 × 0.62
0.6 × 0.76 × 1.28

1

160

34

10.5

1150

6.8

7.8

2

18

100

6.0

1300

6.8

8.8

Notation:

L

is the magnetic length,

voltage drop on one magnet,

types is less than

16

◦

P

B0

is the maximum eld,

I

Weight, t
1.2
3.0

is the current in the coil,

is the power, dimensions: height

U

is the

×width×length.

C. The total thermal power released on the dipole magnets of the two rings

is 2475 kW.

1.11.2 Quadrupole lenses
All the quadrupole lenses have an inscribed radius of the core

∅76 mm.

In the lens aperture the

vacuum chamber has a regular cross section (see p. 1.10, Fig. 1.52). Figure 1.57 presents

1/4

of

the cross section of the quadrupole lens.

Figure 1.57. Cross section of

1/4

quadrupole lens.

Quadrupoles of the types 1 and 2 have an additional gradient correction. The other types of
quadrupoles are fed individually and do not have any correction. In all quadrupoles, the coils are
wound of a hollow copper conductor with a

6.35×6.35×∅3.15 mm cross section.

The cross-section

is chosen such that the voltage of the power supply on the families is less than 1000 V. The number
of turns in quadrupoles with dierent gradients is dierent.
Figure 1.58 shows the eld distribution along the axis
The eld quality

∆B1 /B1

is better than

−3

±1 · 10

x (y = 0 )

in the area within

core meets the requirements to the eld quality.
Table 1.17 lists the parameters of the quadrupole lenses.
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for dierent gradient levels.

±30 mm.

The shape of the

Figure 1.58. Field distribution in quadrupole lens.

Table 1.17. Parameters of quadrupole lenses.

Type

L,

Q-ty

cm

B1 ,

kG/cm

I,

A

U,

A

P,

kW

Dimensions, m

0.7 × 0.7 × 0.40
0.7 × 0.7 × 0.50
0.7 × 0.7 × 0.60
0.7 × 0.7 × 0.70
0.7 × 0.7 × 0.85

1

41

25

1.2

113

12

1.4

2

130

30

2.2

120

27

3.2

3

60

40

2.6

113

48

6.4

4

97

50

2.6

133

60

8.0

5

84

65

2.6

133

77

10.2

Notation:

L is

the magnetic length,

the voltage drop on one magnet,

P

B1

is the maximum gradient,

I

Weight, t
0.32
0.43
0.61
0.76
0.97

is the current in the coil,

is the power, dimensions: height

U

is

×width×length.

1.11.3 Sextupole lenses
All the sextupole lenses have the same radius of the inscribed circle,

∅76 mm.

The vacuum

chamber in the aperture of the sextupole lens has an irregular shape (see p. 1.10, Fig. 1.53).
Figure 1.59 shows a

1/4

cross section of sextupole.

All types of the sextupoles are fed individually and have no correction coils. The coil is made
of a copper hollow conductor with a

6.35 × 6.35 × ∅3.15 mm
2

Creating a sextupole gradient of more than 1.4 kG/cm
tion occurs in the neck of the core in a distance of

cross-section.

is problematic. The maximum satura-

7 ÷ 8 cm from the midpoint.

Varying the shape

of the pole, the closing yoke, or the coils does not change the situation.
Figure 1.60 shows the distribution of the eld and the gradient
along the radius at

1.4 kG/cm.

Table 1.18 lists parameters of the sextupole lenses.
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B2

in the area within

±27.5 mm

Figure 1.59. Cross section of

1/4

sextupole lens.

Figure 1.60. Field and gradient of sextupole lens.

Table 1.18. Parameters of sextupole lenses.

Type

Q-ty

L,

cm

B2 ,

kG/cm

2

I,

U,

A

A

P,

kW

Dimensions, m

0.7 × 0.76 × 0.33
0.7 × 0.76 × 0.43
0.7 × 0.76 × 0.53

1

14

20

1.3

108

40

4.3

2

90

30

1.3

108

48

5.2

3

14

40

1.3

108

57

6.2

Notation:
the coil,

U

L

is the magnetic length,

B1

is the maximum sextupole gradient,

is the voltage drop on one magnet,

P

I

Weight, t

0.90
1.17

is the current in

×width×length.

is the power, dimensions: height

84

0.64

1.12 Power Supply System
The magnetic elements of the Super Charm  Tau factory (see Table 1.15) are fed by power supplies
(PSs): some of the dipole and quadrupole magnets are fed in series from one PS and make groups
or families of magnets; the rest, as well as all the sextupole lenses, are fed individually.

The

magnets powered in families have low-current correction coils, which are fed individually.

The

parameters of PSs are listed in Table 1.19.

Table 1.19. Currents and voltages of magnetic elements of collider.

Magnet

PS

NM

I,

A

U,

V

P,

kW

∆I/I

Type 1 dipole

DPS1

1

144

1060

900

954

1 ppm

Type 1 dipole

DPS2

4

4

1140

27

31

1 ppm

Type 2 dipole

DPS2

18

1

1300

7

9

1 ppm

Type 1 quadrupole

QSP2

1

18

113

216

24

100 ppm

Type 1 quadrupole

QSP2

1

15

113

180

20

100 ppm

Type 1 quadrupole

QSP3

4

2

113

24

3

100 ppm

Type 2 quadrupole

QSP1

2

35

120

930

112

10 ppm

Type 2 quadrupole

QSP1

2

30

120

800

96

10 ppm

Type 3 quadrupole

QSP2

60

1

133

48

6

100 ppm

Type 4 quadrupole

QSP2

97

1

133

60

8

100 ppm

Type 1 quadrupole

QSP2

84

1

133

77

10

100 ppm

Type 1 sextupole

SPS1

14

1

108

40

4.3

100 ppm

Type 2 sextupole

SPS1

90

1

108

48

5.2

100 ppm

Type 3 sextupole

SPS1

14

1

108

57

6.2

100 ppm

Notation: PS is power supply name,
to one PS,

NPS

I

NPS
U

is output current of PS,

current of PS,

P

is number of PSs,

NM

is number of magnets connected

is output voltage of PS,

∆I/I

is instability of output

is output power of PS.

1.12.1 Power supplies for dipole magnets
As follows from Table 1.19, the dipole magnets of the Super Charm  Tau factory are fed by
5 power supplies of two types.

A schematic structure of the PSs is shown in Fig. 1.61.

Both

types of the PSs are made based on a dual step-down transformer with delta-wye connection, a
12-pulse thyristor rectier, and an active ripple suppression lter.

The principle of the design

of the system for the output current stabilization using the active pulsation suppression lter is
shown in Fig. 1.62.
The dierence in the set and measured output current goes to the error amplier.

Then its

output signal is used in two control loops: in the rst circuit the system controls the output voltage
of the thyristor rectier; in the second circuit the signal is fed to the high-pass lter with a 1 Hz
fringe area and then to the active lter amplier.

Such a scheme allows suppressing the 600 Hz

rectied voltage ripples present at the output of the passive 12-pulse thyristor rectier lter and
thus provides the required level of ripple and instability of the output current of

10−6 .

In general,

the schemes of the source of the two types are similar, but because of the dierences in the power
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and the output voltage, in the DPS1 source the input step-down transformer is supplied with
three-phase 380 V and in the DPS2 source with 10 kV.
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HIGH POWER PART

STEP-DOWN
TRANSFORMER

ACTIVE
FILTER

DCCT

12 PULSE
SCR

10kV

IOUT

12 PULSE
SCR

ACTIVE
FILTER

DCCT

STEP-DOWN
TRANSFORMER

10kV SWITCH
GEAR

HIGH POWER PART

380VAC

CONTROL PART

IOUT

CONTROL PART

380VAC

380VAC

(a) DPS1

(b) DPS2

Figure 1.61. Block diagram of power supplies of dipole magnets.

Active
filter
DCCT

12-pulse
SCR

Error
amplifier

IOUT

High-pass
filter

Iout
setpoint

Figure 1.62. Block diagram of current stabilization system with active lter.

1.12.2 Power supplies for quadrupole lenses
There are three types of power sources to feed the quadrupole lenses (see Table 1.19). The block
diagram of the QPS1 quadrupole sources is shown in Fig. 1.63, a).

The source consists of the

step-up transformer powered from three-phase 380 V mains, the rectier, the voltage regulator
made by the scheme of asymmetric (skew) bridge, the output lter, and the non-contact precision
output current transducer.
QPS2 (Fig. 1.63, b)) consists of the step-down transformer and the rectier, which are common
for 9 sources and individual for each voltage regulator source, the asymmetric (skew) bridge, the
output lter and the non-contact precision output current transducer. QPS3 (Fig. 1.63, c)) consists
of the AC-DC converter with an output voltage of 12 V and a power of 1.5 kW (such converters
are widely available in the market and are manufactured, for example, by MeanWell), the voltage
regulator designed as an asymmetric (skew) bridge, the output lter, and the non-contact precision
output current transducer.
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Filter

1kV

380VAC

Step-down
transformer

DCCT

POWER PART
Filter

140V

380VAC

IOUT

POWER PART
Asymmetric
bridge
inverter

Rectifier

Asymmetric
bridge
inverter

1.5kW AD-DC
converter

DCCT

Filter

IOUT 1

220VAC

IOUT 2
IOUT 3

DCCT

DCCT

RECTIFIER 140V 100kW

Asymmetric
bridge
inverter

Rectifier

DCCT

Step-up
transformer

DCCT

POWER PART

12V

IOUT

IOUT 9

CONTROL PART

CONTROL PART

CONTROL PART
220VAC

220VAC

220VAC

(a) QPS1

(b) QPS2

(c) QPS3

Figure 1.63. Block diagrams of power supplies of quadrupole lenses.

1.12.3 Power supplies of sextupole lenses
Each sextupole lens is powered by its own power source. One SPS1 source is used, the parameters
of which are similar to the QPS2 source. For this reason, it is similarly designed, with a step-down
transformer common for 9 sources and a rectier (see Fig. 1.64).

380VAC

POWER PART
Asymmetric
bridge
inverter

Rectifier

15V/24V PS
Filter

100V

CONTROL PART

POWER PART
Full-bridge
inverter

AC/DC
Converter

DCCT

DCCT

Step-down
transformer

IOUT 1

220VAC

Filter

15V/24V

IOUT 2
IOUT 3
IOUT 9

DCCT
DCCT

RECTIFIER 100V 80KW

CONTROL PART

IOUT 1
IOUT 2
IOUT 3
IOUT 8

220VAC

220VAC

(a) SPS1

(b) CPS

Figure 1.64. Block diagram of power supplies of sextupole lenses and correction.

1.12.4 Power supplies of correctors
Dipole and quadrupole magnets connected to the same power source have correction coils, which
are fed individually. The block diagram of the sources is shown in Fig. 1.64. An AC-DC converter
with an output voltage of 15 V (DCPS1) or 24 V (DCPS2, QCPS1) with a power of 1.5 kW/2 kW,
common for 8 sources, is used.

The sources themselves, consisting of the bridge four-quadrant

voltage regulator, output lter, and non-contact current transducer, are fed from the AC-DC
converter.

1.13 Superconducting magnets
1.13.1 Final focus
The nal focus system is to focus beams at the interaction point (see p. 1.3.1). It consists of two
units of superconducting magnets in one cryostat. They are placed on the opposite sides of the IP
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inside the main detector. Each cryostat includes a compensating solenoid, two shielding solenoids,
two quadrupole lenses of the nal focus, a set of corrective windings, and other equipment. The
section near the interaction point has a vacuum chamber common to both rings; the chamber
diverges into two chambers inside each of the cryostats.

Cryostat
The cryostat covers a solid angle of

15◦ .

A three-layer cryostat will be used, consisting of the

two copper shields with temperatures of 20 K (the rst) and of 70 K (the second) and the outer
casing made of stainless steel, of ambient temperature.

Between the shields there is a vacuum

isolating gap. It is 1 mm thick in the vacuum chamber area, 8 mm thick in the area of the vertex
detector, and 20 mm thick from the opposite side. For cooling of the shields it is supposed to use
two cryo-coolers placed on the cryostat end far from the IP. The superconducting magnets will be
cooled by means of helium channels laid in the winding.

Figure 1.65. General view of cryostat.

Vacuum chamber
The vacuum chamber of the nal focus (the vertex detector section) is a beryllium cylinder with
an outer diameter of about 55 mm and a length of 800 mm.

Next is the vacuum tube of the

compensating solenoid, of 170 mm in length and 55 mm in outer diameter.

89

It is placed in a

cryostat.

On one side, the chamber has a cylinder with a diameter of 55 mm, a thickness of at

least 1 mm, and a length of 170 mm. Then the chamber branches into two chambers of 22 mm in
diameter with a wall thickness of 1 mm and a length of 520 mm. The chamber ends with a ange
connection. The next section has a length of about 470 mm, an outer diameter of 44 mm, and a
thickness of 2 mm.
The vacuum chamber should be warm, but the transition to the superconducting state should
be as compact as possible, that is, one nitrogen shield of a temperature of 20 K and vacuum gap
of 1 mm for the rst defocusing lens.

Figure 1.66. Vacuum chamber of crossing section.

Compensating solenoid
The magnetic eld strength in the compensating solenoid must be 5.5 T at least. The length of the
solenoid is 100 mm. It begins in 450 mm from the IP. The eld of the main solenoid of the detector
is 1 T. From simple estimates it follows that to compensate for the eect of the main detector of
the solenoid on the beam, the maximum eld of the compensating solenoid must be

∼ 5.8 T,

because of the design of the solenoid itself and the inuence of shielding solenoid. The coils of the
solenoid will be wound of NbTi cable with a diameter of 0.92 mm. The operating current is 600 A.

Shielding solenoids
In addition to the compensating solenoid, the cryostat contains 2 shielding solenoids. Their number
is determined by limitation on the transverse dimensions of the cryostat and the dimensions of the
superconducting lenses. The inner diameter of the rst shielding solenoid is 110 mm; the length
is 500 mm.

The second shielding solenoid has a diameter of 180 mm and a length of 400 mm.

The maximum value of the magnetic eld induction in the compensating solenoids is 1.2 T, to
compensate for the eects from the main solenoid and yokes of the magnetic lenses of the nal

90

Table 1.20. Parameters of available SC cable.

Parameter

Value

0.92 ÷ 0.93 mm

External diameter
Diameter without insulation

0.87 mm

Density per meter

4.79 g/m

NbTi/Cu ratio

focus.

1/1.42

Number of conductors

8910

RRR of copper matrix

115

Current (at 5 T, 4.2 K)

630 A

Current (at 7 T 4.2 K)

370 A

These solenoids will be produced of the superconducting cable, its parameters are shown

in Table 1.20.

Lenses of the nal focus
The lenses of the nal focus are the lens prototypes developed at BINP SB RAS as a modication
of the Panofsky lens. The parameters of the lenses are given in Table 1.2 (parameters of the nal
focus magnets). Figure 1.67 presents the general view and the drawing of the rst lens of the nal
focus. The winding of the lens is made of a

0.8 × 1.4 mm

rectangular superconducting wire. The

maximum current obtained in the prototype tests is 1150 A, which corresponds to a gradient of
10.9 kGs/cm.

Figure 1.67. Prototype of defocusing lens of nal focus.

Table 1.21. Parameters of superconducting Nb-Ti wire for nal focus lenses.

Parameter

Value

Size with insulation
Sizes without insulation
Cu/Sc

1.28 × 0.83 mm
1.20 × 0.75 mm
1.35:1

RRR

over 70

Critical current (at 7 T)
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510 A

Figure 1.68. Drawing of defocusing lens of nal focus (top view).

60 mm

26 mm

40 mm
100 mm

Figure 1.69.

Calculation of magnetic eld of defocusing lens of nal focus in program

(transverse section).
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MERMAID

1.13.2 Damping wiggler
Magnetic system of wiggler
The magnetic system of a superconducting wiggler is a sequence of alternating dipole magnets
along the beam tra jectory. The main requirement to the magnetic eld of the wiggler is that the
rst and second integrals of the wiggler eld along the tra jectory must be equal to zero:

I1x (s)

Z

s
0

0

ds By (s ) = 0,

=

I2x (s)

s

Z

ds

=
−L/2

−L/2

0

Z

s0

ds00 By (s00 ) = 0.

(1.67)

−L/2

If conditions (1.67) are fullled, the orbit in the storage ring outside the wiggler remains practically
unperturbed by the wiggler eld.

Conditions (1.67) are provided by 4 special magnets installed

on the ends of the wiggler, with eld integrals equal to

1/4 and 3/4 of those of the main magnets.

The main parameters of the wiggler are given in Table 1.22.

Table 1.22. Basic parameters of wiggler.

Parameter

Value

Max Field

5.1 T

Period

250 mm

Total length of magnet

1.875 m

Structure of magnets

+1/4, −3/4, +1, −1, ..., +1, −3/4, +1/4

Number of main poles

3/4
1/4

Number of
Number of

11

poles

2

poles

2

× 40
layers × 40
layers × 40
layers × 40

Main winding 1st section

12 layers

turns

Main winding 2nd section

12

turns

Winding of
Winding of
Current
Current

3/4
1/4

pole

24

pole

8

I1
I2

turns
turns
255 A
300 A

For the manufacture of a wiggler with the parameters indicated in Table 1.22, it is necessary
to use a superconducting (SC) cable with the parameters specied in Table 1.23.

Table 1.23. Superconducting cable parameters.

Parameter

Value

Cable diameter without insulation

0.85 mm

Diameter of cable with insulation

0.91 mm

NbTi/Cu ratio

0.43

Critical current

over 370 A at 7 T

Number of bers in cable

8600
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The main poles of the wiggler are made in the form of 2-section race-track windings, wound
on a core of magneto-soft iron of the Armco type.

The number of layers in the windings and

the height of the windings are optimized so as to obtain the maximum eld in the orbit subject
to the parameters of the SC cable.
the current-eld coordinates.

Figure 1.70 presents the critical curve of the SC cable in

The gure shows points of the load curves of the outer and inner

sections of the wiggler windings in the maximum eld of the windings in the maximum operating
mode and at a winding temperature of 4.2 K. The current margin to the critical curve is

∼ 10%,

which is sucient for reliable operation of the magnet.

Figure 1.70.

Behavior of critical curve of SC cable with NbTi/Cu = 0.43 (red curve).

Dots:

maximum elds in sections at operating currents.

To optimize the maximum luminosity at dierent beam energies, it is necessary to vary the
amplitude of the wiggler magnetic eld after a change in the beam energy.

The maximum am-

plitude of the eld in the wiggler of 5 T is set at energies of 1 GeV to 1.5 GeV. When the beam
energy is increased, the amplitude of the magnetic eld is set in accordance with Table 1.1. The
dependence of the magnetic eld

By

in the wiggler on the longitudinal coordinate at dierent

beam energies (1, 1.5, 2, and 2.5 GeV) is shown in Fig. 1.71. The largest inuence of the wiggler
on the beam dynamics occurs at the maximum eld and the minimum energy of 1 GeV particles,
planned for the pro ject. Under these conditions, the orbit inside the wiggler will be equal to the
maximum amplitudes of changes in the inclination angles and in the deviation of the trajectory
relative to the wiggler axis (see Fig. 1.72).
Wiggler is a high-power synchrotron radiation generator in a wide range of photon energies,
from visible light to hard X-rays of

∼ 100 keV (Fig. 1.74).

The total radiation power from a single

wiggler in dependence on the energy of the beams at a beam current of 2 A is shown in Fig. 1.73.
The maximum radiation power is achieved at 1.6 GeV. The spectral characteristics of radiation
vary insignicantly when the energy of the beams changes. The angular distribution of the total
power at beam energies of 1, 1.5, 2, and 2.5 GeV is shown in Fig. 1.75. The maximum horizontal
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Figure 1.71. Behavior of wiggler magnetic eld in longitudinal direction at dierent beam energies.
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Figure 1.72. Behavior of angle and coordinates of beam trajectory inside wiggler at beam energies.
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angle into which radiation is transmitted is

±70 mrad

at a particle energy of 1 GeV and the eld

in a wiggler of 5 T. The size of the synchrotron radiation beam from the wiggler for beam energies
of 1, 1.5, 2, and 2.5 GeV is shown in Fig. 1.76 in distances from the beginning of the wiggler
magnet of 1750 mm and 2400 mm, which correspond to the end of the magnet inside the cryostat
and outside the cryostat, respectively.

The angular and coordinate distribution of the radiation

power must be taken into account when designing the storage ring vacuum chamber, which will
be discussed below.
130
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Figure 1.73. Radiation power from wiggler vs. beam energy (beam current of 2 A).

Figure 1.74.

Radiation spectra at zero angle to wiggler axis at dierent beam energies (beam

current of 2 A).
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Figure 1.75. Angular distribution of radiation power from wiggler at dierent beam energies (beam
current of 2 A).
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Figure 1.76. Distribution of power emitted by wiggler vs. horizontal coordinate at end of magnet
(from beginning of magnet inside the cryostat) for dierent beam energies (beam current of 2 A).

From the distribution of wiggler radiation power over the horizontal transverse coordinate
at a particle energy of 1 GeV and a maximum operating eld of 5 T it can be concluded that
the horizontal aperture of the storage ring vacuum chamber at the exit of the wiggler cryostat
(2400 mm from the magnet beginning) is more than 180 mm for extraction of radiation without
touching the vacuum chamber.

Inside the cryostat, the maximum size of the photon beam is

140 mm at the end of the magnet.

97

Cryogenic system of superconducting multi-pole wiggler
The cryogenic temperature on the superconducting windings is maintained due to the cooling of the
magnet by liquid helium. The concept of the cryogenic system is based on the use of industrially
produced cryocoolers and consists in application of the refrigeration stages of the cryocoolers for
recondensation of already evaporated helium and for complete prevention of its evaporation due
to sequential interception of all channels of heat inux at a cryocooler stage with appropriate
temperatures.

This makes it possible to use the power of cryocoolers not only to reduce the

consumption of liquid helium to zero, but also to create a lower relative atmospheric pressure in
the helium vessel, with respective lowering of the boiling point of liquid helium to

∼ 3 K.

This

cryostat, whose appearance is shown in Fig. 1.77, is able to operate autonomously on a charged
particle accelerator for a few years under conditions of limited access without consumption of
liquid helium in spite of the additional thermal load generated by the electron or positron beam
and by a current of up to

∼ 1000 A

applied to power the magnet. The design of the cryostat and

its functional diagram are shown in Fig. 1.78 and in Fig. 1.79, respectively.

Figure 1.77. Appearance of cryostat of superconducting damping wiggler.

The cryostat consists of the external vacuum casing, two heat shields with temperatures of 60 K
and 20 K, surrounding the helium vessel with the magnet inside, the central neck for connecting
the helium vessel with the upper ange, helium lling and diagnostics, and the vacuum chamber
for passing the beam.

Figure 1.80 shows the longitudinal and transverse cross sections of the

cryostat.
The cryostat elements are cooled by a system of copper heat conductors, which intercept heat
uxes at all critical points and divert them to the heads of four SUMITOMO cryocoolers, operating
in the Giord-McMahon cycle.

In this case, one pair of SRDK-415D cryocoolers with 4 K and

60 K temperatures is used to cool the current input elements and re-condense the liquid helium,
and the second pair of SRDK-408S2 cryocoolers with temperatures of 20 K and 60 K to cool the
shields and the vacuum chamber.

The characteristics of the cryocoolers used are presented in
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Table 1.24 and in Figs. 1.81 and 1.82.

99

Figure 1.78. Cryostat of superconducting wiggler (3D model).

Figure 1.79. Functional scheme of cryostat of superconducting multipole wiggler on zero helium
consumption cryocoolers.
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Figure 1.80. Longitudinal and cross sections of cryostat (3D model).
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Table 1.24. Main characteristics of SUMITOMO cryocoolers.

Model name
Cooling capacity:
First stage
Second stage
Minimum temperature:
First stage
Second stage
Weight
Compressor
Service

SRDK-415D

SRDK-408S2

60 Hz 50 Hz
60 Hz 50 Hz
50 K 45 W 35 W 45 K 45 W 35 W
4.2 K 1.5 W 1.5 W 10 K 6.3 W 5.4 W
30 K
2.8 K
18.5 kg
CSW-71C
14 months

30 K
7K
17.2 kg
CSW-71C
14 months

Figure 1.81. Power characteristics of SRDK-415D cryocooler.

Figure 1.82. Power characteristics of cryocooler SRDK-408S2.
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The external thermal shield and the helium vessel are covered with 30-layer and 10-layer
cryogenic super-insulation, which improves the eciency of protection against external thermal
radiation. With this shielding, the thermal radiation heat inux into the helium does not exceed
0.01 mW. Figures 1.83 and 1.84 show the appearance of the outer 60 K and internal 20 K shields,
respectively. Figures1.85 and 1.86 show the model of the helium vessel with connected cryocoolers
and the appearance of the helium vessel, respectively.

Figure 1.83. Appearance of outer 60 K thermal shield (3D model).

Figure 1.84. Appearance of internal 20 K thermal shield (3D model).
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Figure 1.85. Appearance of helium vessel with connected cryocoolers (3D model).

Figure 1.86. Helium vessel assembly.

The space between the helium vessel and the outer casing serves as vacuum insulation, preventing heating of the cryostat elements from heat inux through the molecules of the residual
gas. The protective vacuum is evacuated to a residual pressure not exceeding

10−7 ÷ 10−8 mbar.

In addition, the cold surfaces of the cryostat work like vacuum cryogenic pumps, and thus the heat
transfer into the helium through the residual gas can be considered negligible. The superconducting magnet is xed by special protrusions in the median plane of the magnet, which are inserted
into the grooves on the end anges inside the helium vessel. The helium vessel with the magnet
is suspended to the outer casing of the cryostat by means of four vertical Kevlar tapes passing
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through both thermal shields and xed to suspension assemblies, which enables ne adjustment
of the magnet position from outside the cryostat without violating the vacuum of the cryostat.
Adjustment of the position of the magnet in the horizontal plane is performed by means of four
Kevlar horizontal stretches. The appearance of the adjustment assemblies and Kevlar suspensions
is shown in Fig. 1.87, and Fig. 1.88 presents the appearance of the suspension system during the
assembly of the cryostat. The use of Kevlar, which has a very low thermal conductivity and high
mechanical strength, can radically reduce the cross section of the suspensions and reduce the ow
of heat into the helium through the suspension system to 0.01 W.

Figure 1.87. External view of adjustment assemblies and Kevlar suspensions.

Figure 1.88. External view of suspension system during assembly of cryostat.
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The helium vessel is connected with the external atmosphere through the central throat of the
cryostat, shown in Fig. 1.89, which also serves for feeding liquid helium, discharge of the helium
gas, and output of the diagnostic wires. The total calculated heat input into the helium through
the bellows of the central throat does not exceed 0.06 W.

Figure 1.89. Central throat for connection to upper ange (3D model).

Figure 1.90. Appearance of current input assembly (3D model).

All four stages of the cryocoolers with a temperature of 60 K and a total power of

∼ 180 W

are used for cooling of the external heat shield from external radiation and interception of heat
from the vacuum chamber of the storage ring. The SRDK-415D cryocoolers are the basis of two
current lead assemblies (see Fig. 1.90), consisting of external brass current leads connected to
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internal high-temperature superconducting HTSC current leads.

The stages of the SRKK-415D

cryocoolers with a temperature of 60 K are also used for intercepting the heat coming from the
outside along the brass current leads and the Joule heat released in these current leads when a
total current of

∼ 300 A ows in each.

Two stages with a temperature of 4 K and a power of 1.5 W

each intercept the heat from the HTSC current leads and also cool the liquid helium in the vessel
using a special gold-plated copper heat exchanger, shown in Fig. 1.91. The rated heat ux to the
helium over all the current leads does not exceed 0.3 W with no current, and a heat input of no
more than 0.3 W is added with current. The maximum temperature level on the upper ends of the

∼ 48 K
∼ 38 K when the current is turned

HTSC current leads, which denes the safety margin of this unit, does not exceed the safe
in stationary operation with the maximum current and falls to

o. Figure 1.92 presents a model of arrangement of the current lead assemblies in the cryostat.

Figure 1.91. Appearance of gold-plated copper heat exchanger.

Figure 1.92. Arrangement of current lead assemblies in cryostat (3D model).
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The room-temperature stainless steel vacuum chamber for beam pass is inserted into the pole
gap of the superconducting magnet. So is the intermediate copper chamber cooled by the stages of
the SRDK-408S2 cryocoolers at a temperature of 20 K. The latter chamber is used to protect the
liquid helium volume from heating both by the synchrotron beam radiation and by the currents
induced by the beam of the storage ring. The mechanical clearance between the copper chamber
and the liquid helium vessel along the entire length of the wiggler is ensured by distal gaskets.
They are made of a material with low thermal conductivity (ULTEM 2100) to reduce the inux
of heat into liquid helium.

The calculated heat input into the helium through the mechanical

supports of the copper liner does not exceed 0.2 W. The cross section of the vacuum chamber is
shown in Fig. 1.93.

Figure 1.93. Cross-section of pole gap with vacuum chamber and liner.

The protective vacuum is separated from the ultrahigh vacuum chamber of the beam by bellows
units. The total calculated heat input into the helium from these bellows does not exceed 0.04 W.
The appearance of the output ange for connection with the storage ring is shown in Fig. 1.94.

Figure 1.94. Appearance of output ange for connection with storage ring.

108

The total calculated heat balance in the cryostat is presented in Table 1.25, from which it
can be concluded that the cooling capacity of the cryocoolers at all stages clearly exceeds the
corresponding heat inuxes, which not only signicantly improves the reliability of the cryogenic
system, especially in operation in the accelerator, but also makes the life of the cryocoolers longer.
It can be noted that the total cooling capacity of the 4 K stages exceeds the heat release

∼ 3 times,

and the excess power goes to the supercooling of the helium vessel with the magnet inside and
lowering the pressure in the vessel. This enables improvement of the reliability of the work of the
magnet, as well as increase in the level of the magnetic eld due to better current characteristics
of the superconductor.

Table 1.25. Balance of heat inows into cryostat with zero helium consumption.

Screen
Temperature
Thermal radiation

Outer

Inner

Helium

60 K

20 K

4K

8.0

0.05

0.0002

W

Central throat

2.5

0.30

0.06

W

Vacuum chamber bellows

5.3

0.25

0.04

W

System of suspensions

0.5

0.10

0.01

W

Current leads (thermal conductivity)

50.0

0.00

0.30

W

Heating of current leads by current

50.0

0.00

0.30

W

Sensing wires

5.0

0.10

0.01

W

10.0

10.00

0.20

W

131.3

10.80

0.92

W

180 (at 50 K)

15 (at 20 K)

3 (at 4.2 K)

W

Copper chamber
Total inow
Power of cryocoolers

The process of cooling the cryostat with a cold mass of

∼ 1000 kg

from room temperature to

the operating state with a temperature of 4 K takes not more than 2 days (including pre-cooling
with liquid nitrogen).

The cooling rate is signicantly increased due to pre-cooling of the heat

shields and other cryostat elements by cryocoolers with a large reserve of cooling power.

The

concept of the wiggler control system is based on an autonomous controller, which processes
diagnostic signals (temperature, pressure, and interlocks), and also controls the currents of the
sources feeding the superconducting magnet, the operation mode of the cryocooler compressors,
etc. The data exchange with the external system is also performed through the wiggler controller.
Figure 1.95 shows a typical temperature map at the main operating points of such cryostat in
stationary mode operation.

Power supply of superconducting magnets
The superconducting magnets are powered from a precision bipolar current source VCH500-10-2Q.
In terms of load characteristics, the coils of the superconducting magnets are a purely inductive
load, in operation with which standard power supplies tend to instability and excitation.

The

VCH500-10-2Q power supply is specially designed and tuned for stable operation with a purely
inductive load and is most suitable for operation of a superconducting wiggler having an inductance
of up to 10 G at a low eld level. A general view is presented in Fig. 1.96.
Figure 1.97 presents a simplied block diagram of the current source. The three-phase mains

÷T4

voltage is rectied by diode rectier D1. IGBT transistors T1

form an inverter based on the

complete bridge scheme with controlled phase shift between the half-bridges. The inverter converts
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Figure 1.95.

Typical temperature map at main operating points of cryostat when operating in

stationary mode (screenshot).

Figure 1.96. Appearance of current sourceVCH500-10-2Q.
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Figure 1.97. Block diagram of current source VCH500-10-2Q.

the rectied voltage of the mains into an alternating voltage of 550 V at a frequency of 40 kHz.
The transformer (Tp) performs potential isolation and lowers the input voltage. The voltage from

÷M4.

the output of the transformer is fed to the synchronous rectier on MOSFET transistors M1

With positive output voltage, transistors M1 and M2 are commuted alternately, and transistors
M3 and M4 are constantly open. With negative output voltage, M3 and M4 work, while M1 and
M2 are in the open state. With such a topology of output rectication it is possible to obtain an
output current of either direct or reverse polarity. After synchronous rectication, the voltage is
smoothed by the output LC lter and fed into the load.

The main characteristics of the source

are presented in Table 1.26.

Table 1.26. Main characteristics of current sourceVCH500-10-2Q.

Parameter

Value

Rated output power

5000 W

Rated output voltage

±10 V
±500 A

Rated output current

±0.01%

Stability class
Output ripple and noise, R.M.S.

Cooling water requirements
Dimensions
Weight

0 ÷ 300 Hz
300 mV @ 0 ÷ 40 kHz
400 V ±10%, 50 Hz
◦
4 l/min (< 35 C)
547 × 550 × 133 mm
∼ 20 kg

less than 10 mV @
less than

Supply parameters

of Inom (8 hours)

1.13.3 Solenoid of Siberian Snake
To control the electron spin direction in the electron ring of the Super Charm  Tau factory, it
is planned to install ve Siberian snakes (see p. 1.6), each containing two 2 superconducting
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solenoids. The magnetic length of solenoid is 1.85 m; the magnetic eld is 2.8 T to 7.1 T; the outer
diameter of the warm vacuum chamber is 76 mm. The chamber can be heated up to

220 ◦ C.

The superconducting solenoid is placed in a separate cryostat. In the very rst approach, the
cryostat is planned to be cooled by two cryocoolers. The solenoid is in a warm cylindrical casing
with an outer diameter of less than 500 mm and a length of about 2500 mm. The cryocoolers will
look like towers on this cylinder; their diameter will be about 300 mm, and they can be placed
anywhere on the surface of the cylinder.
The magnetic eld is in a linear dependence on the current. The distribution of the magnetic
eld in the solenoid is shown in Fig. 1.98; the on-axis eld of the solenoid is shown in Fig. 1.99.

Figure 1.98.

Distribution of magnetic eld in solenoid at current of 220 A. Maximum eld on

winding is 7.12 T.
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Figure 1.99.

Distribution of magnetic eld and integral of magnetic eld along axis of solenoid

over length of

±1.05 m

from center.
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The solenoid consists of four sections, which are joined together along the axis.
of section is about 0.5 m.

The sections are wound of NbTi superconducting cable.

The length

The winding

process is dry. Then each section is impregnated with epoxy compound. The parameters of the
solenoid are given in Table 1.27. Table 1.28 lists the cable parameters in the rst approximation.
In the future, it will be necessary to optimize the parameters in order to reduce the inductance
of the solenoid and to study in detail the overall design of all the superconducting devices.

Table 1.27. Solenoid parameters.

Parameter

Value

Inner diameter of winding

100 mm

Outer radius of winding

148 mm

Winding length (four sections)

1900 mm

Number of turns

50000

Current

220 A

Maximum magnetic eld on winding
Inductivity (

2E/I

2

)

7.12 T
16.1 T

On-axis magnetic eld

7.1 T

Integral over 2.1 m along axis
Stored energy

·

13.4 T m
390 kJ

Table 1.28. Parameters of available SC cable.

Parameter

Value

0.92 ÷ 0.93 mm

Outer diameter
Diameter without insulation

0.87 mm

Linear density

4.79 g/m

NbTi/Cu ratio

1/1.42

Number of conductors

8910

RRR of copper matrix
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Current (at 5 T, 4.2 K)

630 A

Current (at 7 T, 4.2 K)
Current (at 8 T, 4.2 K)
Current (at 9 T, 4.2 K)

*

370 A

*
*

∼ 220 A
∼ 120 A

as recalculated.

Power supply parameters: current of 300 A, voltage of up to 10 V, stability of

113

5 · 10−5 .

1.14 Beam Diagnostics
1.14.1 Beam Energy Measurement Systems
Energy spectrum of backscattered laser radiation
Currently, BINP SB RAS has accumulated considerable experience in measuring beam energy by
the method of Compton backscattering of monochromatic laser radiation.

The systems for the

centre-of-mass energy calibration were created and successfully operated at colliders VEPP-4M [79],
BEPC-II [80], and VEPP-2000 [81]. The essence of the applied method is the absolute measurement of the energies of scattered laser photons, which makes it possible to measure the average
gamma factor of the beam electrons. To obtain the high accuracy of such measurements (the best
achieved relative accuracy is

20 ÷ 30 ppm),

it is necessary to obtain gamma quanta in the energy

range from 0.5 MeV to 7 MeV and to register their energy spectrum with a High Purity Germanium
detector (HPGe). In this range of energies, HPGe detectors have sucient registration eciency
(several percent), and in addition, photons with energies from 0.5 MeV are easily removed from
the vacuum chamber of the collider [82, 83, 84].

The upper limit of the energy range is due to

a signicant drop in the registration eciency and, more importantly, no possibility to perform
an absolute calibration of the energy scale by means of gamma-active nuclear radiation sources
(Fig. 1.100).

At electron beam energies from 100 MeV to 2 GeV, all these requirements are met

with the lasers operating from visible to infrared spectrum range, which practically ends with a
10.6

µm

wavelength of carbon dioxide laser. However, when the beam energy is above 2 GeV, the

accuracy and speed of such measurements decrease rapidly. Unfortunately, there are no aordable
and suciently powerful monochromatic sources of more infrared radiation.
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The points show sources for absolute calibration of the energy scale.
Figure 1.100. Dependence of the electron beam energy on the maximum energy of gamma quanta
produced by the Compton backscattering of CO2 laser radiation.
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The beam energy measurement system for the Super Charm  Tau factory will provide simultaneous independent energy measurements in both electron and positron rings. After approval of
the magnetic structure of the collider, the location of the two systems will be selected, allowing,
in addition to the average energy, measurement of the energy spread of the beam with accuracy of
about 10%. In accordance with the unique experience of the VEPP-2000 collider (see Fig. 1.101),
it is possible to organize the interaction of laser and electron beams in a curvilinear portion of the
orbit, for example, in one of the magnetic poles of the damping wiggler. Such a scheme is more
preferable from the point of view of absolute calibration of the scale, and in addition, it enables
measurement of the magnetic eld directly in the beam orbit, with an accuracy of about 0.1%.

electron: 2017.05.11 [10:13:01 - 13:11:36] 2017.05.11. Live-time: 0 hours 53 min 56 s (5 files).

porridge: 2017.02.01 [23:56:58 - 02:27:03] 2017.02.02. Live-time: 2 hours 2 min 30 s (5 files).

χ2/NDF = 114.9/125 (Prob: 0.731)

4000

σR = 1.61 keV; σL = 2.53 keV

3500

σbeam =

1800

χ2/NDF = 274.5/321 (Prob: 0.972)

1600

Ebeam = 846.778 ± 0.035 [MeV]

7.88 ± 0.65 keV

1400

Ebeam = 1842.56 ± 0.07 MeV

3000

χ2/NDF = 406.2/322 (Prob: 0.001)

2000

ωmax = 6067.29 ± 0.46 keV

σE =

716 ± 59 [keV]

1200

σE = 1196 ± 99 keV

Rbeam = 138.40 ± 0.57 [cm]
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(a) BEPC-II. The measurement was performed by
recording the scattered photon spectrum from the
CO2 laser (wavelength of radiation in vacuum λ =
10.591035 µm) on the electron beam in the absence of
a magnetic eld.
Figure 1.101.
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(b) VEPP-2000. The result was obtained by scattering
CO laser radiation (wavelength λ = 5.426463 µm) on
electrons with an orbit radius R = 140 cm.

The results of single measurements of the beam energy obtained on the colliders

BEPC-II and VEPP-2000.

Spectrometer with laser calibration
Since the Super Charm  Tau factory will be able to work with a polarized electron beam, we
suggest trying a recently proposed method of simultaneous measurement of polarization and beam
energy. For this purpose it is required to measure 2D coordinate distributions of scattered photons
and scattered electrons after the dipole magnet. Analysis of the distribution of scattered electrons
makes it possible to carry out precision calibration of the magnetic eld integral in the spectrometer
magnet and, in presence of polarization in the electron beam, to measure its direction and degree.
The measured integral of the magnetic eld enables determination of the average electron energy
with high accuracy by measuring the beam bending angle using BPMs and, independently, by joint
analysis of the coordinate distributions of scattered photons and electrons. The basic principles of
such measurements are described in [85]. The measurement scheme is shown in Fig. 1.102, from
which it follows that the absolute energy of the beam electrons is determined by the ratio of the
bending angles of the scattered electrons and the main beam in a spectrometric dipole.

115

LASER BEAM

Here tiny fraction
of the beam electrons
are scattered on
the laser wave

BPM

BPM

BPM

X0

ns
n photo
Compto

DIPOLE
MAGNET
BPM
Com
pt

on e
lect

electro
n beam BPM

ron
s

with

min

. en

θ0
BPM

X1

Δθ
erg

y

X2

Figure 1.102. A sketch of the measurements.

1.14.2 Beam position system
Beam position monitor
It is proposed to use electrostatic beam position monitors (pickups) to measure the beam position
and to ensure the operation of the beam-stability system.
for a regular vacuum chamber of

∅68 mm

∅68 mm

Two types of pickups are required:

with an anti-chamber in the bending arcs and for a

vacuum chamber without an anti-chamber in the straight sections (see Fig. 1.103) An

anti-chamber does not have a signicant eect on the pickup parameters.
The electrodes are round button electrodes with a diameter of

20 ÷ 25 mm,

connected to the

vacuum feed-through (see Fig. 1.104). The vacuum feed-through is a commercial product with an
SMA connector for cable connection.

Processing signals from position monitor (pickup station)
Electronics for processing signals from a pickup (pickup station) is a U1 eurocard standard unit,
located in a rack in a room for electronics. Four cables connect the measurement electronics with
a pickup. Assuming that the electronics are placed in four rooms located along the perimeter of
the ring, the average length of the route will be

800/4/2/2 × 2 = 100 m.

Signals from the pickups can be divided into two classes:

signals from pickups in the arcs,

where particles of one type move in one direction, and signals from pickups located near the
IP, where particles of both types move in dierent directions.
version of pickup station will be used.

∼ 0.5 µm),

beam position (

∼ 10 µm),

measurement (

This option enables more accurate measurement of the

but it has a worse time resolution.

version of pickup station will be used.

In the rst case, a narrow-band

In the second case, a broadband

This version has a somewhat lower accuracy of position

but it enables separation of bunches of particles near the IPs. In other

respects, both versions perform the same types of measurements.

Parameters of narrow-band

pick-up station are given in Table 1.29 and of broadband one in Table 1.30.
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Figure 1.103. Cross-section of beam position monitors.

Figure 1.104. Electrode in pickup.

Table 1.29. Narrow-band pickup station parameters.

Parameter

Value

Resolution in band of 10 Hz

50 nm

Resolution in band of 10 kHz

100 nm

Resolution of turn-by-turn measurements

2

µm
◦

Dependence on temperature

less than 200 nm/ C

Dependence on current

less than 1

Interface

µm

1 GigE

Feedback

1 Gig

Table 1.30. Broadband pickup station parameters.
Parameter

Value

Resolution of turn-by-turn measurements

10

Distance between bunches

µm

more than 20 ns

Cross-eect of bunches

less than 1%

Interface

1 GigE

Feedback

1 Gig
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The measurement electronics measure the equilibrium orbit and the beam position in the
10 kHz band.

The measurement electronics also perform turn-by-turn measurements.

The elec-

tronics are equipped with a Gigabit Ethernet for control and accepting measurement results.
Dedicated digital interfaces are provided for fast real-time feedback.

Besides that, operation of

the electronics requires synchronization signals. These signals are passed through optical communication channels.
A digital synchronization system is used; the transmission is carried out through optical channels. The synchronization system enables generation of reference signals tied to the phase of the
revolution frequency with a discreteness of 10 ns; the jitter of reference pulses is not worse than
10 ps. The reference generator is a dedicated oscillator with the possibility of tuning the frequency
from an external source. The pickup stations receive a synchronization signal in digital form and
independently generate all necessary types of synchronization.

1.14.3 The optical diagnostics
The optical diagnostics is traditionally applied to measurement of radial, vertical and logitudinal
beam sizes

σx , σy , σz

with acquisition of synchrotron radiation (SR) of the beams. The SR arrives

from bending magnets of accelerator.

It is desirable, if possible, to choose an observation point

within an area with the maximum value of the vertical beta function

βy ,

which allows avoiding or

mitigating the restrictions of spatial resolution determined by the diraction limit.
It also seems reasonable to provide the possibilities for X-ray diagnostics, say, pinhole or
interferometry.
Following these approaches, we propose choosing the positions of the optical diagnostics in the
experimental area for acquisition of SR from the weak-eld bending magnets. The diagnostics can
be placed symmetrically for the electron and positron directions (Fig. 1.105). Computed values for
magnet structure and beam dimensions at the proposed observation point for the electron/positron
rings are presented in Table. 1.31.

Table 1.31. Design parameters of the magnet lattice and beam dimensions at observation points.

Parameter

Value

1.0 ÷ 2.5 GeV

Beam energy
Bending radius

100 m

βx
Vertical beta function, βy
Radial beam size, σx
Vertical beam size, σy
Longitudinal beam size, σz
Radial beta function,

10 m
66 m

µm
46 µm

260

2.5 cm

Parameters of synchrotron radiation at observation points
The spectra of synchrotron radiation in the radial plane at observation points at beam energies

Eb = 1 GeV

and

Eb = 2.5 GeV

are presented in Fig. 1.106.

The arrow denotes the conditional

boundary of the transmission of berillium foil. The optical area of the spectrum is shaded.
Figure. 1.107 represents the angular divergence of the SR for the X-ray (56 nm) and optical
areas (500 nm) of the spectrum,

Eb = 1 GeV.
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Figure 1.105. Scheme of optical diagnostics.
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Figure 1.106. Spetrum of synchrotron radiation from bending magnet corresponding to bending
radius

R = 100 m.
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Figure 1.107. Vertical angular divergence of SR from weak-eld bending magnet.
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Figure 1.108. Vertical angular divergence of SR from weak-eld bending magnet.
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The same data are presented in Fig. 1.108 for

Eb = 2.5 GeV.

The crucial energy in the SR spectrum is about 1 keV even for
photons are strongly absorbed by the berillim foil.

Eb = 2.5 GeV.

These X-ray

So, the aplication of X-ray diagnostics for

weak-eld bending magnets is unreasonable.
The spectrum of the SR from the strong-eld bending magnets has a crucial energy about
several keV for beam energy of

Eb = 1, 2, 2.5 GeV.

It allows us to use the X-ray area of the

spetrum for beam dignostics, Fig. 1.109.

10

13

Photons/s/mrad/mrad/мА/1%

Еb = 2500 МeV
10

10

10

12

Еb = 2000 МeV

11

Еb = 1000 МeV

10

10

9

108

Е, eV
7

10
1

10

100

103

10

4

The arrow denotes the conditional boundary of the transmission of berillium foil.
Figure 1.109.
energy

Spectrum of synchrotron radiation from strong-eld bending magnet for beam

Eb = 1, 2, 2.5 GeV.

The average power

PSR

of SR from a weak-eld bending magnet within 1 mrad of solid angle is

about 9 mW for a beam current of 1 mA and a beam energy of 2.5 GeV. The total power for a design

Ib = 1.7 A is 6.3 W. It corresponds to a power density Pd = 103 PSR (Lθ)2 ≈ 24 W/cm2
−4
for a vertical angular divergence θ ≈ 3.2 · 10
rad at a distance of 10 m from the observation point

beam current

(Fig. 1.109). The area heated by the X-ray part of the SR will have the width of 3.5 mm, whereas
the optical part of SR will diverge to a size of 25 mm.

It is likely that the central part of a

mirror reecting the optical SR outward of the vacuum chamber of the acclelerator has to be
protected by a thin receiver of the SR. It will decrease the heat load on the mirror and allow us to
avoid aberration of the mirror. That is also an additional argument against application of optical
diagnostics based on strong-eld bending magnets.
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Restrictions for measurements of the transverce beam sizes
The minimum vertical and radial beam sizes determined by the angular divergency of the SR and
bending radius at the observation point are:


σd ≈
σR ≈
where

λ2 R
12π 2

 13

≈ 60 µm,

Rψ 2
≈ 70 µm,
2

λ = 500 nm is the wavelength of the light, R = 100 m is the bending radius, ψ = 1.2·10−3 rad

is the divergency of the SR. Thus, the pro jection optics does not allow us to determine the transvrse
beam sizes.

The design and set of the optical diagnostics
The proposed design of the optical diagnostics is based on the similar system developed for the
SIBEIA-2 storage ring (Fig. 1.110, 1.111). The Super Charm  Tau factory should have two diagnostics for the electron and positron rings.

Figure 1.110. Optical scheme of optical diagnostics of SIBERIA-2 storage ring.

The optical diagnostics comissioned in 2013 on SIBERIA-2 controles the beam position at
the observation point and measures the transverse beam dimensions. The light from the bending
magnet is accepted. The SR parameters on SIBERIA-2 are similar to those at the Super Charm 
Tau factory and we can expect that the heat load on the rst cooled mirror placed inside the
vacuum chamber will not signicantly distort its surface.
central area of the mirror is desirable.
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Nevertheless, some protection of the

Figure 1.111. Layout of optical diagnostics.

The design of the optical diagnostics of SIBERIA-2 is as follows.

The optical part of the

SR spectrum reected from the cooled mirror passes through the biolgical shield and is distributed
between the six channels of the diagnostics, which are placed on the optical table (Fig. 1.111 ).
The main lens and adapting lenses create a beam image on the detectors. The dynamic range of
the detectors is expanded by switchable neutral lters.
The cooled mirror is placed at a distance of 6 m from the observation point. The silica window
of the SR output is placed after the second mirror.

The optical channel after the output passes

through the biological shield to the optical table with the channels of the diagnostics.

The set of the detectors of the optical diagnostics
The optical diagnostics contain six independent channels (Fig. 1.110).

(1) The double-slit interferometer is intended to measure of the vertical size of the beam

with an accuracy of about 1
RMS

σx

µm.

of the beam is devoted via RMS

σγ

λL
σx =
πD
where

L

of the spatial coherence

s

γ,

1
1
ln ,
2 σγ

is the distance between the observation point and the slits, and

D

the slits.
The intensity distribution of the interferometric pattern is devoted as

sin α
I(y) = I0
α
where

α = 2πay/λ/R,

and

a






2(πDσx )2
2πD
1 + exp −
cos
y
,
(λL)2
λR

is the halfwidth of the slit.
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is the separation of

Figure 1.112. Left: interferometry patterns corresponding to vertical beam sizes of 60 and 90

µm.

Right: cross-section of patterns. The intensity distribution is integrated within the area restricted
by the vertical lines.

The spatial resolution of the double-slit interferometer achieved on SIBERIA-2 is about 5

µm.

It is several fold worse than the declared accuracy of this method [89, 90, 91]. It is very likely that
we have to replace the lenses in the optical layout of the interferometer on the mirrors to avoid
the aberration caused by the dispersion.

(2) The electron-optical dissector.

The main details of the operation principle of the

device are described in [92, 93, 94] (Fig. 1.113, 1.114, 1.115, 1.116).
The temporal resolution of the dissector is about 3.5 ps [94], which allows us to measure the
length of the beam with a precision of several percents.
The traditional streak camera [95, 96] can also be applied to some kinds of experiments.

(3) The TV camera is used for qualitive control of the beam transverse behaviour.
(4) The CCD camera (Prosilica GC 1290) with 1280 × 960 pixels is used for acquisition of
the transverce beam prole (Fig. 1.117). It is possible to measure the transverce beam sizes.

(5, 6) The linear array of avalanched photodiodes is intended for turn-by-turn measure-

ment of the vertical and radial beam proles (Fig. 1.118).

This detector allows us to study the

instabilities and non-linear dynamics of the beam [88].
This diagnostics set was well-proven on the electron-positron collider VEPP-4M [97] and synchrotron light source SIBERIA-2 [88] during several years.

The experience obtained on these

installations allowed us to declare that acquisiton of an optical SR can reliably measure the transverse and longitudinal beam dimensions.
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Figure 1.113. Simplied layout of dissector operation principle.
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Figure 1.114. Calibration of temporal scale of dissector with permanent light source.
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Figure 1.116. Longitudinal beam prole from the MLS storage ring accepted by the dissector.
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Figure 1.117. Beam image obtained with CCD camera and tted by Gaussian distribution.
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Figure 1.118. Mesurement of vertical betatron tune by excitation with help of linear photodiode
array (the vertical beam size is acquired) [88].
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Chapter 2
Injector
2.1 Acceleration module
The scheme of the regular acceleration module of the injector is shown in Fig. 2.1.

It consists

of the klystron, power multiplication system of the SLED type, and two accelerating sections of
a length of 3 m.

Figures 2.2 and 2.3 depict schemes of the acceleration structure and the power

multiplication system SLED, respectively.

The main parameters of the klystron, cavities of the

power multiplication system, and accelerating section are given in Tables 2.1-2.3, respectively.

Figure 2.1. Scheme of regular acceleration module of injector.
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Notation: 1 is regular acceleration cell, 2 is wave-type transformer, 3 is transition (connection)
acceleration cell, 4 is connecting diaphragm, 5 is cooling jacket
Figure 2.2. Acceleration structure.

Figure 2.3. Scheme of SLED power multiplication system.

Table 2.1. Main parameters of klystron.

Parameter

Value

Operating frequency
Repetition rate

2856 MHz
up to 50 Hz

Peak power

50 MW

Pulse duration

5

µs

Table 2.2. Min parameters of SLED power multiplication system.

Parameter
Diameter,
Height,

Value

D

196 mm

H

346.9 mm

Operating frequency,

f0

2856 MHz

H015

Oscillation type

Q0
Coupling, β
Q factor,

80000
3.6

Power multiplication factor,

135

KP

5

Table 2.3. Main parameters of acceleration structure.

Parameter

Value

f0
Inner cell diameter, 2b
Iris aperture diameter, 2a
Thickness of diaphragm, t
Period, D
Oscillation type, θ
Relative phase velocity, βph
Relative group velocity, βgr
Section length, L
Operating frequency,

2856 MHz
83.75 mm
25.9 mm
6 mm
34.99 mm

2π/3
1
0.021
2.93 m

Total number of cells

85

Q0
Shunt impedance, Rsh
Unloaded time, τ0a = 2Q0 /ω0
Attenuation parameter, αe = 1/τ0a Vgr
Filling time, Tf = L/Vgr

Unloaded Q factor,

13200
51 MOhm/m
1.471 µs
0.108 m−1
0.465 µs

The acceleration structure is a diaphragm-type waveguide with a

2π/3

oscillation mode. Due

to the selected parameters of the SLED power multiplication system, the structure can operate
in the quasi-uniform acceleration eld distribution mode.
reected power from the SLED system.

Figure 2.4 shows the distribution of

The distribution of the amplitude of the electric eld

along the accelerating structure is demonstrated in Fig. 2.5. In this case, half of the power of the
SLED system arrives at the input.

Figure 2.4. Reected power from SLED system.
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(a) distribution along structure

(b) initial value

Figure 2.5. Amplitude of electric eld in acceleration structure.

As can be seen in Fig. 2.5, the amplitude of the electric eld along the acceleration structure
is 27 MV/m.

The maximum acceleration rate is 27 MeV/m, and the beam energy gain after

the passage of the acceleration structure is 81 MeV. With reserve, of 15%, an acceleration rate
of 23 MeV/m and an energy gain of 67 MeV can be considered as operating values.

With the

above parameters, the injector circuit can be represented as in Fig. 2.6; parameters of the regular
acceleration module are given in Table 2.4.

Figure 2.6. Scheme of injector of Super Charm  Tau factory.
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Table 2.4. Acceleration module parameters.

Parameter

Value

Number of klystrons
Operating frequency,

1

f0

2856 MHz

Repetition rate

up to 50 Hz

Peak power of klystron

50 MW

Pulse duration

3.5

µs

Number of SLED-type power multiplication systems

1

Power multiplication factor

5

SLED output power

250 MW

Number of acceleration structures

2

Input power of acceleration structure

125 MW

Acceleration rate

23 MeV/m

Energy gain per module

134 MeV

2.2 Source of operation electrons
The main parameters of the injected electron beam are given in Table 2.5.

To attain the given

values, the electron source must produce beams with emittance less than 10 nm and length of no
more than

σz = 1 mm.

Such small emittance is necessary since it can increase at the initial stages

of acceleration because of various aberration eects and Coulomb elds. With a minimum injection

· rad. The beam length
σ
=
1
mm,
the nonlinearity of the
z
accelerating eld leads to a value δW/W = ± 1 − cos(πσz /λ0 ) = ±0.05%, where λ0 = 105 mm is
the wavelength of the accelerating eld at a frequency f0 = 2856 MHz. In actual practice, various
energy of 1.5 GeV, the normalized emittance should be less than 30 mm

is one of the factors that determine the energy spread. When

phase instabilities can occur during acceleration, which will lead to increase in the energy spread
in the beam. For their eect to be smaller, the beam should not have a large length.

Table 2.5. Parameters of injected beam.

Parameter

Value

Number of particles per bunch
Energy
Emittance

2 · 1011
1.5 ÷ 2.5 GeV
10 nm

Root-mean-square energy spread

0.1%

It is suggested that the electron source should be a microwave photo gun based on an acceleration structure with parallel coupling, a scheme of which is depicted in Fig. 2.7. The microwave
power from the klystron goes into the common cavity, from which the accelerating cavities are
excited. The magnetic eld performs coupling of the excitation cavity with the accelerating cavities through the coupling holes. The focusing axially-symmetric alternating magnetic eld on the
beam axis is created by permanent magnets with radial magnetization, which are inserted into
the iron yoke. The copper pins are to adjust the eigenfrequency of the exciting cavity [1].
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Figure 2.7. Scheme of acceleration structure with parallel coupling.

It is proposed to use in electron sources an indium seal between the accelerating cells of the
structure [2].

The photocathode must be part of the wall of the ange of the rst accelerating

cavity. Such a system will have the following properties:



The accelerating cavities are easily calculated and optimized, which enables detailed calculation and selection of individual cavity parameters necessary for obtaining a high-quality
beam.



The lengths of the cavities can be varied with keeping a

π

oscillation mode, which provides

a high eective shunt impedance.



Among the known structures, this structure has the smallest apertures for excitation and
ight of beam, which enables compensation for the non-linear and transverse components of
the electromagnetic eld, which may increase the beam emittance.



As focusing elements, one can use permanent magnets placed directly between the accelerating cavities, and thus keep a small- dimension beam near the axis.



Any distribution of eld amplitudes in the cavities can be set via optimization of the process
of beam acceleration.



The variant with indium sealing and a small number of cavities enables multiple tuning and
optimization procedures and thus precise settings.

The particle dynamics were modeled using

3 + 1/2

accelerating cavities of the structure with

parallel coupling, a y-hole diameter of 10 mm, and permanent focusing magnets.

Figure 2.8

shows the distributions of the longitudinal components of the electric and magnetic elds along
the cavity axis. At the output of the electron source there was a matching solenoid. The initial
beam parameters used in the modeling are given in Table 2.6.
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Figure 2.8. Distributions of longitudinal components of electric and magnetic elds along cavity
axis.

Table 2.6. Initial beam parameters used in modeling of particle dynamics.

Parameter

Value

0.4 mm · mrad

Initial emittance
Initial kinetic energy

0.6 eV

Beam charge

1.5 nC

Operation frequency

25 Hz

Size of laser spot on cathode

5 mm

Laser pulse duration

7 ps

Magnetic eld on cathode

0T

Electric eld on cathode

70 MV/m

Input microwave power

The modeling of the particle dynamics using the

10 MW

ASTRA

code [3] gave the envelope of the

transverse beam size, shown in Fig. 2.9. The resulting output parameters are given in Table 2.7.

Table 2.7. Beam parameters at output of microwave photo gun.

Parameter

Value

Beam charge

1.5 nC

RMS beam length
Normalized emittance
Energy

1 mm

3 mm · mrad
6.5 MeV
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Figure 2.9. Root-mean-square deviation of transverse beam size.

The energy of the beam produced is insucient to completely compensate the Coulomb eld of
the beam; so it must be accelerated in the regular accelerating sections. The results of calculating
the beam dynamics at the output of the rst two acceleration structures (one accelerating module)
are shown in Figs. 2.102.12 and in Table 2.8.

The beam length and the normalized emittance

are completely steady-state parameters, and thus we can assume that they are the same at the
end of the injector accelerator.

(a) Spread of longitudinal pulses vs. longitudinal coordinate of particles.

(b) Density of particles vs.
pulses.

Figure 2.10. Longitudinal characteristics of beam.
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spread of longitudinal

(a) Transverse coordinates of particles.

(b) Phase plane.

(because of axial symmetry of beam, phase planes are the same for both coordinates)
Figure 2.11. Transverse characteristics of beam.

(because of axial symmetry of beam, the phase planes are the same for both coordinates)
Figure 2.12. RMS normalized emittance vs. number of beam particles taken into account.

Table 2.8. Beam parameters after the rst accelerating module.

Parameter

Value

Beam charge

1.5 nC

RMS beam length

1 mm

Total beam length

4 mm

RMS energy spread

0.1%

Normalized emittance for 100% of particles
Energy

2.5 mm · rad
115 MeV
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2.2.1 Laser system
The laser system needed for work with an electron source based on the microwave photo gun
should have the following parameters.
1. Pulse duration of 10 ps at most.
2. Wavelength within

263 ÷ 267 nm.

3. Pulse energy of up to 1 mJ.
4. Repetition rate of 25 Hz at least.
5. The laser must be synchronized with the microwave power system.
6. Transverse laser spot size of

0.5 ÷ 5 mm.

7. Displacement of the laser spot on the photocathode from shot to shot of 0.5 mm at most.
8. Stability in energy from laser pulse to pulse not worse than 2%.
9. Longitudinal pulse shape of the at-top type (constant rectangular pulse).

2.2.2 Photocathode
As described above, the extracted beam charge should be 1.5 nC, which imposes certain conditions
on the properties of the photocathode:
radiation of high energy density.

a long lifetime and resistance to pulsed loads of laser

We suggest Ir5 Ce as the photocathode material.

It is widely

used as a high-temperature thermal cathode and has a record emission current density, as well as a
long lifetime. The maximum extracted charge for a similar photocathode was 5 nC at a laser energy

10−9 Torr)

of 10 mJ. Another advantage of this photocathode is the low operating vacuum level (

and the possibility of opening to the atmosphere without loss of photocathode properties.

The

parameters of the cathode are given in Table 2.9.

Table 2.9. Parameters of Ir5 Ce photocathode.

Parameter
Operating wavelength,

Value

λ

266 nm

−4

10

Quantum eciency, QE
Lifetime

(for wavelength of 266 nm)
over 1000 h

10−9 Torr

Working vacuum
Response time

less than 1 ps

Permissible value of accelerating eld
Work function

less than 120 MV/m
2.69 eV (for 1800 K)

2.3 Injection of positrons
Table 2.10 presents parameters of the injected positrons. The main issues of their injection are as
follows:
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1. factor of conversion of electron beam into positron beam;
2. capture of positron beam into acceleration mode;
3. compensation for emittance of positrons accepted;
4. compensation for energy spread of positrons accepted.
The general scheme of the positron injector depends on the methods of solving these issues.

Table 2.10. Parameters of injected beam.

Parameter

Value

Number of particles in bunch
Energy

2 · 1011
1.5 ÷ 2.5 GeV

Emittance

10 nm

Root-mean-square energy spread

0.1%

To increase the factor of conversion of electrons into positrons, it is planned to use an electron
energy of 2.5 GeV. In this case, we can expect up to 40% of positrons in the head of the resulting
beam with a length of

±10◦

from the electron beam incident on the conversion target.

To match the positron beam with the acceleration-focusing line of the linear accelerator, we
apply a special matching device with decreasing longitudinal magnetic eld. A pulsed ow concentrator is the best technical implementation of this type of device. The ow concentrator is able
to form a maximum magnetic eld of

50 ÷ 80 kGs

and handle

(2 ÷ 3) · 109

pulses in this case. A

semi-sinusoidal current pulse is used for electrical supply of the ow concentrator. The duration
of the pulse current depends on the components of the power generator. A power generator made
on the basis of high-current thyristors generates a current pulse of a predetermined shape with a

25 ÷ 30 µs.

duration of

For increase in the coecient of positron capture, several rst accelerating sections are placed
in the eld of the tracking solenoid.

The arrangement of the elements of the positron system is

shown in Fig. 2.13. Usually, the solenoidal focusing is used at an average positron bunch energy
of less than

200 ÷ 250 MeV.

With further energy acquisition by the bunch, the focusing by the

solenoid becomes less and less eective, and it is worth switching to focusing using a regular FODO
structure. Usually, the value of the magnetic eld of the solenoid is

5 ÷ 6 kGs

and can be easily

achieved, from the technical point of view, using solenoids with a constant current.

Therefore,

when choosing the parameters of the magnetic eld of the positron system, one should target
this value.

Additional coils placed around the ow concentrator compensate for the drop of the

magnetic eld between the concentrator and the tracking solenoid, and also enable creation of
long adiabatically decreasing magnetic eld of the matching device.
Electron-positron conversion is performed using refractory heavy metals with a large atomic
number, for example, the

W74 RE26

alloy. Conversion calculations for an electron bunch energy of

2.5 GeV show that this value is approximately 6.2 positrons per electron (the number of positrons
exiting from the conversion target). The thickness of the target should be about
(where

X0

4X0 ,

or 14 mm

is the radiation thickness of the target material).

As a result of the passage of charged particles through the conversion target, some of their
energy is released into the target as heat.

This is the so-called thermal losses in the target

material, which amount to approximately 16% of the total energy of the electron bunch for a
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Figure 2.13. Arrangement of elements of positron system.

given conversion energy and target thickness. If the number of particles in the electron bunch is
approximately equal to

1.9 · 1010

(3 nC), then the total energy release in the target is 380 W at a

linac repetition rate of 50 Hz. In principle, this value is not too high, which makes it possible to
apply a stationary target with water cooling channels.

The target may be slightly smaller than

that used for SuperKEKB. A stationary target can be located closer to the ow concentrator
than a rotating one, which allows placing the rear end of the target in the higher eld of the
concentrator and increasing the capture of positrons.
The size of electron bunch focused on the target is limited by the maximum energy release
density.

W74 RE26 alloy, this value must not exceed 35 J/g per
σ = 0.5 mm, the maximum energy release density is 7.7 J/g;

With the

a bunch size

approximately 25.7 J/g; in both cases it is below the threshold value.

electron bunch.
with

With

σ = 0.2 mm

it is

Therefore, the size value

can be chosen from considerations of technical implementation.
The ow concentrator in use on the existing injection complex has proved itself to be highly
reliable in operation. So, it makes sense to use it again with minor modications. For example,
it is necessary to increase the minimum aperture of the concentrator from 6.6 mm to 8 mm and
make the capacitive battery of the pulse generator approximately 2 times bigger.
The emittance compensation is to occur in the ring of the cooler (the damping ring). It will
be described separately.
The energy spread of positrons should be compensated for before the cooling ring subject to its
energy acceptance. For these purposes, it is necessary to apply a monochromator section, which
is based on the accelerating structure.

The beam in it must y not in the accelerating phase of

the electric eld but in a phase providing a zero increase in the average energy. Before this, the
beam must acquire a correlated energy spread in the magnetic lattice of the debuncher.
Since the electric eld inside the monochromator has a cosine phase dependence, we should
compensate for the beam energy spread using only the eld part representing the most linear
region. This leads to a restriction on the beam length. At an operating frequency of 2856 MHz,
the wavelength of the electric eld with the most linear part is approximately
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∆ϕ ≈ 80◦ .

If

we use a eld amplitude of 30 MW/m, then a phase

30 · cos(−π/2 ± ∆ϕ/2) = ±20 MV/m.

∆ϕ/2 ≈ ±40◦

will provide an amplitude

To compensate for the energy spread, it makes sense to use

only one section of the monochromator. Otherwise it will be necessary to realize phase matching
between the sections, which can be quite a dicult task and lead to additional errors, which in
turn increases the energy spread of the particles.
at BINP SB RAS is 3 m.

The maximum length of the section produced

With this and the eld amplitude taken into account, the maximum

∆W = ±57 MeV. At
∆W/W0 = ±3.8%. Thus, there

energy spread that can be compensated for will be

a total average energy

W0 = 1.5 GeV,

is a restriction on the

this will correspond to

resulting positron beam before the cooler ring: its length after the magnetic debuncher must not
exceed

80◦

or 23 mm, and the energy spread must not exceed

±3.8%

at an average energy of

1.5 GeV.
Figure 2.14 shows longitudinal phase planes of positron beams that were captured in the
acceleration regime and acquired an average energy of about 200 MeV. The diagrams are built
for dierent lengths of the electron beam arriving at the conversion target. The electron beam is
assumed to have a normal distribution.

(a) σz = 0 mm
Figure 2.14.

(b) σz = 1 mm

(c) σz = 2 mm

Longitudinal phase planes of positrons at dierent lengths of electron beam with

normal distribution.

If we consider the head of a positron beam with a length of

±10◦ ,

which contains approx-

imately 40% of the electron beam, then after acceleration up to 1.5 GeV and the debunchermonochromator, ideally it is possible to achieve the energy spreads shown in Table 2.11.

The

longitudinal phase planes of the beams after acceleration and the debuncher-monochromator are
shown in Fig. 2.15.
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Table

2.11.

Energy

spreads

in

beams

after

acceleration

up

to

1.5

GeV

and

debuncher-

monochromator.

Length of electron beam

Energy spread after

Energy spread after acceleration

from which positrons are

acceleration to 1.5 GeV (for

to 1.5 GeV and

produced

particles within

6σ )

debuncher-monochromator (for
particles within

σz = 0 mm
σz = 1 mm
σz = 2 mm

±1.2 %
±1.8 %
±3 %

±0.8 %
±0.8 %
±1.3 %
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6σ )

From the obtained data it follows that the optimal size of the electron beam at the entry to
the conversion target should be

σz = 1 mm.

Taking into account the operation frequency of the

particle sources of 25 Hz and the amount required for injection into the collider (see Table 2.10),
we nd that the charge of operational positron bunch should be 1.3 nC. Based on the factor of
conversion of the electron beam to the positron beam of 40%, we have that the electron source
should yield 3.2 nC at least. The parameters of electron source are given in Table 2.12.

Table 2.12. Parameters of injected beam.

Parameter

Value

Bunch charge

3.5 nC

σz = 1 mm

Length

(normal distribution)

Repetition rate

25 Hz

Emittance

any

Root-mean-square energy spread

any

Table 2.13. Parameters of RF gun and electron source

Parameter

Value

Type of acceleration structure

diaphragm-type waveguide

σz = 1 mm

Length

(normal distribution)

Repetition rate

25 Hz

Emittance

any

Root-mean-square energy spread

any

Beam energy

10 MeV

Amplitude of eld on cathode

not less than 100 MeV/m

RF pulse duration

less than 1

µs

2.3.1 Electron source
The main diculty associated with the source of electrons for the conversion of positrons is the
beam high charge and small length. An RF microwave gun with a photocathode can be used here,
but to obtain a 3.5 nC charge it will be necessary to have an accelerating eld of about 100 MV/m
on the cathode. Then the characteristic length of the resulting beam will be

σz = 1.5 mm.

That

is, to reduce the beam length, it is necessary to use a magnetic buncher.
Since the quality of electron beam is not critical for the production of positrons, it is proposed
to use an RF gun based on a diaphragm-type waveguide with high internal coupling.

This will

reduce the lling time of the accelerating cavities and enable work with RF pulse with durations
less than 1

µs, which is necessary to achieve high values of the accelerating eld.

The energy of the

particles should be about 10 MeV, which will compensate for the eect of space charge. In view
of the foregoing, below are presented possible nal parameters of the electron gun of the electron
source for obtaining positrons.
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2.4 Source of polarized electrons
The pro ject of the polarized electron source (PES) for the Novosibirsk Super Charm  Tau factory
is largely based on the positive experience of work with such a source created in the 90s at
BINP SB RAS in close cooperation with ISP SB RAS and NIKHEF (Amsterdam) [4, 5, 6, 7, 8].
The Amsterdam source (Fig. 2.16) was involved in experiments to study the internal structure of
polarized nuclei by the method of scattering of polarized electrons on the nuclei of inner target in
the AmPS storage ring.

In the source for AmPS the laser irradiated the photocathode with

a relatively long electron pulse with the following parameters:

15 ÷ 50 mA,

duration of 2.1

µs,

current of

repetition frequency of 1 Hz, polarization level of up to 80%, and energy output

of the PES of

70 ÷ 100 keV.

Unlike it, in the new source it is required to accelerate a single

bunch of electrons with a duration not exceeding 2 ns and a repetition frequency of 50 Hz. In the
future, an electron current pulse will be compressed into an even shorter bunch, suitable for direct
acceleration in an

S -range

pulsed linear accelerator up to an energy of 2.5 GeV.

L2

AmPS
IT
θγ
Dγ
L3

α

3He

α

2α
2α

SS

MEA

W
S

N

SM

PES

E

AM
MP
TG

L1

Notation: L1 is the titanium-sapphire laser, PES is the source of polarized electrons with energies of
up to 100 keV, SM is the spin manipulator, MP is the Mott polarimeter, TG is the thermo-emission
gun for experiments with unpolarized electrons, AM is the alpha-magnet for beam injection into
the linear accelerator, MEA is the 700 MeV linear accelerator, SS is superconducting solenoids (a
spin rotator of the Siberian snake type), IT is the internal target of the Amps synchrotron.
Figure 2.16. General view of AmPS accelerator complex in Amsterdam.
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Figure 2.17. Straight-line diagram of AmPS source of polarized electrons.

Despite some dierences in the problems to address, the overall layout of the source for the
Super Charm  Tau factory almost completely repeats the scheme of the source for AmPS. Figure 2.16 shows the scheme of the AmPS complex, and Fig. 2.17 the scheme of the source of
polarized electrons of this complex.

The latter gure depicts two

S -range

cavities, C101 and

C102, which perform grouping and additional acceleration of the beam to an intermediate energy
of 400 keV, i. e., the energy of the beam from the thermo-emission gun before the entry to the
chopper of the main linac.
Let us proceed to discussion of the most important units and problems of the future source.

2.4.1 Photocathode
In the source created for NIKHEF, the photocathodes were a structure of InGaAsP and GaAs
crystal layers [4].

According to our measurements, the polarization level was 80% in the best

samples. The cathodes, the system of their preparation, and the laser optical system were designed
and manufactured at the Institute of Semiconductor Physics of the Siberian Branch of the Russian
Academy of Sciences, at a laboratory headed by Professor A.S. Terekhov.
In recent years, signicant progress has been made in the technology of creating GaAs photocathodes, which are used for production of polarized electron beams [9].

Almost all their pa-

rameters have been improved, see Table 2.14. For example, the polarization level of electrons in
the best photocathodes is as high as 92% and the possibility of its further increase up to 97%
is being discussed. The quantum eciency of photocathodes reached 0.85%. Currently, the best
photocathodes are produced in St. Petersburg by a scientic team headed by Professor Yu. Mamaev.

These photocathodes have been thoroughly tested at the SLAC laboratory at Stanford.

They showed a high polarization level and good quantum eciency and also demonstrated a quite
acceptable lifetime. The pro ject of the source for ILC is also being developed on their basis.
The modern photocathode is a multilayer semiconductor structure with alternating periods
of a crystal lattice grown on a relatively thick base of GaAs.
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The mechanical stress produced

Table 2.14. Comparative characteristics of best photocathodes [9].

Sample

Composition

Pmax

QE(ωmax )

Group

SLSP16

GaAs(3.2 nm)/ GaAs0.68 P0.34 (3.2 nm)

92%

0.5%

Nagoya University, 2005

91%

0.14%

SPbSPU, 2005

92%

0.85%

SPbSPU, 2007

SL5-777

SL7-307

GaAs(1.5 nm)/
In0.2 Al0.23 Ga0.57 As(3.6 nm)
Al0.4 Ga0.6 As(2.1 nm)/
In0.19 Al0.2 Ga0.57 As(5.4 nm)

via doping the alternating layers of the main semiconductor with indium, aluminum, and other
elements creates a suciently large splitting of the energy levels of electrons with dierent spin
directions in the valence band.

This splitting of the levels

J = 3/2, m = −3/2

and

J = 3/2,

m = −1/2 exceeds 60 MeV in the best samples, which enables quite selective emission of electrons
with only one spin direction into the conduction band, see Fig. 2.18 [10].

Figure 2.18. Splitting of levels of valence band and scheme of transitions to conduction band.

Details of the technology of preparation of photocathodes are beyond the scope of this review.
We are mainly interested in the consumer qualities of this product. The graph in Fig. 2.19 shows
the curves of the dependence of the quantum yield and polarization on the light wavelength [9]. As
can be seen from the presented data, a maximum polarization level of 92% is reached at 825 nm.
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Figure 2.19. Level of polarization and quantum yield vs. light wavelength.

2.4.2 High-voltage unit
The main requirement to the high-voltage volume of the photo gun is that it must provide ultrahigh vacuum, at a level of
vacuum of

−8

10

10−11 mbar.

An idea of using a double vacuum volume with an insulating

mbar surrounding the accelerator tube insulators was successfully tested on the

Amsterdam source. Figure 2.20 presents the scheme of such a double vacuum volume.

Notation: 1 is extraction line and laser input window; 2, 3, 13 are vacuum pump ports; 4 is acceleration gap; 5 is anode; 8 is high-voltage cable; 6 is insulator of accelerator tube; 11 is second
insulator of accelerator tube; 10 is protective vacuum casing; 12 is ange for interfacing the preparation and loading chambers with the unit.
Figure 2.20. Photo gun.
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A negative voltage pulse of

−100 kV

with a duration of about 500

µs

in base was applied to

the accelerating tube. The beam pulse duration was determined by the light ash duration. For
the source of the Super Charm  Tau factory the light pulse duration should be less than 2 ns in
base.
The low pulse rate of the accelerating voltage reduced the time of bombing the photocathode
with dark currents, which are always present in high voltage devices, by more than three orders of
magnitude. That made it possible to increase the lifetime of the cathodes to one month, whereas
with a constant voltage on the accelerating gap the lifetime of cathode was
The accelerating gap of the gun for AmPS was 65 mm.

2÷3

days at most.

The maximum eld strength in the

cathode surface did not exceed 17 kV/cm. The diameter of the photocathode was 12 mm, and the
size of the light spot was varied from 1 to 7 mm.
Generation of a shorter beam pulse in the source of the Super Charm  Tau factory will obviously require using a signicantly higher rate of acceleration as compared with the source for
AmPS. For instance, at the source being developed under the ILC project at the Nagoya University, the acceleration rate was brought to 29.7 kV/cm on the photocathode surface [10].
this case, a constant accelerating voltage of

−200 kV

In

is applied to a very small gap of 35 mm, see

Figs. 2.202.22. In this source, the dark currents were suppressed due to molybdenum as the material for the cathode electrodes and titanium as the anode material. Studies that were conducted
at the Nagoya University show attainability of eld strengths of up to 1300 kV/cm on combined
molybdenum-titanium electrodes [11].

In general, the high-voltage unit for the Nagoya Univer-

sity in assembly with the preparation and charging chambers is built on the same principles that
were used earlier in the source for AmPS. However, the unit for the Nagoya University has better
shielding of the cathode against weak electrical discharges occurring along the ceramic insulators.
In addition, the magnetic lens with a longitudinal magnetic eld is placed maximally close to the
photocathode. This improves the matching of the beam emittance with the electron-optical path.
All these innovations, as well as the new photocathodes produced in St. Petersburg, are expected
to be used in the project of the source for the Super Charm  Tau factory.

Figure 2.21.

Scheme of high-voltage unit of polarized electron source of Nagoya University,

Japan [10].
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Figure 2.22. Geometry of acceleration gap of source of Nagoya University [10].

2.4.3 Activation of photocathodes
15÷20 s) in nitrogen atmosphere

The cathode is subjected to chemical etching in hydrochloric acid (

in a fume hood. This is followed by washing with methanol and drying. After that, the cathodes
are inserted into frames and placed in a special sealed container in the top part of the hood.
The container can hold up to three cathodes at a time. The container with the cathodes is lled
with nitrogen and then transferred to the upper port of the loading chamber, also lled with pure
nitrogen. Further, the loading chamber with the cathodes in it is pumped to

10−8 mbar, using oil-

free turbo-pumps and magnet-discharge pumps. After that, the cathodes are transferred through
the sluice into the preparation chamber. In the latter chamber, the photocathodes are placed on
a carousel, where up to four cathodes can be placed simultaneously.
cathodes are made using magnetic manipulators.

All the movements of the

The chambers are separated by a gate with a

metal seal.
The procedure of activation of the photocathode takes place in the preparatory chamber under
a vacuum of

10−11 mbar,

maintained by an ion pump with a titanium getter and NEG tape. The

carousel is rotated, and the cathode in the frame is moved to the position opposite the heater
plate. The infrared radiation of the heater gradually heats the cathode to
pressure must not rise above

−8

10

mbar. The temperature of

600

◦

600 ◦ C.

In so doing, the

C is maintained for one hour to

evaporate the contaminated surface layer of various arsenic compounds. After that, the cathode
slowly cools down to room temperature.
Further, alternate sputtering of cesium and oxygen atoms is performed in order to relax the
potential barrier for electrons to escape.

It was called the Yo-Yo procedure.

each elementary layer is about 0.1 monolayer. Cesium is sprayed rst.

12 ÷ 15

The thickness of
pairs of layers are

applied, till the saturation of the photocurrent collected on a special collector. In the process of
cesium application, the cathode is continuously illuminated by the halogen lamp light.
After the activation, the quantum yield is measured using a helium-neon laser at several power
levels.

A good InGaAsP cathode typically shows a yield of

laser.
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10 ÷ 14%

at the wavelength of this

The old cathode is removed and put on the carousel for subsequent reactivation.

2÷3

reactivations slightly reduce the quality of cathode.

Usually

The new cathode is placed in the

cathode unit and is tested at several wavelengths of the titanium-sapphire laser.

2.4.4 Magneto-optical system. Spin rotator
A lens with an axially symmetric longitudinal magnetic eld is placed directly on the exit from
the gun. The conguration of the lens eld is chosen subject to the inuence of the space charge
eect on the electron tra jectory.

For an intense nanosecond bunch, this eect must be taken

into account and, if possible, compensated for.

According to the results of the modeling and

measurements of normalized emittance at the Nagoya University [10], its value does not exceed

εx,y = 10π mm · mrad.

These measurements were made for a charge with a bunch duration of 1 ns.

Then the magnetic eld bends the beam by

90◦

or a slightly smaller angle, for separation of

the light and electron beams. In principle, it seems to be possible to inject the laser beam by an
oblique tra jectory, and then no magnetic bending is required. The latter option requires further
elaboration. Note that magnetic bends of a nonrelativistic electron beam practically do not aect
the spin, i. e., the spin rotates in exactly the same way as the velocity vector.
Then there are two possibilities to turn the spin perpendicular to the velocity vector. In the
Amsterdam source we used an

electric

eld to bend the beam by

110◦ .

In so doing, the spin

almost did not rotate in the laboratory coordinate system (since, due to the smallness of the
beam velocity, the magnetic eld in the co-moving particle coordinate system is very small) and
turned out to be exactly perpendicular to the velocity. Then the solenoid rotated the spin around
the longitudinal axis into the vertical direction, and the spin remained vertical after the reverse
rotation by the electric eld. If, however, in a conguration with a zero integral of the longitudinal
eld the solenoids were switched on between the rotations, then two electric rotations compensated
for each other, and the spin remained longitudinal. Adjusting the value of the longitudinal eld
integral, we were able to obtain any desired spin orientation. This type of spin rotator was called
the

Z -shape

manipulator because of its shape in plan.

The other option is to use the so-called Wien lter.
magnetic and electric elds.

It is a straight interval with crossed

Their actions on the rotation of the velocity vector are mutually

compensated for, and the spin rotates around the direction of the magnetic eld by an angle
proportional to the integral of the magnetic eld. The main advantage of using the Wien lter is
the absence of linkage with a strictly dened electron energy.

The main disadvantage of such a

spin rotator is the signicant chromaticity of the rotation of particles with dierent energies.
Below we discuss in some detail a new approach to constructing spin rotators for nonrelativistic
energies.

g − 2)

This approach originated during the work on the pro ject of the muon (

experi-

ment [12]. The idea is that in crossed electric and magnetic elds, choosing a certain ratio of the
values of these elds, one can eliminate dependence of the radius of particle bend on its velocity.
Acting in this way, we can make all the beam bends perfectly achromatic.
Equation of the motion of a particle in transverse

p = γβmc,

E


dp
=e E+β×B
dt

and

→

B

elds is as follows:

B+

E
pc
=− .
β
er

(2.1)

The requirement of independence of the bending radius on the momentum will determine the ratio
of the elds:



d B
Ep
+ 2 1 + p2 = 0
dp p
p

→

B = −E
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γ2 + 1
,
βγ 2

E = −B

βγ 2
.
γ 2 + 11

(2.2)

Substituting (2.2) in (2.1) results in the following:

B=−
In the nonrelativistic case

γ ' 1.


pc 2
γ +1 ,
er

E=

pc 2
βγ .
er

(2.3)

Realizing this passage to the limit, we have that

β
E = − B,
2

B = −2

pc
,
er

E=

pc
β.
er

(2.4)

It is seen from these expressions that to make the dispersion zero, the eld to bend the beam
should be twice as strong as that in a purely magnetic bend, which compensates for half of the
excess Lorentz force due to a weak radial electric eld directed away from the center.
Let us now consider the question of spin rotation in such a hybrid magnet. In the laboratory
coordinate system, the angular frequency of the precession of the spin is

e
Ω=−
mc






1
1
a+
B− a+
β×E ,
γ
γ+1

Ω0 = βc/r, β 2 γ 2 = γ 2 − 1:



 
e
1
1
Ω=−
a+ B B+ a+
βE =
mc
γ
γ+1






βc
1
1
2
2 2
=
a+
γ +1 − a+
β γ = Ω0 (2aγ + γ + 1).
r
γ
γ+1

or, sub ject to (2.3) and the fact that

(2.5)

Respectively, the relative frequency of precession in an accelerating coordinate system rotating
with a frequency

Ω0

is

ν=

Ω − Ω0
= γ(2a + 1).
Ω0

(2.6)

We see that the spin of a strongly nonrelativistic electron or muon rotates in the same direction
as the velocity vector, with the tune

ν=1

in the accelerating coordinate system.

The correction for the dierence of the gamma-factor from unity leads to the fact that at an

E = 100 keV,
75.1◦ . Figure

90◦

electron energy

for the spin to turn by

it is enough to rotate the velocity vector

only through

2.23 shows a possible conguration of spin rotator with two such

hybrid magnets with a radial electric eld. Changing the mutual polarity of the elds in the pairs
of solenoids between the achromatic bends and at the end of the structure, it is possible to freely
control the spin direction at the output of the entire device.
The focusing properties of the achromatic bend that are discussed here are determined by the
choice of the eld index of the electric and magnetic elds [13]:

E ∼ 1/r(n +1)


νx2 = 1 − nB γ 2 + 1 + nE γ 2

νz2 = nB γ 2 + 1 − nE γ 2
νx2 + νz2 = γ 2 + 1
νx = νz for nE = 0, nB = 0.5.
B ∼ 1/rn ,
B

E

(2.7)

It is also useful to give here the expression for the bend radius chromaticity in the second
and third orders with respect to the dierence of the particle momentum from the equilibrium
momentum:

r0
ρ


=1−
r=r0




3
1
7
2
1
2
−
δ +
−
+
δ3,
2 2γ 2
2 γ 2 2γ 4
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δ=

∆p
.
p

(2.8)

Figure 2.23.

Proposed scheme of achromatic spin rotator analogous in all other properties to

Z -manipulator

in project for AmPS.

These corrections to the bend radius do not exceed 0.002 at
Trial magnet parameters for a

90◦

|δ| < 0.04.

spin rotation are given in Table 2.15.

Table 2.15. Magnet parameters.

Parameter

Value

Beam energy in source of polarized electrons
Lorentz factors
Spin tune
Velocity/spin rotation angle
Bend radius
Vertical magnetic eld
Radial electric eld
Magnetic eld exponent
Electric eld exponent
Betatron tunes

E = 100 keV
β = 0.54822, γ = 1.195695
ν = 1.198468
φ = 75.1◦ /90◦
ρ = 25 cm
B = 108.6 Gs
E = −10.5 kV/cm
nB = 0.5
nE = 0
νx = νz = 1.1022

2.4.5 Mott Polarimeter
Having passed the spin rotator, the beam has a spin orientation perpendicular to the velocity,
for example, it is vertical, see Fig. 2.17.

Its scattering on gold atoms has a noticeable angle

asymmetry, which is usually applied in measurement of the polarization degree.

The details of

the polarimeter structure and the features of its operation can be found in [5, 7].

2.4.6 Beam bunching, pre-acceleration, and injection of beam into
linac
At the AmPS source, the beam was bunched and then accelerated to 400 keV by means of two
cavities fed by part of the power of the 1st klystron of the large linac [6].
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Then the beam was

injected onto the axis of the linac due to a

270◦

magnetic bend by the so-called alpha magnet.

Such a bend has a number of advantages as compared with a

90◦

simple bend.

It can be made

achromatic and focusing with respect to both transverse coordinates. In addition, it has a certain
bunching eect, opposite in sign to the drift.

In operation with an unpolarized electron source,

the alpha magnet was switched o, letting the beam from the forward direction pass.

2.4.7 Conclusion
In conclusion, we list the main subsystems of the source of polarized electrons.



Fume hood for etching of the photocathode.



Loading chamber.



Preparation chamber.



Magnetic manipulators.



Photo gun and 100 kV pulsed power supply (pulse of 0.2 ms, 50 Hz).



Ultra-high vacuum system (pumps, heaters, NEG, and sensors):

P < 10−11 mbar.


Titanium-sapphire laser and optics.



Spin Z-manipulator.



100 keV beam transport line.



Mott polarimeter.



Subharmonic pre-buncher and pre-accelerator.



Alpha magnet.



Faraday cup.

The basic design parameters of the polarized electron source for the Super Charm  Tau factory
are given in Table 2.16. It should be noted that many characteristics of the beam are determined
not so much by the quality of the photo gun itself, but by its subsequent transformations in the
process of bunching and acceleration. In particular, the emittance value still cannot be predicted
reliably.
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Table 2.16. Parameters of polarized electron source for Super Charm  Tau factory.

Parameter

Value

Beam polarization
Lifetime of polarization in ring
Voltage on cathode (pulsed, 0.2 ms, 50 Hz)
Photocathode type (provisionally)

80 ÷ 90%
3000 ÷ 4500 s
−100 kV
AlInGaAS/AlGaAS SL
with strained QW

Laser type

Ti-Sapphire

700 ÷ 850 nm
10 µJ

Laser wavelength
Laser energy in pulse
Pulse duration

2 ns

Repetition rate

50 Hz

10

3 · 10 (5 nC)
10 ÷ 30 mm · mrad

Number of electrons in pulse
Normalized beam emittance(RMS)
Quantum eciency of photocathode

to 0.5%

200 ÷ 600 h*

Time of photocathode reactivation

*

depending on the power of the laser and vacuum.
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