Damping Rings
for CLIC at 3 TeV

John Jowett, Hywel Owen

Drawing on previous work by
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F. Zimmermann, people at SLAC, KEK, ...



Status and Contents of Talk

= Several previous studies for CLIC and other LCs

- Current consensus is to go for TME-DW design scheme
= Most recent for 1 TeV in CM (JPP,TR)

- Parameter optimisation and linear lattice

- Scattering, instabilities not evaluated in much detail

s CLIC Report assumed that this approach would be pushed
further
- We have tried to do this: main subject of this talk
= Show how CLIC requirements determine DR parameters
= Principles of TME-DW design
= An optical design
= Estimates of scattering effects, instabilities
= Preliminary ideas for solving the problems
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CLIC Requirements

= |, is bunch spacing in train

= &, &, are normalised emittances and intensity for

luminosity

= f.is the injection repetition frequency of CLIC (bunch

train repetition frequency)

= k., is the number of bunches per train

= Ignore requirements on bunch length and energy spread
for now (we need some freedom!)

CLIC design contains 3 damping rings:
e+ pre-damping ring (PCR)
e- damping ring (EDR)
e* damping ring (PDR)
Concentrate on PDR since
it is the most critical
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comment » CLIC 3 TeV 19/4/2000
exn » 4.5x10°7 Met er

€yn > 3. x10-9 Met er

Np » 4.2 x10°

Kot » 154

| p - 0.2 Meter
fr - 100 Hertz



KEK ATF Damping Ring Achievements

= Reported at
EPAC 2000

Damping Ring Status Achieved Design
Maximum Beam Energy 1.28GeV 1.54GeV
Circumference 138.6 + 0.003m 138.6m
Momentum Compaction 0.00214 0.00214
Single Bunch Population 1.2 x 10" 2 x 101
COD(peak to peak) T~ 2mm,y ~ 1 mm I mm

Bunch Length ~ 6 mm D mm

Energy Spread 0.06 % 0.08 %

Horizontal Emittance
Vertical Emittance

(1.440.3) x 107 m
(1.5+0.25) x 10711 m

1.4x 107" m
1L.Ox 1071'm

These emittances achieved at low intensity only!

Single bunch emittance measured by wire scanners at the EXT

X emittance by 4 wire scanners
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Y emittance by 4 wire scanners
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CLIC requirements vs. ATF achieved
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= Shown for a range of possible energies to maintain CLIC
requirements on &, = ye,

= CLIC damping rings must do much better than ATF
- And do it at full intensity
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Technique (1)

= Requirements expressed as Mathematica rules stored in a
“knowledge database" function desi gn whose arguments
are symbolic tags:

In[40]:= | desi gn[CLI C3TeV] // Tabl eForm
Out[40]//TableForm=
comment -» CLIC 3 TeV 19/4/2000

€Exn 4, 5 X10_7 IVbt er
eyn » 3. x107% Meter
Np » 4.2 x10°

Kpt » 154

lp->0.2 Meter
fr 100 Hertz

= RHS of a rule may be a formula.

= Rule database grows as new physical requirements are
analysed or optimum values are found.

- Rules in the applicable set should not (normally) overlap.
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Technique (2)

= Any set of rules
desi gn[ condi tionl, condition2,...]

can be applied to any list of parameters to return formulas
expressing their dependence on undetermined parameters
or, eventually, numerical values.

= design[] with no arguments invokes all applicable rules:

the ultimate parameter list is generated with
paraneterList//.design[]

m Use Accel erator‘ ConstantsUni ts" package to track
symbols, check physical dimensions and convert units.

= Use Accel erator' El ectronRi ngs* package to provide
standard functions from electron ring physics

= Saving desi gn in a file gives a compact summary of all
knowledge and values needed: easy to reload.
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PDR energy

= To maintain a high polarization level, the damping ring
energy should lie between integer spin resonances

In[41]:= | goodPol ari zati onEnergy[n_] =
1
First [Eb /. Sol ve[SpinTune[Eb] ==n + > Eb]]

czme(1+2n)

Out[41]= X

= Work with energy value used for CLIC1TeV, can be
changed later

In[43]:= | desi gn[E4] =
{Eppr » Convert [N[goodPol ari zati onEnergy[4]], GeV]}
Ooutf431=| {Eppr— 1.98291 ElectronVolt G ga}
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RF frequency, circumference (1)
= Use lowest RF frequency compatible with bunch spacing

In[46]:= [ design[m nfRF] = Flatten]|
C C PR FIR
{Solve[fH:== S fg:], A » —, hge ->Round[—]}]
| b fre ooR ARE
C C C

= Kicker rise time > 25 ns; overall length of the bunch train
must be an integer multiple of RF wavelengths.

In[51]:= | design[trainLength] = {l sep -> Kpt | b + C Tkicker }
out51]= | {l sep = Kbt | b + € Tkjcker }

= So train length = 38.4 m, 192 buckets/train, possible
values of the circumference are

N[l sep //. design[]] Range[10, 20]

{384. Meter , 422.4 Meter , 460.8 Meter ,

499. 2 Meter , 537.6 Meter , 576. Meter , 614.4 Meter ,
652.8 Meter , 691.2 Meter , 729.6 Meter , 768. Meter }
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RF frequency, circumference (2)

. Wor'k W|Th 14 TI‘GIHS |n[53]::| desi gn[roughd obal 1 = {Nt PDR- 14}
- reasonable for lattice design

s RF harmonic number and circumference determined

(hBR, c™y /. design[] /. design[roughG obal ]
(2688, 537.6 Meter }

s Convenient harmonic number

In[730]:= | Factorl nteger [2688]
out[730]=| {{2, 73}, {3, 1}, {7, 1}}
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Reduced Damping Time

= Injection is repetitive. Bunch train has to stay long
enough in the damping ring that it will be damped: what
counts is the ratio of the damping time to the
circumference. @ > =5

= At a given moment, there will be many bunch trains in the
damping ring. Each bunch has time n,/ f . to damp.

- Express reduced damping time in terms of the number
of damping times the bunch will need

ToFundanment al SI [N[z, //. design[]]]
0. 000260417 Second

Meter npr
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Number of Damping Times needed (1)

= After the converter target, positrons are damped
collector ring (PCR) at whose output the normalised

emittances will be

desi gn[PCRout put Em ttances] = {comment -» "Positron Collector Ring output",
eqny » 70. 107® Meter, e/t »1.5107% Meter)

In[67]:=

= Injected emittance evolves towards the equilibrium
emittance:

emitt[emitteq , emttO , ntau ]:=emttO0e?™ semtteq (1 -e2™M)

? No. of damping times required to
1'172 attain the reguired horizontal
- emittance, taken to be h_ (e.g. 3%)

. more than the eguilibrium emittance
- of the damping ring.
0.5
0.25 In[72]:= | desi gn[nunber Danpi ngTi mnesNeededX] =

. exn PCR
1 5 3 1 5 . Sol ve[emtt [1+he’ €xn s nDTX] == €xn, nDTX]
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In[732]:=

Out[732]=

In[77]:=
Oout[77]=

Number of Damping Times needed (2)

desi gn[nunber Danpi ngTi nesNeeded]
- E€xn + e)l?r?Q-i- €)|?ﬁ:Rh€ ]

1
{nDTel\/B.X[g Log[ exn ho

1 —Eyn-l‘eyprgQ-l‘ Egﬁ:Rhe

ELog[

I}

€yn he

Choose a reasonable value for the emittance excess factor

Nz

55}

5 L

4.5 |

design[em ttanceExcess] = {he - 0. 03}
fhe - 0.03)

\\
\
\

AN
\\

0.02 0.04 0.0 08 0.1

Applying all the relevant rules, the number
of damping times needed is 4.87
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Basic TME-DW Design Scheme

= Assume that ring is constructed of arcs and straight
sections

= Arcs will be designed to minimise emittance generation by
quantum excitation

- Theoretical Minimum Emittance (TME) cells
s Straight sections will accommodate:
- Damping wigglers
= Should not generate too much emittance themselves!
- RF cavities

- Injection insertions
= Inject and eject simultaneously in same straight to avoid beam-
loading problems
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Radiation Damping and Emittance
= Damping rate depends on energy loss

In[733]:= | Danpi ngRat eX[Epr, f 5, | 2]
ERor f EPR12 re

3chbm

Out[733]=

= Horizontal emittance determined by balance between
quantum excitation (I5) and damping (I2)

IN[734]:=| Em ttanceX[Epgr, |2, |5]
55 Efpr 15 Xe

32 /3 c412ng

Out[734]=
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Synchrotron radiation integrals

Definition

Enters into:

I = ﬂhﬂ Gn ds

momentum compaction factor

L= [""Gds

energy loss, energy spread, damping times, emittances,

damping partition numbers

Iy = [F"%|G3| ds

energy spread, polarization time, polarization Jevel

Isa = [RGB ds

polarization level

Iy = [7™" (G? + 2K1)Gn ds

energy spread, emittances, damping partition numbers

IE — GEIR1G!EHI:£S

emittanca

Iez = [F™R K2P, ds

energy loss in gquadrupoles, nonlinear radiation damping

irR

Iy= [,  Kin*ds

damping partition number variation

= Integrals determine ring parameters, to be optimised
- Each has contributions from arcs and from wigglers
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Arcs (1)

= Assume each arc module (cell) contains one bending

magnet
Mid-point

I
— {an, /3rr,| Dy, Dy} ——>

= Synchrotron integrals I,, I;'are determined by bend
length and angle

= Synchrotron integrals I, I need (horizontal) optical
functions at mid-point in addition.

= TME lattice defined by requirement that I be a minimum
for given bend length and angle

= Other low-emittance lattices assume zero dispersion at end of
magnhet
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Arcs (2)

= Results of integration (no approximation on angle)

In[170]:= | desi gn[di pol eM dArc] = {

1 9¢ 5 1 1di pol em[LpSy, ~°, am Bm Dm Dml,
1 3¢ > 12di pol em[LpSy, 6~°, am Bm Dm Dml,
| 8¢ 5 1 3di pol em[LiSy, 67, am, Bm Dm Dml,
| 8¢ 5 1 5di pol em[LiSy, 6¥C, an, /irrr, Dn, Dpl} Ao 2 Ac. 3
2 LfLc . c ¢ ¢
outt70l= | {147 > Lhesd + (ZDm— ﬁgcnd\ Sln[9 ]. | e, (O )7 C) Y- L AR C>2,
) 2 Lpesd (LEeRd)
1 ( ’
Iérc% Cak (3 (1+O(%1) (Lﬁ{aﬁd)z—"r (Dm + O(%qu+ om Bm Dm) Lﬁgﬁd Cal

2 Bm (LELEH) 2 |

(2 (1 +0&) D&+ 4 omBmDmDpm+ B2 (1+2 (D 2)) (6M¢)?) -
Arc
, -
8 LhoSd ( (1 +0d) LbsSd - (Dm+ % Dm+ omBmDy 67¢) Sin | . ] +

((1+ad) (Lhend)? - Ba (67 ¢)2) sin o™ )}

= Minimise wrt optics at mid-point
- exact solution found, not shown here
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Arcs (3)

= Expand solution in bend angle

In[174]:= | Series[{am, Bw, Dy, Dy} /. TMEbendM d, {6”¢, 0, 53] // Power Expand // Tabl eForm
Out[174]//TableForm=
0
LBofa , LBEa (V)2 | LhLRa (M) | o parcy11s2
2+/15 280 +/ 15 58800 -/ 15
i Lﬁrc eAfC_ Lﬁ{aﬁd (eAI‘C)?) + Lﬁre%d (GArC>5 +O[6AI'C]6
24 —bend 1920 322560
0

= Minimum emittance attainable is

In[737]:= | Power Expand [

Series[EmittanceX[Epr, Neell |5C, Neet1 18€7 /. design[di pol eM dArc] /.
TMEbendM d, {6”¢, 0, 3}1]

11 /5 Efpr Ae (64€)3 L O[eh 72

Out[737]= 1152 o4 n%

- agrees with L. Teng (1985) and others
- optics is symmetric about centre of bend

J.M. Jowett, AP Forum, 8 Nov 2000
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TME Arcs Detuned (1)

= Consider detuning arcs from minimum emittance condition

= alleviates problems with optics

f 5 LpeRd 1 A ’
oam— 0, - . Dm—> — fpLACc o~C D 50
{om Bm Wit oq ' D bend m— 0]}

= increases emittance by factor

In573]:=| fe=Si rrpl I fy[Expand[ (I 5 Ac /. desi gn[di pol eM dArc] /. design[detuneTME]) /
(1 5 ¢ /. design[di poleM dArc] /. TMEbendM d) 1]

outfs73)= | - (\/Lﬁ'eﬁd (e”c (4320 +24 f5 (6™ €)% 240 fp (6721518 (6N +

Ar
480 (-24 +fp (6M%)2) sin[° :

/)
(

Arc Arc Arc gj Arc
QA"C\/_@ArC+Sin[9ArC]\/‘\ Lbefia (- (6 >+4ceo:rc[e ] +eC¢Sin[eNC)

| 24 (-60 +15 (6 ?) Sin[eArC]H/(QG V15 f g

)
|

)

« [0 lowest order, independent of bend angle

Arc

In[579]:= | f eo = Nor mal [Power Expand[Series|[fe, {67, 0, 1}11]
[ 1 fz\ 1 fp 2
-24 \\—5_ ?} + 480 <‘W ‘Ts) +5f§
Out[579]=
8fg
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TME Arcs Detuned (2)

= Emittance detuning factor

- For a given emittance
detuning f, choose f;
that gives maximum f

- minimise sensitivity to
temperature variation

- relaxes requirements on
Z/n (see later)

In[738]:= | desi gn[det uneMaxD]
2 /-1+2ff5-12
V5

out73gl= | {fp—-1+

,fB%f}
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Damping Wigglers

= Wiggler is a series of alternating strong bends

«— A, —

-+ [+ =] -]+

+ ==+ +]|| ==+ +]| -

- zero dispersion straight but wigglers create their own
dispersion bumps inside

- Field in the wiggler is assumed to vary sinusoidally over
a period. Compute effective field factors for various
synchrotron integrals.

In[521]:=
7 Abs [Cos[e]1" de 1/n
27

eff[n_]:=

Other factors come from
integration of optical
functions along blocks: to

1t[521]=

be improved ...
Joi suwewy A urung, U oy cuuy

desi gn[si nusoi dal Wggler] =
eff [2]12 aw W

3—>
oty
8 Bw

g - , Kw~-

15 ((22)7o3)

AW

ef f [312 Aw

oty

, Aw- 2 T pwOw}

{l\lN—>O,|\2N-> |>1N—>0,

Epr 6w
me c2

4w DAY
3 7 ol

EppR OW
c2me

I\ZN%

ay 13-

1-0,

AW

2 pa\,'
)k3

| We Bw Ay

) , A 2 2,
15 73 o6 w- 2 7T owOw




Minimising Quantum Excitation

= "Try to keep dispersion small in
wigglers”

= Minimise A, not D,

- Relation not obvious, B

depends on the other optical ™™
furF\)c‘rions F e
- Example of the wigglers
from Hywel's optics
« initial D,=D,=0

0.00015 |

- Analytic approach to |
optimisation helpful o.om |

= Some problems with the .05 |
RBENDs in MADS ... |

J.M. Jowett, AP Forum, 8 Nov 2000
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= Threshold for bunch-lengthening and minimum reasonable
impedance

In[241]:=

out[241]=

In[740]:=

In[742]:=

out[742]=
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Instabilities: bunch lengthening

Z
desi gn[Zover nPDR] = {{ ) - 0.1 Oohm}
th

n

desi gn[al phacFromZovern] = Fir st [

Z
Solve[i—
n
c e Np <%>th

2 /2 Eppr73/2 62 oy

) == Kei | Schnel | Zovern[Epr, Nb, 0e, 0z, acl, ac]]
th

{Oic%

Guess a set of longitudinal parameters for the sake of a provisional estimate

7.5
desi gn[roughLongitudinal ] = {oe > Tor % >4 MIli Meter};

AppendTo[excl udedDesi gn, roughLongi t udi nal 1;

ToFundanment al SI [
al phac //. design[] /. design[roughLongitudinal] // N]
0. 000287095 Similar to LEP ...




Fast beam-ion instability (1)

= Single-pass, coupled-bunch in e- ring, driven by ions
created from residual gas

« theory by F. Zimmermann et al
desi gn[fastBeam on] = {

1,% (vl p wion)

= trapping parameter Kion = T
4 dgas Oion By Ng/z k%t lNe '\/r_p '\/E C
= linear growth rate R S rtn /2 (oo 37 A A
(last bunch in train) me ¢
arg| (SC)
argr - , Awjon » 0.1 wjon,

2 V2 Kpt | b Awion

Wi on - C
3 Aon |l boy (ox + ay)

ion oscillation frequency y

growth rate with decoherence
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Fast beam-ion instability (2)

s Estimates

In[123]:=

In[747]:=

Out[747]=

desi gn[Car bonMonoxi de] =

{sigmalon -» 1.8 Mega Barn, dgas - 3. x 10" Meter 3, Al on -» 28}
desi gn[roughArcs] =
{By »5 Meter, o efR5Mter, oy -+ e[™R5 Meter }

N[Power Expand [ToFundanent al SI [

{Kion, arg| , arBr , wi%n} //. design[roughArcs] 9UdeSi gn[ll1]
{0_ 680465 | 8.72408 x 10 ’ 901226. ’ 1.66564 x 10 }
Second Second Second

= This is a severe instability!
- Can we cure it with bunch-to-bunch feedback?

J.M. Jowett, AP Forum, 8 Nov 2000
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Electron Cloud
= Approximate theory (FZ again)

desi gn[el ectronCl oud] = {
Np
PEC = )
7t Acx Acy | b
27TDECreC/3y
QECFBB —
EPCR
my ¢2
64 (PEC By e 07 Q)
dEafmL = 3 (CPR a¢ EppR)
c (Mg c?)
2 Epr Q& }
PECSHT - ;
(M c?) (re CPR By)

Dependence on vacuum chamber
apertures
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Electron cloud, estimate

In[756]:= | {#, ToFundanental SI [N[# //. design[roughArcs] U
desi gn[roughLongi tudinal ] Udesign[]]] /.
{Q& » .05, Npr > 14}} &/@ {pec, aecss
QECBB Tx, OECHTL, OQECHTL Tx, PECSHT
Jo)
= } // Tabl eForm
P ECSHT
Out[756]//TableForm=

5. 39073x1012

PEC Met er 3
36869. 5

ECFBB Second

OECFBB Tx 52511.9
65. 4242 Q,

GHECHT1 Second

OECHT1 Tx 93.1814 Qy
1. 03309x1012

PRCSHT Met er 3

-~ PEC 5. 21806

PECSHT

J.M. Jowett, AP Forum, 8 Nov 2000
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To be studied ...

= Vertical emittance
- Given the small ¢, is ¢,/ €, = 0.7 % realistic ?

- Simulate machines with errors and correction strategy
= Non-ideal optics in wigglers
= Non-ideal wiggler field distributions

= Non-linear behaviour of optics (dynamic aperture, etc.)
= Coherent synchrotron radiation
- first look suggests OK if bunch not too short ...
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