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Abstract

The TESLA linear collider needs damping rings to achieve the required small
transverse emittances for optimum luminosity. Due to the TESLA pulse struc-

ture the damping rings are about 17 km long. The resulting unusual ratio of
circumference to energy leads to a large space charge tune shift. The originally

proposed damping ring [1] has thus been redesigned for higher energy. This paper
describes the optical design of the 5 GeV TESLA damping ring.

1 Introduction

The TESLA linear collider foresees the acceleration of low emittance electron and
positron bunches. The transverse emittances as produced at the particle sources are
several orders of magnitude larger than the required emittance for optimal linear col-
lider operation. Damping rings are therefore necessary to reduce the transverse emit-
tances. Damping is achieved through the process of radiation damping by synchrotron
radiation in bending fields and energy gain in RF cavities. The design of the damping
ring has to ensure a small emittance and a sufficient damping rate.

One main design criterion for the TESLA damping ring arises from the pulse struc-
ture of the linear collider. The acceleration of 2820 bunches in one pulse of ≈ 1ms du-
ration, respectively a bunch train length of approximately 300 km is foreseen. To keep
the damping ring length reasonable, this bunch train has to be stored in a compressed
mode with a much smaller bunch spacing as in the linear accelerator. Consequently,
each bunch has to be injected and ejected separately. The ring length is then given
by the bandwidth of the injection and extraction system. A bandwidth of 50MHz (a
bunch spacing of 20 ns) requires a ring length of 17 km. To avoid the cost for additional
17 km of ring tunnel, the most part of the damping ring will be installed in the linac
tunnel [2]. Short return arcs requiring additional tunnels provide a small fraction of
the circumference.

The final extracted transverse emittance (εf) is given by

εf = εeq + (εf − εeq)e
−2T/τD (1)
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where εi and εeq are the initial (injected) emittance and the equilibrium emittance
respectively, τD is the damping time and T is the storage time (200ms). The initial
normalized positron emittance is 0.01m, and ∼7 damping times (28ms) are required
to achieve the final design normalized emittance of 2 × 10−8 m. The injected electron
beam — having been produced by a photoinjector as opposed to a target — has a
much better beam quality (γεi ≈ 10−5 m), and only requires 4 damping times.

The different injected beam sizes lead also to different requirements for the trans-
verse and longitudinal acceptance. Asking for an acceptance proportional to ≈ 35σ
leads to a normalized transverse acceptance of 0.012m for the electron ring. With the
same requirement the positron ring acceptance would have to be unacceptably large.
The requirement for the acceptance of the positron damping ring is thus to accept
the collimated phase space of the positrons after the pre-accelerator (≈ 0.04m). The
electron ring — being built equal to the positron ring — will then have the same ac-
ceptance. Potential relaxed tolerances or smaller apertures for the electron ring have
not been exploited.

The target parameters for the TESLA damping ring are summarized in table 1. Fig-
ure 1 shows a sketch of the positron damping ring layout, with the long straight section,
in-/ejection, wigglers, and RF placed in the main linac tunnel. Slight modifications of
the arc geometry would allow to place the wiggler in the arc tunnel.

The ring circumference and the damping time are imposed by the linear collider
requirements. Two free parameters can be chosen: the damping ring energy and the
bending magnet field. Section 2 summarizes some scaling laws which allow to find the
optimal parameters analytically.

The damping ring lattice can be divided in three separate parts: the arc, the wiggler
section and the long straight sections in the linac tunnel. The optics of these sections
will be described in section 3. Dynamic aperture and tolerances are summarized in
sections 4 to 5.

injection

ejection

straight sectionRF wiggler wiggler

arc arc

e  to IP+

LINAC tunnel

Figure 1: Conceptual layout of the positron damping ring. The electron ring is similar
with the exception that the injection point is located close to the indicated ejection
position at the beginning of the linac.
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Table 1: Target parameters for the TESLA positron damping ring. Where different,
values for the electron damping ring are given in parentheses.

Circumference C 17 km
Hor. extracted emittance γεx 8 × 10−6 m
Ver. extracted emittance γεy 0.02 × 10−6 m
Injected emittance γεx(y) 0.01m (10−5 m)
Number of damping times nτ 7.2 (4.0 )
Cycle time Tc 0.2 s
Damping time τd 28ms (50ms)
Number of bunches nb 2820
Bunch spacing ∆τb 20 × 10−9 s
Number of particles per bunch Ne 2.0 × 1010

Current 160mA
Equilibrium bunch length σz ≈ 6mm
Transverse acceptance γAx|y 0.04m (0.012m)
Momentum acceptance Ap 1% (0.5%)

2 Damping Ring Scalings

The transverse damping time is:

τD =
2mc2

c

γC

Jx(y)U0

with the relativistic factor γ, ring circumference C, and damping partition numbers
Jx(y). U0 is the energy loss per turn:

U0 =
2remc2

3
γ4
∫

1

ρ2
ds .

In a wiggler based damping ring it is convenient to express the basic scaling laws
in terms of the ratio of the wiggler to arc synchrotron radiation loss Fw:

Fw =
Lwig/< ρ2

wig >

2πFD/ρdip
(2)

with Lwig the total wiggler length, < ρ2
wig > the average square wiggler bending radius,

ρdip the bending magnet radius and 2πFD the total dipole bending angle of the ring 1.
With the above definition of Fw the damping time can be written as:

τD =
3

rec
C

1

γ3

ρdip

2πFD

1

1 + FW
(3)

1In usual circular accelerators FD = 1, while the dog-bone damping ring requires FD ≈ 2, see
figure 1.
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yielding with the TESLA parameters (FD = 2):

1 + Fw = 1.716 × 1011 [m−1]
ρdip

γ3
. (4)

The horizontal equilibrium emittance can be calculated from:

εx ∝
γ2

Jx
〈H

ρ
〉 (5)

with
H = γD2 + 2αDD′ + βD′2 (6)

with α, β, γ the Twiss parameters and D,D′ the dispersion functions. 〈H
ρ
〉 denotes the

average around the ring.
The horizontal emittance is created both in the bending magnets and in the wiggler.

The equilibrium emittance for bending magnets εarc and wigglers εwig can be calculated
separately and combined to the total equilibrium emittance according to the following
equation:

εx =
1

Jx + Fw
(εarcJx + εwigFw) . (7)

Assuming a wiggler being placed in a dispersion free region its equilibriumemittance
becomes 2:

γεwig ≈ Cq1.78 × 106B3
wigλ

2 < β > (8)

with λ the wiggler period length, Bwig the maximum wiggler magnetic field, < β > the
average β-function in the wiggler and Cq = 3.84 × 10−13 m.

The emittance in the arc is

γεarc = Cqγ
3Fε(lattice, µx)

1

Jx
θ3

dip (9)

with θdip the dipole bending angle and Fε the lattice quality factor. This factor will be
discussed in section 3.1.

The remaining linear parameter which can be influenced by the lattice is the mo-
mentum compaction factor, which is created in the dispersive sections of the ring:

αc =
1

C

∫

D

ρ
ds .

The momentum compaction contribution of the arc cells can be calculated as:

αc;arc ≈
2πFD

C
Fα(lattice, µx) (10)

with Fα(lattice, µx) a lattice dependent factor, which will also be discussed in section
3.1. The momentum compaction contribution of the wigglers is:

αc;wig ≈ − 1

C

1

96

(

λ

ρwig

)2

Lwig . (11)

2For the estimates of the wiggler contributions to the emittance and momentum compaction a
wiggler with a rectangular field profile and a pole length of λ/4 has been assumed.
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The damping ring design has to consider the incoherent space charge tune spread.
This tune spread can get rather large due to the unusual ratio of ring length to energy.
The space charge tune shift for a particle in the longitudinal bunch center is:

∆Qsc;x(y) ≈
CreNe

(2π)
3

2 γ2√εxεx(y)σz

(12)

with Ne the number of electrons/positrons per bunch and σz the bunch length. The
bunch length is influenced by the damping ring momentum compaction factor and
the RF parameters. The maximum bunch length is somewhat imposed by the bunch
compressor system following after the damping ring and is 6mm. With all other
parameters in equation (12) fixed by the linear collider requirements the only free
parameter is the energy.

A ring energy of 5GeV has been chosen as a compromise between the need for higher
energy to reduce space charge effects (∆Qsc;y ≈ 0.23) and damping wiggler costs, and a
preferable lower energy which reduces the RF power needs and eases the design of the
damping ring arcs. Combining equations (3) and (7) shows that at constant bending
radius ρdip and damping time τD the emittance contribution of the arc scales with γ6.
A low emittance lattice in the arcs is thus increasingly important and will be described
in section 3.1.

3 Damping Ring Optics

3.1 Choice of the Arc Lattice

Two different lattice types are investigated for the design of the arc lattice:

• A FODO cell with dipoles placed between focusing and defocusing quadrupoles.

• So-called minimum emittance type lattices (TME) with a dipole placed between
focusing quadrupoles in such a way that the horizontal β- and dispersion-function
has its minimum in the middle of the dipole. This lattice achieves the smallest
possible emittance in a given dipole.

The optimum values for the minimum of the horizontal beta and dispersion function
in the middle of the dipole of a TME cell scale with the dipole length:

βx,min =
1

2
√

15
ldip Dx,min =

θdipldip

24
(13)

The minimum lattice quality factor is

Fε;min(TME) =
1

12
√

15
(14)

at a phase advance of ≈ 280◦. A ’detuned’ minimum emittance cell is characterized
by the ratio of the reached emittance to the minimum possible emittance εR = ε/εmin.
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The β and dispersion functions scale roughly with this ratio and the phase advance is
tan µx =

√
3εR/(

√
ε2 − 1−

√
5) [3]. A numerical evaluation of the factor Fε(lattice, µx)

is displayed in figure 2 as a function of the phase advance per cell. The TME lattices
have been matched for three different cases:

• Matching the β and dispersion function to the respective value of the ’detuned’
minimum emittance cell (TME).

• Matching the phase advance per cell while keeping the cell length constant
(TME2).

• Matching a cell with a combined function dipole at the position of the defocusing
quadrupole (FOBO).
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Figure 2: Comparison of emittance, normalized to γ2θ3
cell for TME, TME 2, FOBO

and FODO cell.

The optimum horizontal phase advance for minimum emittance is usually not
reached in real lattices. The strong focusing required leads to unacceptable dynamical
behavior. A typical phase advance for a FODO cell is µx;FODO = 0.25. The thus
reached emittance is only 2 times larger than the smallest reachable one. For a TME
lattice µx;TME ≈ 0.4 is a reasonable compromise, yielding a detuning of four. For these
phase advances, a TME cell gives a ≈ 6 times smaller emittance for the same bending
angle per cell, or a ≈ 6

1

3 larger bending angle leads to the same emittance.
The simplest TME cell is the FOBO cell, made from a horizontally defocusing

combined function dipole flanked by two focusing quadrupoles. The advantages of this
cell is a small number of elements per cell, small space requirements, and a change of the
damping partition number in the ’right’ direction. The disadvantages are no flexibility
and a poor separation of horizontal and vertical β-functions in view of the chromaticity
correction. The advantage of shifting the damping partition numbers is negligible in the
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dog-bone damping ring, as most of the damping is provided by the wigglers. Because
of these reasons we will only consider a separate function dipole flanked by quadrupole
doublets. This also gives flexibility in changing the phase advance if desired. The drift
space between the two outer, focusing quadrupoles provides space for the focusing
sextupole at highest horizontal dispersion and β-function (see figure 3).

Having selected the lattice type, the remaining parameter to be fixed is the length
of the dipole magnet ldip. The momentum compaction factor can be calculated using
equation (10). The factor Fα is for the two lattice types 3:

Fα(FODO,µx) ≈
l2cell
ρdip

1

sin2(µx/2)
(15)

Fα(TME,µx) ≈
l2dip

ρdip

εr + 1

24
(16)

The momentum compaction factor contribution of the wiggler is small due to the small
dispersion in the wiggler. The momentum compaction factor is thus determined by
the arc lattice. It is proportional to the dipole/cell length. We have thus chosen a
rather long dipole magnet. This gives the disadvantage of increased arc- and thus
tunnel-length. Additional benefits are larger optical functions, which lead to smaller
sextupole strength and thus better dynamic properties of the lattice.

The dynamic aperture of a realistic ring made out of FODO cells or TME cells has
been compared with the help of tracking calculations. A TME cell with a bending angle
of θdip = 12 ◦ has been designed. This compares with the bending angle of θcell = 7.5 ◦

3For the FODO cell a placement of the dipoles in the middle between the quadrupoles has been
assumed.
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Table 2: Arc parameters.

Cell length 15.2m
Cell phase advance µx/2π, µy/2π 0.4 ,0.1
Total number of cells 100
Length of one arc 950m
Total chromaticity contribution ξx, ξy −90 , −35
Total energy loss contribution 1.1MeV/turn
Arc equilibrium emittance γεarc 3.7× 10−5 m
Total emittance contribution γεarc/(1 + Fw) 2.0× 10−6 m

for the FODO cell used in the damping ring proposed in [1]. The dipole length has
been set to 9m to reach a comparable momentum compaction. The phase advance
has been chosen to µx = 0.4, µy = 0.1. The resulting ring shows a two times larger
dynamic aperture. Thus a TME lattice has been chosen for the damping ring arcs.

To achieve the desired emittance at an energy of 5GeV the bending angle has been
halved without changing the dipole length. A comparable FODO lattice would have 6

1

3

more cells and the dipole is ≈ 2.5 times shorter for the same momentum compaction.
Figure 3 shows the TME arc cell with a 6 ◦ bending magnet.

The optical parameters of the damping ring arc are summarized in table 2. The
geometry of the arc is optimized as a compromise between the tunnel length and the
smallest number of cells. The influence of the ’reverse’ bend angle α on the arc tunnel
length is shown in figure 4. The total number of bending cells is 50, corresponding to
a ’reverse’ bend angle of 60 ◦ . The layout of one arc is shown in figure 5.
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Figure 4: Dependence of total arc tunnel length on ’reverse’ bend angle α.

The transformation between the positive and negative bending arc section is done
via a zero dispersion FODO lattice. The length is adjusted to provide ≈ 0.5m space
between the two beam lines in the linac tunnel. The dispersion suppression consists
of a half dipole scheme. The same suppressor is used at the end of the arc. Figure 6
displays the dispersion suppressor and two FODO cells.
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3.2 Wiggler Cell

Two alternative designs for the damping wigglers have been studied: permanent magnet
[4] and electromagnetic [5] technology. The permanent magnet wigglers advantages are
compact size and low operating costs. On the other hand, an electromagnetic wiggler
is tunable and less sensitive to radiation damage. Due to cost and space constraints,
the maximum current density in the electromagnetic wiggler is limited and the power
requirements for the electromagnetic wiggler system would be 6.8MW. Therefore the
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permanent magnet wiggler has been chosen as the reference design for the damping ring.
Radiation damage can be avoided by means of collimation and an active protection
system.

In respect of the optical design of the wiggler cell the choice of the wiggler tech-
nology is not important. The electromagnetic wiggler will produce a larger horizontal
emittance due to its longer period length and higher field.

0.0 1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11. 12.
s (m)

δ E/p 0c = 0 .

Table name = TWISS

TESLA DR Triplet Wiggler Cell
HP/UX version 8.23/0 01/02/:1  11.39.40

4.

6.

8.

10.

12.

14.

16.

18.

20.

β
(m

)

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

Dx
(m

)
[*

10
**

(
-

3)
]

β x β y Dx

0.0 1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11. 12.
s (m)

δ E/p 0c = 0 .

Table name = TWISS

TESLA DR FODO Wiggler Cell
HP/UX version 8.23/0 01/02/:1  11.42.58

4.

6.

8.

10.

12.

14.

16.

18.

20.

β
(m

)

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

Dx
(m

)
[*

10
**

(
-

3)
]

β x β y Dx

Figure 7: Wiggler cell using a triplet focusing lattice (upper) or a FODO lattice (lower).

The ≈ 5m long wigglers can be embedded in a FODO or triplet focusing structure
(see figure 7). The horizontal phase advance can be varied to obtain the desired hor-
izontal emittance. The vertical phase advance is chosen as a compromise between a
small contribution to the total chromaticity of the ring and the required vertical aper-
ture at injection. Assuming an inner half aperture of 10mm and an additional safety
margin of 2mm for orbit missteering and misalignment the largest β-function for the
injected positron beam is βmax;y = (8× 10−3)2/0.036

γ
= 17.4m.
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The maximum β-function in a FODO lattice is determined by the phase advance
and the cell length and is ≈ 1.75 − 2 × lcell for phase advances between 45 ◦ and
115 ◦. This limits the FODO cell length to 10m. The wiggler design gets easier
and more efficient with increasing wiggler length (less end poles, connections, etc.)
and thus a longer cell may be desirable. The triplet focusing allows to confine the
vertical β-functions while simultaneously tuning the average horizontal β for emittance
control. The disadvantages of the triplet lattice are the need of one more quadrupole
per cell. Both lattice types can easily be accommodated in the damping ring. The final
choice of the lattice should be done together with the final optimization of the wiggler
parameters.

The equilibrium emittance due to the wiggler cell has been calculated for both
lattices and various horizontal phase advances. The vertical phase advance has been
kept at 45 ◦. Figure 8 gives the horizontal emittance and the chromaticity of one wiggler
cell. The total chromaticity contribution of the wiggler section is ≈ 10% of the total
ring chromaticity. Table 3 summarizes the wiggler section properties.
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Figure 8: Normalized horizontal equilibrium emittance and chromaticities for perma-
nent magnet wiggler embedded in a FODO or triplet lattice.

3.3 Other Sections of the Ring

3.3.1 Long Straight

The long straight section consists of 100m long FODO cells. Their number has been
adjusted to provide a 17 km long ring. The phase advance is µx,y = 0.125, which yields
a maximum beta-function of ≈ 200m. The contribution to the total chromaticity is
about 15% horizontally and 25% vertically.
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Table 3: Wiggler section parameters for both electromagnet and permanent magnet
designs.

Cell length 12.2m
Cell phase advance µx/2π, µy/2π 0.075 . . . 0.3, 0.125
Cell chromaticity ξx, ξy –0.05 . . . –0.32, –0.14 . . . –0.28
Maximum vertical beta 18 . . . 28m
Energy loss contribution 19.1MeV/turn
Radiated power (160mA) 3MW

Permanent Electro-
magnet magnet

Total number of cells 45 36
Wiggler equilibrium emittance γεwig (7.4 . . . 2.4)×10−6 m (19.6 . . . 6.1)×10−6 m
Emittance contribution γεwig

Fw

1+Fw
(7.8 . . . 2.5)×10−6 m (20.7 . . . 6.5)×10−6 m

gap g 25mm 25mm
period length λ 0.40m 0.55m
number of periods 12 8
peak field Bmax 1.68T 1.8T
field integral

∫

B2ds 1.37Tm/m 2.1Tm/m
magnet length for

∫

B2ds = 605T2m 468 300

The TESLA tunnel follows the curvature of the earth, and thus the straight sections
require vertical bending. The emittance contribution of the vertical bending magnets
is negligible, but care has to be taken to have no vertical dispersion in the wiggler and
arc sections.

Table 4: Parameters for the damping ring straight sections.

Cell length 100m
Cell phase advance µx/2π, µy/2π 0.125, 0.125
Total number of cells 140
Chromaticity contribution ξx, ξy −18, −18

3.3.2 Coupling Insertion

A further decrease of the incoherent space charge tune shift is possible with a local
increase of the beam size. For this purpose coupling insertions at the beginning and
end of the long straight section are used. By means of a skew quadrupole triplet the
initial distribution is transformed in a vortex distribution with the particle trajectories
rotating in the x-y plane [6]. The resulting vertical and horizontal beam sizes are equal
and

√
2 time smaller than the initial horizontal beam size. The rotation is removed

from the beam with a similar triplet with the only requirement that the phase advances
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between the two insertions have to be equal. Figure 9 shows the projected horizontal
and vertical beam sizes in a short beamline sequence for no coupling insertion (left) and
coupling insertion included (right). With this coupling insertion the space charge tune
shift can be reduced by approximately a factor of 5. This is sufficient for operation of
the damping ring at small vertical emittances [7].
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Figure 9: Projected horizontal and vertical beam size along a beam line sequence with
no coupling insertion (left) and coupling insertion included (right).

3.3.3 Injection and Extraction

In- and ejection will take place in the straight sections of the damping ring. The inner
radius of the foreseen injection kickers is 25mm, leading to a maximum β-function of
50m to allow sufficient aperture at injection. The kick strength for both injection and
ejection is θ ≈ 0.6mrad or

∫

Bdl ≈ 0.01Tm at 5GeV and βkicker = 50m. To ensure
an ejected beam stability of < 0.1σx, the amplitude stability of the kicker system has
to be 7× 10−6 Tm for both the maximum deflection and the remaining ripple after the
kicker pulse; this corresponds to a relative stability of 7× 10−4 at maximum deflection.
Reduction of the relative stability requirement cannot be achieved using (for example)
an orbit bump at the ejection septum, since the full aperture of the machine is required
for the undamped bunches4.

Depending on the kicker/pulser combination to be installed, 10 to 20 kickers of
≈ 0.5m [8] length will be installed. The ejection section will host all of them in
one common straight section, followed by the septum after a phase advance of 90 ◦.
The ejection section is located at the beginning of the linac in the main linac tunnel.
Therefore it has been designed as short as possible (see figure 10).

4Damped and undamped bunches are simultaneously present in the ring.

13



0.0 5. 10. 15. 20. 25. 30. 35. 40.
s (m)

δ E/p 0c = 0 .

Table name = TWISS

TESLA DR Ejection
HP/UX version 8.23/0 09/02/:1  14.04.42

0.0

10.

20.

30.

40.

50.

60.

β
(m

)

0.0

0.05

0.10

0.15

0.20

0.25

0.30

µx
(r

ad
/2

π)β x β y µ x

Figure 10: Injection lattice with 20 kickers in the straight section on the left side and
the septum on the right.

4 Dynamic Aperture

The dynamic properties of the damping ring are completely determined by the strong
sextupoles. These sextupoles are placed in the arcs and have to provide the chromatic-
ity correction for the whole ring.

The dynamic aperture has been optimized in the following way:

• The position of the sextupoles in the arc cell has been chosen such that their
strength is minimal.

• The phase advance per cell has been chosen to achieve cancelation of driving
terms after a certain number of cells. This cancelation is perfect only for on-
energy particles.

• The second order dispersion has been canceled at the end of the arcs.

The dynamic aperture has been calculated with particle tracking. The tracking
included misalignment errors to simulate a coupling ratio of εy/εx = 1% and a β-beat.
The real physical aperture has been included in the tracking 5. Results of the tracking
are shown in figure 11.

5The physical aperture of the damping ring is ≈ 1.7 times the injected beam size with the exception
of the wiggler section where the vertical aperture is reduced to ≈ 1.4 times the injected beam size. If
required this aperture can be enlarged by changing the vertical β-function (see section 3.2).
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Figure 11: Dynamic acceptance of the damping ring. The simulations include
quadrupole and sextupole alignment errors which result in an average emittance cou-
pling of 1%, and the real physical aperture as the maximum amplitude limit. The
phase space volume of the incoming beam as defined by acceptance of the positron
pre-accelerator is also shown.

5 Tolerances

Figure 12 shows a comparison of the unnormalized horizontal and vertical emittance of
various low emittance synchrotron radiation sources and planned or existing damping
rings. The required emittance of the TESLA damping ring for a damping ring energy
range from 2GeV to 5GeV is given.

The required horizontal emittance of the TESLA damping ring is only a factor of
two smaller than the emittance obtained at the ATF [11]. The final vertical emittance
is a factor of 4 smaller than the smallest vertical emittance achieved at the ESRF
[12]. Emittance ratios of ≈ 0.2% have been obtained in various synchrotron radiation
sources and collider rings [12, 13, 14]. Achieving the design emittance for the damping
ring should thus not be a principal problem. Tight alignment tolerances and high
resolution orbit diagnostics are crucial.

Vertical emittance is generated through betatron coupling and residual vertical
dispersion. Betatron coupling can be reduced with the help of skew-quadrupoles. Min-
imizing spurious vertical dispersion in the wigglers is especially important: here the
vertical rms dispersion has to be corrected to the 1mm level. An algorithm which
performs a simultaneous orbit and dispersion correction has been studied. The sim-
ulations included alignment errors assigned to all machine elements (as summarized
in table 5). Successive steps of the correction algorithm were applied until no further
reduction of the residual rms orbit and dispersion were achieved. Studies using many
random error seeds showed that the required vertical emittance was obtained on aver-
age. Correcting the dispersion to the required 1mm in the wiggler sections requires a
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Figure 12: Unnormalized horizontal and vertical emittance of some present day (blue
crosses) and planned (red circles) synchrotron radiation sources and damping rings.
For existing rings the best quoted coupling ratio is given. The values for CLIC and
NLC have been taken from [9, 10]. The rings operate at an energy between 1GeV and
8GeV.

Table 5: Alignment tolerances for the damping ring.

Transverse position of elements 0.1mm
Roll angle 0.2mrad
BPM resolution 0.01mm
BPM resolution wiggler section (averaging mode) 0.001mm

relative orbit measurement with a precision of ∼ 1µm. Beam position monitors (BPM)
with a resolution of 10µm will be used in the damping ring. For the high-precision
dispersion measurement the accuracy can be achieved by averaging.

The dispersion can also be corrected using empirical tuning of the vertical beam
size (emittance) with the appropriate dispersion generating orbit bumps; this method
has the advantage of not requiring an explicit measurement of the dispersion function.

An important concern is the orbit stability over various time scales. For long-term
stability a diffusion-like orbit drift caused by slow uncorrelated ground motion must
be taken into account. An orbit correction back to the ‘golden’ orbit is necessary every
few minutes to avoid unacceptable vertical emittance blow-up. For this task a BPM
resolution of 10µm is sufficient once the vertical emittance has been optimized (i.e. the
‘golden’ orbit established). On the short time scale the influence of time varying stray
fields in the long straight sections is a concern. With no active correction applied to the
orbit, the stray field amplitude has to be smaller than a µT. This is in contradiction
to measurements on the DESY site, where field amplitudes up to several µT have been
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observed in typical accelerator environments. Thus a fast orbit feedback has to control
the resulting residual orbit in the wiggler and arc sections of the ring, or the vacuum
chamber must be magnetically shielded.

6 Summary

The optical layout of the 5 GeV TESLA damping ring consists of an arc lattice based
on long minimum emittance cells, an approximately 500m long wiggler insertion and
approximately 14 km long straight sections. Special optical insertions provide full beta-
tron coupling in the straight sections. The dynamic aperture of the proposed design is
sufficient to accommodate the injected positron beam. The desired vertical emittance
cam be achieved with an high accuracy dispersion measurement and correction. Table
6 summarizes the main damping ring parameters.

Table 6: Parameters for the TESLA positron damping ring. Where different, values
for the electron damping ring are given in parentheses.

Energy E 5GeV
Circumference C 17 km
Hor. extracted emittance γεx 8× 10−6 m
Ver. extracted emittance γεy 0.02× 10−6 m
Injected emittance γεx(y) 0.01m (10−5 m)
Number of damping times nτ 7.2 (4.0 )
Cycle time Tc 0.2 s
Damping time τd 28ms (50ms)
Number of bunches nb 2820
Bunch spacing ∆τb 20 × 10−9 s
Number of particles per bunch Ne 2.0× 1010

Current 160mA
Energy loss/turn 21MeV (12MeV)
Total radiated power 3.2MW (1.8MW)
Tunes Qx, Qy 72.28 , 44.18
Chromaticities ξx, ξy −125 , −68
Momentum compaction αc 0.12 × 10−3

Equilibrium bunch length σz 6mm
Equilibrium momentum spread σp/P0 0.13% (0.1%)
Transverse acceptance γAx|y 0.05m
Momentum acceptance Ap 1%
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