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Abstract

I 1his article we make a preliminary design study of collective effects and related
“ones in the damping ring for the linear collider TESLA. Key parameters, essential
components and impedance budget are considered in detail for two options of the
damping ring with circumferences of 20 km and 2.3 km. Single- and multi-bunch
offects are extensively investigated.

1 Introduction: Damping Ring for Linear Collider
TESLA

The TESEA linear collider design [1] intends to use damping rings for greal reduction
of the heams phase space volumes before injection in the main linac at the encrgy of
2.3 Ge\. The positron bean is produced on a targel with expected large normalized
{(ransverse emittance of the order of 0.01 m [2] and the damping ring appears to he the
only solution for the needed decrease of the emittance within the linac cycle time of
T =200 ms [3], while a RF gun source to achieve the design cemittance of the clectron
Leamn conld be a possible alternative [4], which would allow to save one of two damping
vings. Magnetic wigglers had been considered to be installed at the damping ring in order
to enforce radiative cooling [3].

Basic parameters of the ring are given in the Table 1. The circumference of the ring
is not specified in the Table 1, because at present time there are some approaches to
solve injectionfejection issues that leads to spread of the required ring circumferences.
The problem is that the TESLA design intends a bunch train duration ol about 800 js
(or about 210 kin length) in the main linac. The train of some 1000 bunches must be
compressed ina storage ring and then expanded when extracted out of it. Thus, the
injection and cjection of every Lunch has to be done individually. 1 one assumes to use
a kicker for the ejection with rise/fall time 7, then the circumference of the ring is about
([ln] =~ 7ns]/3. For example, the "dog-bone” proposal for the damping ring assuimes
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dltimate conventional kickers with 7 ~ 60 ns, and therefore. ¢ == 20 km [6]. The "dog-
bone™ rine consists of two long (about 10 kim) straight sections which share the tunnel
of the main linac and a pair of end-rings. The damping wigglers are 1o be installed in
the straight sections. Under assumption of using somewhat modified injection/cjection
ceheme with several deflecting clements [7, 8] the ring with circumference of abont 6.3 km
i the existing HERA tunnel was discussed in Rel.[9].

Table 1: Basic Paramecters of TESLA Damping Ring

Fnergy I 3.3 GeV
(‘vele time T. 200 ms
No. ol bunches N, ~ 1100
Particles/bunch N, 37101
Bunch length o ~ | cm
Damping times 7y/Tey 18.5/37 s

Norm. emittances

al injection 0/ 101100 pm
al ejection /e, 10/0.2 pm

Several novel schemes of the fast kicker with 7 ~7 ns and even Jess are under thorough
consideration now (c.g. superfast beam-beam kicker [10] and travelling wave kicker with
high voltaee semiconductor pulse generator [11]). Consequently, an option for a low-cost
damping ring in the existing tunnel of the PETRA ring with ("= 2.3 km has to be taken
into consideration.

I this article. we present a general study of the TIESLA DR impedances versus its’
circumfberence and make a quantitative analysis for the two extreme cases, namely, for
the "doe bone™ 20-kin circumference ring and for 2.3 km long ring in the PETRA tunnel.
Basic relevant parameters which are necessary for the impedance study. such as param-
cters of the RE svstem. wigglers section, vacuum chamber, cte., are discussed in Section
9 Seetions 3 and 1 are devoted to the broadband and narrow band impedance budgets
respectivelv. Briel overview of the derived results and discussion on [urther studies are

presented in the (‘onclusion.

2  Major Components and Parameters

Purpose and design of an accelerator determine specific surroundings ol a beam which
arc of ntinost importance for current induced electromagnetic fields and, therefore, for



particle dvnamies. Specific feature of the damping ring for a lincar collider is magnetic
wigelers 1o enforee radiation damping. Based on the wiggler design [5], we specifly basic
parameters of the RE system and derive essential paramcters of the damping ring.

2.1 Damping Wigglers

With the repetition frequency of the TISSLA linac 1/T. =5 Hz, the vertical damping time
7, has to he about 5.5 times less than T, because the vertical emittance must damped
from its initial value of ¢ to the design value e,

€y (406:*27““/71‘ ~~ —E?L— ()
T 50000

Here for simplicity we assume that there is no significant impact of residual vertical
dispersion and coupling coeflicient 6% = ¢, /c,. is smaller then the design emittance ratio
ol 0.02. \s the vertical damping time 7, & 37 ms is about two times of the longitndinal
one 7, = /(U Jo) (1 = 3.3 GeV, fy is a revolution frequency) then one needs to provide
the energy loss per turn U of
)
(y = %E ~ 0.6|[McV]- Clkm], (2)
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that is about 12 MeV for the "dog-bone” option and about L.4 MeV for the 2.3 kin ring.
This. the magnetic structure of the DR should provide damping integral:

I = / BAL[T*m] = 43.4 - (k) (3)

or about 870 1%m for the "dog-bone™ and about 100 7%m for the 2.3 km machine in the
PIYTRA tnimel. In Ref.[5] several damping wiggler designs for the TESLA damping ring
were studied. For the sake of definiteness, we shall assume one of the considered options
of the 1.5 T piecewise constant field wiggler based on permanent magnets with period
less than 10 em. [t gives the total length of the wiggler section of about 387 m for the
“dog-bone™ ring and of about 44 m for the small ring with ' = 2.3 km. The wiggler gap
is 25 mm which allows for a vacuum chamber vertical aperture in the wiggler scection of
about 20 .

2.2 RF System

The choice of the RE frequencey is determined by the TESTA linac RIY frequency which
is equal to 1.3 Gllz. To synchronize ejection /injection processes, the RIT [requency in the
DR must bhe equal to (sub)harmonic of the linac frequency. As powerful DC klystrons in
100-600 N1tz hand are available from industry, we choose [ = 133.33 MHz that is one
third of 1.3 Gllz.

[n this paper we assume normal conductive RIT cavities. As some portion of RIT power
dissipates in cavity walls, the heat loading gives some limitation on number ol cavities
N

Following [12]. we introduce an overvollage factor ¢ as ratio of the RIT peak voltage
Vo and energy loss per revolution Up:
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Let us denote peak accelerating voltage per single cavity as Vi, and N, is total
number of cavities, then

q ({'f’vO / ﬁ) = V‘l -'\f(:rw = \/I% (j)
The power of losses in the cavity walls is equal to

VE @ (Un/e)?

Poss - Ncav - 3 6
fos ORE 2R, Ny (6)
where f2, 1= the shunt impedance.
Total length of the 433 MHz RFE structure is about
I/RF = Lcrw : ]vcav ~ 0-‘1[777'] : A"?V(:mw (7)

The heating due to the RF power dissipation is acceptable if the losses are helow the

it of 150 kW/m . i.e. in our case

o Ploss

R

W < Wi = 0.15 [MW/m]. (%)

Let us assume that the cavity shunt impedance of 2, ~ 4 MQ can be obtained, then

we get following limitations:

on the peak voltage per cavity

V, <

2R W inaw Lean = 0.7 [MV], (9)

on the nimber of cavities

- q(Us/c) g e
Neaw 2 2R Woiar Loean 0.87- ¢ - C[km], (10)
and on the power of losses
Uy/e
P < Woor o L 90/ _ 0520 W) - - Clhm]. (11)

loss = maxr cav ™
\Y% ZRS VV’HULJ; Lcav

2.3 Beam Parameters

The rims energy spread induced by synchrotron radiation is in a definite relation to the
ring magnetic structure (see, e.g. [12]):

-

o= = ALL; 7= C/VQZL;
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where the damping partition number J, & 2, p is the particle curvature radius in the
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As the main contribution to the radiation cooling comes from the wiggler with piece-
wise constant magnetic field By = 1.5 T, the energy spread in the TESLA DR becomes

circumference independent:

~ 085 - 1070/ Bo[T] = 1.04- 1077 (13)

The nest “fixed” value is the rms bunch length oy, which has to be of the order of
cm o satisiv bunch compressor requirements [13]. The rms bunch length relates to the

rms enerey spread as

ol

27,

(11)

Ts = 0k

where o denotes the momentum compaction factor of the ring, and v, is the synchrotron
oscillation tune. The latter is determined by RIF frequency [ = h- Jo. the peak accel-
crating voltage Vo, and cquilibrium RY phase Gy
9 aheVy cos d, _
v, = - . (15)
2 Iy

Combining Fqs.(11, 4) and q.(2) we obtain the synchrotron tune

i gt — .
oo fwrlover =1 1.8510"*———05‘{}” g2 — 1 - Clhm]. (16)

Vg = ;
opkc opc
Takine [ = 133 Mz, op = 1.04 - 107* and required bunch length o, ~ 1 em, we

get the reguired momentum compaction factor (sec 1. (14):

a=157-107% /¢ =1, (17)

-

and. finally, the svnchrotron tune

vy = 2.5 107 /g% — 1+ C'km]. (18)

The overvoltage factor ¢ plays also some role for the momentim acceptance of the

vine whicliis equal to [12]

(Ap> ] 2 ————  arccos(1/q)
l) mai : (/

Lot ns now define the last "ree” parameter of ¢. Remind to a reader, that ¢ > 1.

). (19)

Followine arguments should be taken into account:
o <inaller overvoltage factor ¢ is favorable with respect 10 the required RIT power.
e larucer overvoltage factor is desired for larger momentum acceptance of the ring.

e sinaller ¢ is preferable for smaller number of RE cavities - see 1. (10), and it leads
t0 lower inerements of coupled bunch instabilities duc to high order modes (HOMs)
i the cavities(sce below ),



o Larecr ¢ leads to higher single bunch instabilities thresholds(see below),

e the overvoltage lactor should be smaller in order to keep the synchrotron tune
Lelow some reasonable limits (say, vs < 0.10), otherwise some difficultics i finding

adequate operating points in the betatron tune space could he expected.

For the sake of definiteness in further consideration, we choose ¢ = 2 for the "dog-
hone™ option (the main reason - to reduce the number of cavitios to 38) and ¢ = 1 for the
proposed damping ving in the PETRA tunnel (allows to have sufficiently large v, with 8-
cavitios R svstem). Below we make numerical estimations under following assumnplions:
1) 4 function is about 10 m in the wiggler sections, {he arcs and the R cavitics; 2) i}~ 60
min the straight sections of the "dog-bone™; 3) total Jength of the aresin the "dog-hone”
ving is abont 1.2 ke 1) the length of the wiggler is ~22Y% of the circumference; 5) the mean
rading of the heam pipe is about 3 cm in the arcs, about 5 cm in the straight sections
of the 20 ki long ring. and about 1 em (half aperture) in the wiggler. Beam dynamics

relevant parameters of the damping ring options are summarized in the Table 2.

3 Broadband Impedances

3.1 Longitudinal Impedance
Constraints on the Impedance
The total mumber of particles N = 1.1+ 10" gives us the mean bunch current to be
inversely proportional to the ring circumference:

Neorf 78[m
I = (_JL/E ~ 1 18[772/1]. (20)
Ny C'[km]

The microwave longitudinal instability sets the first constraint on the effective hroad-

hand impedance (see, ¢.g. [14]):

7\ thr ora(E]e)opos
<_) C F,_(_L)/f— (21)
n’/clf IR
where 1+ (w/wy) = whfe = wC[(27¢) I harmonic number.
For parameters of the TFESLA DR we get
7N thr -
<;>6“ = 0.05[0Ohm] -\/¢* — L. (22)

e 86 nQ Tor the “dog-bone” (¢=2.0) and about 0.2 Q for the 2.3-km-long ring with
g = LU,
By the definition the offective impedance is a machine impedance (7] averaged

with the buneh spectrum:

A

(E\ B f (é)t)f'«'(ww/c)zflﬂi
\ ) ] (,A(ilw'()(f/c)l dn

(23)
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"able 2:

Two Options of TESLA Damping Ring

Parameter "Dog-bone” PETRA-DR  units
Rev.irequency fo ~15 130 kilz
Bunch length o ~1 ~1 cm
Bunch spacing Th 60 T ns
Loms per tirm A 12 138 MeV
DC current, I 0.1 0.86 A
P /bunch [y 0.09 0.77 mA
SR power Psr 1.2 1.2 MW
Faergy spread T 1.04-1077 1.04-107°

oy spread . e

“Overvoltage q = ¢Vo/Us 2.0 4.0
Synchr. tune Vs 087 0.022
Mom. compaction o 2.7-1074 6.1-1071
\Mom. acceptance (Ap/p)mas 141072 181072
RI voltage Vo 24.0 5.5 MV
No. cavities Nowo 38 3
("avity voltage Vi 0.63 0.69 MV
“Nean 3 < 3> arcs ~10 ~10 1
str.sect. ~60 m
Pipe radius b arcs ~3 ~ 3 cl
RF duct ~5.2 ~hH.2 cin
str.sect. ~H cm

Sometinies the SPEAR scaling (%)

- (1) ()"

is used to relate cffective and

machine impedances where b is the beam pipe radius [15].

For the average < b >~ 13 cm

the machine impedance is 6.3 times larger tl

1an the eflective impec

lance giving (7 [n)=0.51

Olins for the “dog-bone” and 1.22 Ohins for

the PETRA tunnel option. However, as the

SPEAR scaling describes data on the cavities d

ominated impedance ring, and it may not

necessarily be valid for the TESLA damping ring.

The broad-band impedance Z is often parametrized by expansion over Ve [16]:

- Lu) .
Alw)=—tZoy b (1 —i)Rw/w+ Ra + (1 +

lrc

-1

P Roy 20w = 0.



here 7y — 120 = 2 = 377 Ohm and w,/27 is the cut-off frequency of the beam
pipe at the RE cavities, f(w) is the step function. The first part of 1q.(24) reflects
indnctive impedance. the second — impedance due to resistive walls, the third describes
some constant resistivity due to RE cavities modes, and the last term corresponds to
impedance of the RIC system beyond the cut-off frequency.

Purelyv mdnctive impedance 7 = —w !, does not lead to the microwave instability, hit
canse bunch lengthening due to distortion of the RT potential well which was observed in
high current storage rings [17]. In the case of small distortion, the expected lengthening
can be estimated as (sce e.g [19]):

Ao L N.ro

-
Ts 2/ 2ro, Cayoi,

[0% bunch lengthening at the TESLA DR corresponds to

7 e

n

(Noteo that the last constraint is circumference independent ).
As all the terms other than the first in the expansion (24) contain real part of
impedance. they lead to energy losses of the beam. The longitudinal loss factor &y gives
the energy loss and defines the power deposited in the beaim pipe by a train of NV, hunches

P = Nyky(eNo)* fo. (27)

For nominal parameters of our machine (bunch charge of ¢ N.=5.9 nC and N,=1100).
the loss factor of b = 1 V/pC corresponds to P[AW] = 11.7/C[km] of the microwave
power, or 0.6 kW for the "dog-bone” and 5.1 kW for the ring with €' — 2.3 kin.

RF Cavities

As exact geometry of the RE cavities for TESLA DR is not known yet, helow we
estimate the cavity broad band impedance using the diffraction model (sce, c.g. [11])

cq 7o

A
— —_ ) B ‘)’)
( n )u (1+1) wo 21232 (2%)

where ¢ is the vesonator gap, bis the beam duct radius in the RI section. For the 433 Mz
RIC cavity. the parameters of b & 5.2 cm, and ¢ ~ 27 cin are supposed. Corresponding
cllective impedance can be determined as
T(ZY = (nwoofe)?
—(nwoa /e -
7 J(Z)ee™ ool dn
(4) — : , (29)
1/ cav f (;_(””00/C)2(l71

here the ent-ofl harmonic number is n, = f./ fo, the cut-ofl frequency is about [~ 2.3
Glz for the 1O d-cm-diameter beam duct.
Farther simplification gives



A . 27 N
(2). =02 [, o

where

© e du
- [ 3 (31)
<
and paramcter ¢ = n.o /R = 0. 480 [cm].
The asvinptotic of the integral (31) with ¢ < 1is G(¢) — 2//C. but for 0.1 = C< 1.0
the function of (/(¢) varies slightly. In our particular case of o, = 1 em and, therefore,

¢ = 08 the integral is about (/(0.48) 2 0.66.
Finally. we get the effective single cavity impedance

<§) ~ (14 1) '1.6[7?&0’/1777,5]
n/cay C'lkm]
Taking into account number of cavities N, one estimates total impedance due to
the RIS system (1 + 1) 0.7x8 = (1+ ¢) - 5.6 mOhms for the PETRA-tunnel ring and
(F+7)-0.08 x 38 = (1 + ) -3 mOhms for the "dog-hone”. !
The RE cavity longitudinal loss factor due to modes below duct cut-off [requency is
connected by definition with R/Q parameter as:

(32)

w R 0
1= 5(6)7 (33)
For (17/02) 2 200 Ohms (which is close to scveral examples of ~ 500 MTIz RI® cavitics
secc e [20019]) and w = 27 - 433 M1z it gives about 0.3 V/pC. The diffration model
give estimation of losses at [requencies above the cut-off:
1 g 1 l
by = —[—TI(-), T(-)=3.62, (31
T o, (1) (/1 ) )
and for the TESLA DR parameters (see above) one gets additional 0.6 V/pC, therefore,
the single cavity loss factor is about 0.9 V/pC. Total loss factor of 8 cavities of the
PETRA-tunnel DRs k&= 7.2 V/pC and about k; a2 34.2 V/pC for the "dog-hone” ring
with 38 cavitics.

Resistive Wall

The loneitudinal resistive wall (RW) impedance per meter of a circular pipe with
vadius bis given by [14]

Z Zod
(;)W/[’ ={l- )‘)b(" (35)

Ve same ;';)llsi(](‘l‘kll‘i()ll for the parameters of SLAC B-factory RE cavity gives (Z/n),qr =~ 0.8mOhims
meagood agreciment with ‘TRCI eode [L8] calculations [21].
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where & — ¢/ /2wow is the skin depth. Lor the PETRA-tunnel version we assumea copper
(or copper coated) vacuum chamber with conductivity of @ = 5.2 107¢™! that gives ns
) Clkm ,
blem] = 1.21 - 1072 —[—L (36)

n

and for b ;=3 cm we obtain

r;' ,/1 ]JTI'I
(/) [Ohm] = (1 —1)-0.76 ﬂ#] (31)
n’/w n

At buueh frequencies koo = wosfe ~ 1, le. ngp & Rjo, = 1.6 10 ], the
Lroadband contribution can be estimated as
7 - |
<7>W = (1 —12)-6mOhm. (39)

n
For the “dog-hone™ version we intend to have Al beam pipe in straight sections (0 =
32 107 1) with radius of b= 5 cm and together with contribution from the wiggler
section (24 of the circumference with b =1 cm) and the arcs (~6% of circumference with
b =3 cm). the broad band impedance 1s estimated about (Z/n)w ~ (I —1)-5.2 mOhm.
The loss factor per unit length due to resistive wall impedance in a circular heam pipe

dk; 1 c1'(3) 3 )
M oA (=) & 123, 39
ds — 2xbV 2mo 52* (4) )

Using this formula one gets the RW loss factor by ~ 1.3 V/pC for the ¢ =23 kmn ring
and hy =~ 7.6 V/pC for the "dog-hone”.

Sources of Inductive Impedance

The impedance of the ring may be estimated as the sum of the impedances ol its
components, such as hellows, BPMsg, kickers, vacuum ports, tapers, cte. Most ol these el-
cments are discontinuities having vesonant frequencies much higher the [requencies within
the bunel spectrum, and, therefore, they give rise to a mostly inductive impedance. As
the regnirement on the bunch lengthening (26) is rather tight, we assume thal some spe-
cial offorts will be made in designing clements of the vacwum system to have mininmum
inipedance like it has been made for B-factories at SLAC [19] and at KEK [22] (shiclding
of hellows. tapering of all shape transitions, screening of vacuum pumps and ports, ete.).

Bellows o be conservative, we assume hellows in the ring about every 8 meters, this
their total number is about Ny 2~ 120C [km].

The TBOT calenlation of the shielded bellows impedance for the B-factory in SLAC
gives inductance of L .=5.6- 102 em and & = 2.2 1077 V/pC per bellows with radins
b~ 3 cm [21]. Therefore we may expect the total inductance of a hellows

(Z*) — —i30£ x Ny o= —112.6 mQhm (10)
n/ M R

10



for the PETRA-tunmel ring and (with taking into account L oc I/h scaling) about, —i7.5
mOhms for the “dog bone™ with < b >~ 5 cm.
The loss factors are about & >~ 0.6 V/pC for PETRA-ring option and & ~ 5.3 V/p(

for the “dog-hone™.

Beam Position Monitors (BPMs) Assuming 4 BPMs per betatron wavelength, the
total muiber Ngpyy can be roughly estimated to be ahout 350 for dog-bone (R0 in arcs
and 30 i wiggler section where < 4 >~ 10m, and 240 in straight sections with 4 ~ 60
) and abont 10 for PIETRA ring (< 8 > 10m).

Fomr-button BPMs with the button radius a=1.5cm and slol of w — 2 min give
mductive impedance [23]

4 Zywa? N
<77—)BPM v < Nppy x4 (11)

that is abont 1.5 mOhm for dog-hone and —i16.2 mOhm for PIXTRA DR
The longitudinal loss factor can be estimated by formula [23]

of + ay,
I~ 75>
(27rb)2\/Eaj3/2
where the clectric and magnetic polarizability of the single button are about «, ~ ¥y, ~
wa This. we estimate & = 0.3 V/pC for the PETRA-DR and k= 0.8 V/pC for the

“dog-hone™.

J: (12)

Kickers [he design of the TESLA damping ring intends to install several kickers: at
least two fecdback Kickers (longitudinal and transverse) and kicker(s) for injection cjection.
As the designs of the kickers are not considered in details at present time, we present
some estinations based on a simple hroad band resonator model of the kicker as a pair
ol discontinmities with characteristic size of about the beam pipe radius, i.c. about b~ 3
e Following [14]. we can estimate the kickers” impedance as

Z A 1.5 .
(2], iyl 50 "
n/K 2mn. gy C'[km]

that is abont 10 mOhms for the three kickers at the PETRA  version ring and abont
FmOhnfor the 20-kin long machine (here n, ;= R/o, ~ 1.6 - 107 k] is the olfective
buneh harmonics as in 12q.(38) above).
The loss factor of the three kicker is about

1in(2)

foy o
! b

S

X 3~

SV /pC. (11)

Other elements At this early stage of the machine design we can not study impedance
budget in details, and below we will assume that all other sources (pumping slots, syn

chrotron radiation absorbers,, cte.) contribute about 20%, of the inductive nnpedance that
s close 1o the SLAC B-factory impedance budget [19]. All above mentioned estimations



ol the Joneitudinal mpedance are collocted in Table 3.

Table 3: Impedance Budget of TESLA Damping Ring

Parameter PETRA -DR

Z/n, mQ -y, V/pC

"Dog -bone”

Zjn, mQ -y, V/pC

Threshold micro-
wave instability

RF Cavities

Resistive wall

10% lengthening 40 17

Bellows 13 0.6 7.5 5.3
BPPMs 16.2 0.3 4.5 0.8
Kickers 10 2.5 1 2.5
Other induct. 10 ~1 ~ 4 ~2
Total inductive 50 17

{ Loss factor ~13 ~52
Loss power, kW 66 31

3.2 Transverse Impedance

The transverse mode-coupling (or "strong head-tail”) instability leads to fast heam break-
up. and. therefore, sets strong constraint on transverse impedance (see,e.g. [12]):

/ 167(L]c)ou, 3
In < Z, 3, >"= / (15)
s 31,1
where hrackers < .. > mean averaging with the beta-[unction at the locations of the

inpedance sonrees. With the parameters of the (wo options of the TESLA DR, the

12
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threshold < 73 > s 246 MOhms for the 2.3-km ring and about 96 MOhms for the
"dog-hone™ .

The transverse impedance can be estimated with use of certain relation to the longi-
tndinal impedance [14]

7. 2R, 7 ‘
/_Lfb—2<;> (16)
This is exact equation for the resistive wall impedances. Using values of Z/n from the
preceding scction. we have caleulated the transverse impedance budget which is presented

in Table 1. The value of beta-function at kickers equal to /4 o~ 150 m was uscd.

Table 4: Transverse Impedance Budget

Parameter PETRA-DR | ”Dog-bone”
Threshold Im < .21 >, AR 24,600 96,000
RF Cavities, k() 15 70
Resistive wall, k{2 80 880
Bellows, £€) 110 1140
BPMs, A€ 130 280
Kickers, kS 1,230 1,060
Other, i€ 80 610
Total, +Q ~ 1,600 ~4,000

4 Coupled-Bunch Instabilities

Lone range wakelields in a storage ring cause different bunches to interact. lor certain
valties of relative phase between bunches, the coupled-bunch motion can be nnstable,
that leads 1o the beam loss. The instabilities take place in longitudinal (synchrotron)
motion as well as in transverse planes. The beam remains stable if radiative damping
times (abonut I8 ms and 37 ms for longitudinal and transverse oscillations respectively)
are smaller than the instability growth times. Otherwise, a feedback system is necessary.
The major contributors to the bunch coupling in a positron storage ring are resistive wall
wake-fields. main accelerating mode and high order modes (HOMs) in the RI cavitices,
and slow photoclectrons produced by synchrotron radiation photons.



4.1 Longitudinal Instability

The resonant [requencies for the longitudinal case are wye = wolpNy + k4 1,) where
N, is the total number of bunches. If the ring impedance Z(w) is not zero at these
frequencies. then the growth rate (increment) of longitudinal instability at the mode

nmber A 001,28, — 1 is equal to [14]

| aly [ ™= . , ,
= —————‘)( ;{,7{"/)01/ d - (pNy + k + v,) - ReZ(wo(pNy + k=4 1)) (17)
H SN IES p=—ao

here 1y is the total beam de current. To emphasize the bunch spectrum, one has to use

the effective impedance Z(w) = 2 - e—(wos/e)?,

Resistive Wall  The longitudinal impedance due to resistive wall scales as

Zoblwho VT on

( A8
2 ])0)() h ( )

RGZW =
[t is cqual to ReZy [Ohm] = 1.15-\/n for the 2.3-km ring and about ReZw [Ohm] = 2.9/
[or the 20 ki “dog-hone™,
The smnmation in 15q.(17) has been performed numerically [24]:

+o

Z (pNy +k +vy) - /pNy + k+ v, = N:/Q ['(k/N), (19)

P=—"x

where the maximum value of the function F/(k/Ny)mar = 0.038 at b 019N, sce Fig L.
Thus. the maximum increment is equal to }” [s71]=75- 10~ for the PETRA-tunnel
DR and about 3- 10755~ for the "dog-bone”, i.c. the instability is much weaker than the

synchrotron radiation damping.

Instability due to Accelerating Mode In storage rings, the cavity tuning is usually
set to compensate the reactive part of the beam loading and to minimize the required R
power. Without this detuning, large amount of the RI power is reflected from the cavity.
The optimnm detuning is given by (see e.g. [12, 270):

IppJU-L/g* R
A= (2 (50
4 () |
(hat is 2.9 kilz for the "dog-bone” and 28 kHz for the PETRA-tunnel DR (or about 1/9
ol the revolution frequency).
This <hift Teads to nnequal impedances of the upper and the lower synchrotron side-

hands:

AReZ =ReZ, —Re/_, Re/i=

zlj;ftu\mz ’ (51)
1 +1Q3 B e

and accordingly to (17), the instability growth rate is equal to
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Lo _olblo ppez, (52)
7| 2(/’}/(1)1/5
[Yie.2 presents the increment versus normalized bean current /1y for the “dog-hone”
(1};-0.1 A lower curve) and 9 3-km ring (/p=0.87 A, upper curve). The parameters used
o calenlations are (17/Q)) = 100 Ohms, s = 4 MOhms, ()r, = 5000. V, = 0.65 MV, other
parameters accordingly to Table 2. For the design current, {he increment is about 4000
< for the PETRA-tunnel ring, and 22 <! for the 20-km long ring.

HOMs in RF Cavities Instability time due to higher order modes in the RIS svstem
can calenlated using o (47)

Lo 186107 Newy R 135N -
oy BTN s g (D pom - Q= g @ 53
. ] 2k %,:f, [GH = (Q)HOM 1. 3] 21 (53)

where we used the parameter (R/Q)gom ~ 60 Ohms and HHOM effective frequency of
the order of [ ~1.2 Gliz. Recent R&D on HOMs damping [19, 22] let us hope that
the damped value of TTOMs quality factors can be as small as (), ~ 100. Therefore,
we get the growth rate of 190 5= for the PTRA-tunnel ring and about 137" for the

“dog-hone™.

4.2 Transverse Instability

The resonant frequencies in transverse case are Wpk = wolpNy + k4 v1) where vy s
ihe hetatron tune (vertical or horizontal). Increment of the transverse conpled-hunch
mstability can be calenlated accordingly to [14]

| Iy X2 : 1805 plm|ReZ L (MOhm[m] -
— ST g Re ) (wolp Ny +k ~ CALVE T L (6
R0 2 L ReZ i (wo(pNy+h+vi)) 2] [s']. (D)

(the second equation corresponds to the design parameters of the TESLA DR).

Resistive Wall Instability Using 19q.(46, 35), the transverse resistive wall impedance
of the copper vacnum chamber of the 2.3-km TESLA DR is estimated to be equal to

(55)

JReZ, [MOhm] =1.1-

where sionificant contribution (about 1/3) of the wiggler section with smaller aperture
was taken mto account.

For the Al chamber of the "dog-bone™ ring AReZ [MOhm] ~ \—’/U—g (with about 30 '
contribution of the wiggler and the arcs).

The taximum increment occurs at the mode number which is equal 1o the integer
part of the tune b = (1], thus, to derive the impedance ouc should replace v to the
square root of the fractal part of the transverse tune /Awvy. Taking for definiteness
Ay = 025, we get T!—L — 970 =" for the DR in the PETRA tunnel and % =450 s " for

the “dog bone™ ring.
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MMOMs  Onc can cxpect to obtain the damped transverse impedance of the HOMs to
be about 7, ~ 1- ¢ kOhm/m (that corresponds to the SLAC and KEK B-lactories
estimations [21, 22]). and, therefore, the increment of transverse oscillations is cqnal 1o

1 -1 7.2 ]Vcrm 62]1
TL C?krn]
here we took 3, ~ 10 m at the RF cavities.
Therefore. with Oy, = 100, Iq.(56) gives us the growth rate of 1100 s~ for the PINTRA-
DR and abont 707" for the "dog-hone”.

(56)

Instability due to Slow Photoelectrons This instability was observed experimen-
tallv at the KIEK Photon Factory positron ring and commonly considered as cansed by
secondary slow photoelectrons which are born on the surface of the vacuum chamber -
der the svnehrotron radiation. These electrons with encrgics of 110 ¢V come to the heam
orbit. live there for some time longer than several bunch spacing times, and, therefore,

canse lone range wakelield.

Table 5: Slow Photo-electrons Instability

Parameter KEK-PF | PETRA-DR | ”Dog-bone” arcs
Energy, GeV 2.5 3.3 3.3
«*/bunch, \, 1.2-107 3.7-10%° 3.7-10'
Mean radius /7, m 8.5 366 64

wo (3hey?)[(2R), keV 4.16 0.22 1.3

Loss per turn, (), keV 415 29 495

N VB /(Suy) 320 425 1240

Tune 1| 3.3 ~40 ~60
Increment 7', 57! 100 360 480

The developed theory of the instability [25] contains several not well known parameters
(such as spectrum of secondary photoelectrons, quantum efficiency of their production.
et ). Therefore, here below we use only the scaling of the theory and experimentally

obscrved merement of vertical coupled bunch motion at the KEK PI equal to [/7pp =
100 s~" . and try to apply it to the parameters of the TIESLA DR.
Accordingly 1o [23]. the increment of the instability is proportional to
1 N, N, .
— X . (H7)

Ti YV
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where iy is quantuin efficiency of the electron production, N, is number of emitted -
quanta per turn per one positron. Table 5 presents calculated increments for the two
options of the TESLA DR where the effect, can take place in arcs. One can sce from this
Table. that the effect of slow photoclectrons is not negligible, and may lead to 2.3 s
stability erowth time. Nevertheless, it was quickly realized thal external magnetic ficld
of the order of 10 G can sufficiently deflect the trajectories of these electrons and avoid he
mstability [25]. Another questionable point is that the instability does not take place in
high-current mnltibunch positron rings at DESY (PITRA and HIERA-¢) [26]. The issue
of the photoclectron-induced instability in the TESLA DR needs further imvestigation.

4.3 Summary on Coupled-Bunch Instabilities

The vesults on the coupled-bunch instability increments are summarized in Table 6.

Table 6: Multibunch Instabilities at TESLA DR

PETRA-DR | ”Dog-bone”

Longitudinal %

Main mode 4000 s~! 22 57!
HOMs, Q=100 | 190 s~ 13 5!
SR decrement 55 57! 55 s~/
Transverse i

HOMs, Q=100 | 1100 s~ 70 s~
Resist. wall 970 s~! 450 s~!
Slow photo ¢~ 360 s~! 480 s™!
SR decrement 27 57! 27 ¢!

One can see that for the both options of the TIESLA DR a transverse feedback system
is necessary. Without taking into account the photoelectron-instability, the feedback
damping time has to be about 0.5 ms for the PETRA-DR and less than 2 ms for the
“dog-hone™ ring. Note that 0.1 = .5 ms damping times were achicved with the use of
the feedback at PITRA and HERA electron storage rings [28]. Main contributors to the
mdtibuncl impedance of the TESLA DR are higher order modes of the RIT cavities and
resistive walls of the vacuum chamber.

Our estimations show that with the damping of the HOMs down to ) ~ 100, the
longitudinal instability increment in the "dog-hone™ option is smaller than the damping
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decrement die to synchrotron radiation: hence, we could avoid a longitudinal feedback
there, For the ving in the PETRA tunnel, the feedback will be necessary, otherwise the
value of )70y should he down to ~20 that seems to be a hard task. Nevertheless, an
example of the KEK B-factory HOM-damped cavity shows that many transverse modes
can be danped down to ~ 10 — =40 [29]. Another possible factor to veduce the regnired
streneth of the feedback system could be stronger focusing at the RI7 cavities. Altogether,
(hese measires can increase the transverse HOM instability growth time to some dozens ol
milliscconds. and these possibilities should be carefully checked in computer simulations
andfor veritied experimentally.

The loneitudinal instability due to the main accelerating mode is found to he unac-
coptably fast at the PITRA DR option Nevertheless, several ways to avoid this cffect
are currently used in high current storage rings. [lirst, one can use superconducting RIY
cavitios which typically have much smaller (12/@Q) [27]. Accelerating cavity conpled with
large storage cavity [30] also allows drastic reduction in the instability increment [22]
Pinally. a local RIT cavity feedback may counteract the cflfect of the detuning [31].

5 Conclusions

Vajor collective effects are considered for the two proposed options of damping ring for
(e TESEA Tinear collider, The first option is the so called "dog-bone™ ring with ~20 ki
cirenmference: another one fits into the existing 2.3-km tunncl of PETRA at DESY. To
cnforce the radiation cooling, some 2% of the circumnference of the ring should allow for the
mclusion of 1.5 T wiggler. To compensate the synchrotron radiation losses an advanced
RI*svstem has to be installed. On the basis of the linac requirements, we conchide that
the R svstem should contain from 8 to 38, 433 MHz cavities and simultancously allow
(o danp cllectively higher order modes ol these cavities.

Dreliminary ovaluation of the broadband impedance budget has shown that single
Luneh collective offects don’t lead to severe constraints for both options for the TESLA
DR (althoneh not all possible sources were considered in detail).

The designed single bunch current is found to be more than 10 times less than the mi-
crowave longitudinal turbulent instability and transverse mode-coupling instability thresh-
olds. The estimation of the inductive impedance allows to predict some 10%, hunch
lengthening due to potential RIF well distortion which is still acceptable.

\ore severe constraints are due to multibunch effects. A transverse feedhack system
with abont 0.5 ms damping time is necessary for the 2.3-Kmn ring and with some 2 mithisec-
onds for the “dog-bone™ DR. The major source of the transverse narrow hand impedance
of the “doe-hone™ ring is the resistive vacuum chamber walls, while for the 2.3-km ring
more than o hall of the impedance comes {rom high order modes in the RI cavities. We
cxpect that damping of HOMs of the cavities down to Q ~ 100 will allow ws to avoid
a loneitndinal feedback system for the 20-kim-long ring. A feedback system scems 1o he
necessary for the 2.3-kim ring, because the requirement to have quality factors of () < 20
(or all HOMs looks (o be about the limit of present RI technology. Stronger heain focns-
ing al the BRI cavities also can reduce the instability increment. Certainly, some mcasures
(for exaniple. a local feedback in the RE system) have 1o be taken in order to prevent fast



longitudinal imstability in the PETRA-DR driven by the majn accelerating maode,

We would like to mention that despite the serious efforts to maintain multibuneh
stability in the PETR A-tunnel damping ring option, the problems arce significantly casier
than i the low-energy rings of asymmetric B-factories presently under constrnction at
SLAC and KEK. which intend to keep stable a factor of 3 times more current,

Further work on the issues of {he beam stability should include:

more detailed calenlations (based on certain engineering design) of mnmerons contribu-
tions to the hroadband impedance;

mimerical simulation and (desirable) experimental verification ol the [TOMs damping
e the RE <trieture for the damping ring;

transient heam loading cflects in the RF cavities during bunch-hy-bunch cjection /injection;

simnulations and design of the feedback systems to maintain longitudinal and {ransyerse
bheanm stability:

study ol heam-ion collective stability in the positron ring [32]

thorongh investigation of the photoelectron-induced instability.

N

Acknowledgment

Author wonld like to thank R.Brinkmann, R.Wanzenberg and N. Walker for careful reading
the mannseript, numerous disenssions and useflul corrections.

References

[1] R. Brinkmamn, Proc. of IEEE PAC"95, Dallas (1995),
see also DESY Internal Report M-95-08 (1995), pp.57-59.

2] K. Flotmeanm. DESY 93-161 (1993).
[3] . Rosshach. Nuel. fnstr. Meth., A309, p.25 (1991).
] 1 Collv, eteal, Proc, of IEEE PAC 95, Dallas (1995).

5] R Brinkmann, J. Plliiger, V. Shiltsev, N. Vinokurov, and P. Vobly, DESY T1S],A
Print 9521 (1995).

(6] K. FIStmann, J. Rosshach, Proc. of EPAC9), London, vol.1, p.503 (1994),
sce also DESY Internal Report 94-03-K (1994).

(7] J.P Delahave, J.P, Potier, Proc. of EPAC9), London, 1994, and CERN/PS 91-15
(1.P).

[N DGl Koshkarev, DESY Print, TESLA 95-16, 1995.
[9] P. Zenkevieh, DESY Print TESLA 95-15 (1995).
[10] V. Shiltsev, DESY Print TESLA 9599 (1995).



[

[12]
[13]
1]

[30]
31
[:32]

Vo Shiltsev, talk at the TESLA Collaboration mecting, DISY October 1995; high
voltage pulse generators of Kentech Technology, England.

H. Wicdemann, Particle Accelerator Physics |, Springer-Verlag (1993).
P Fnima, DESY TESLA Print 95-17 (1995).

A Chao, Physics of Collective Beam Instabilities in High Inergy Accelerators, John
Wilcy & Sons, Tne. (1993).

AW Chao, ). Gareyte, SLAC Int. Note SPEAR-197 (1976).

5. Hetfets SLAC/AP-93 (1992).

R.D. Nohaupt. IEEE Transact. Nuel. Sei., Vol.NS-26, No.3, 13180 (1979).
T Weiland, Particle Aceeleralors, Vol.15, p.245 (1984).

S. Heifers. el al, SLAC/AP-99 (1995),

R.Khntt T Weiland, DESY M-84-06 (1984).

PEP-11 - An Asymmetric B-lactory. Conceplual Design Report, LBL-1PUB-5379 and
SEAC IS, SLAC (June 1993).

NEN B Factory Design Report, KEK Report 95-7 (1995).
5. Kurennoy, HIEP 92-84, UNK, Protvino (1992).

ML Karliner. N.V. Mityanina, V.P. Yakovlev, Proc. of IHEACC 92, Hamburg,
12 (1992).

N Ol Phys. Reo. Lett., v. 75, No. 8, p.1526 (1995).
R. Brinkimann, private communication.

I Pedersen, in- Leeture Noles in Physics §25: Faclories with ¢t-c= Rings, Springer-
Verlag (1992). 1p.269.

D. Heinso et al, DESY 89-157 (1989).
R.D. Kohaupt, DESY 91-071 (1991).

. Hanaoka, KEK-Report 95-10, (1995).
1 Shintake, Part. Aceelerators, v.34, (1994), p.131.
I, Pedersen, TEEL Trans. Nuel. Sei NS-32 (1985), p.2138.

1. Zitmmermann, et.al, Proc. 1995 IEEE Part. Accel. Conf., Dallas (1995).



()()4 T]ilIII]]‘]1]]l[I|||||‘1‘1I{[|||||[||l|]\\\l]ll‘l

0.02

oy

T
i

F(K/z\‘

0.00 -

-0.02 -

_()04 TT T T T T T 1T 1T T T 1T 1T 1T 1T T 111 T T rTT

L L L AL O DL DL O DR L R AR A B

0.0 0.5 -
Mode No./Bunch No. (K/Nbu)

:‘_‘l__gg_____w‘;_,gg_,v_y.

Fig.l: Function F(k/N,) for calculation of the longi-
udinal instability due to resistive wall (see in text).



1/'s

bl

Increment

1

1000 |

100

() . 7 . ['(

B j

0.0

Frg.2:

|
!
|
|
|
I /
|
|
|
|

)

!

[ [ i

i I

! | |

! | i |

/ ! 1 !

{ [ | i

/ | [ !

| [ | [

y | ! i I

/ | | | |

! i | [

/ | [ i [

/ | | | I

/ i f | {

/ i f i |

i [ ! [

T "“"f‘r“"r_"_i_fif" L R i T TOTT TT % LA A At L (LA N |
0.5 1.0 1.5 2.0

Current/design

Growth rates of longitudinal instability due to

main accelerating mode: upper curve — for 2.3-km
circumnference TESLA damping ring, lower curve — for
the "dog-bone” option with ¢' = 20 km



