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What'sin Store

Brief history of superconducting RF
Choice of frequency (SCRF for pedestrians)
RF Cavity Basics (efficiency issues)
Wakefields and Beam Dynamics

Emittance preservation in electron linacs

Will generally consider only high-power high-
gradient linacs
— sc e*e linear collider

TESLA technology
— sc X-Ray FEL
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Status 1992: Before start of TESLA R&D

(and 30 years after the start)

s.c. cavities in operation were ...

Nbr. of cav. MHz m Mvim MV
MACSE 5 b&5cell 1500 25 65 16
S-DALINAC 10 20cell 3000 10.0 59 2o
HERA 16 4d-cell 500 19.2 3.6 92
HEPL 30.8 3.0 310
TRISTAN 32 b5-cell 508 47.2 6.6 400
CEBAF 106 5-cell 1497 530 76 75
LEP 12 4d-cell 352 204 3.7
and others....

CEBAF with an ogoing rate of 16 Cavities per month
L Lilje
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S.C. RF‘Livingston Plot’
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TESLA R&D

Superconducting Cavity Performance
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The Linear Accelerator (LINAC)

I

ct=L

E, % 2 standing wave cavity:
bunch seesfield:

/ \ E, =E, sin(wt+f )sin(ka)
\/ © g, sn(ke+t )sin(i)

For electrons, lifeis easy since
* Wewill only consider relativistic electrons (v» c)
we assume they have accelerated from the source by somebody else!
* Thusthereis no longitudinal dynamics (e do not move
long. relative to the other electrons)
* No space charge effects

CAS Zeuthen

SC RF

Unlike the DC case (superconducting magnets), the surface
resistance of a superconducting RF cavity is not zero:

2

f
Rocs K ?eXp(' 1.76T, /T)

Two important parameters:
* residual resistivity
* thermal conductivity
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SC RF

Unlike the DC case (superconducting magnets), the surface
resistance of a superconducting RF cavity is not zero:

I{KH}

2

f
Rocs M ?exp(- 1.76T,/T) S\

Two important parameters. e e
* residual resistivity R ;
* thermal conductivity

u surfaceareap f!
losses

Rs 1 f2when RBCST> Ries \
I W,

fresia = 1.3 GHz f>3GHz : J Yt d
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SC RF

Unlike the DC case (superconducting magnets), the surface
resistance of a superconducting RF cavity is not zero:

e
AN

T ¢ :

]
.....
> i
RRR=3) ¢ =~ RRR=27
. _m

Two important parameters. 100
* residual resistivity i
* thermal conductivity
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e

LiHe 3 '
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—T— | TIKI
skindepth = /2r /wm RRR = Residua Resigtivity Ratio
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RF power

Shunt impedance r

RF Cavity Basics
Figures of Merit

Pcav} V2 °orp

S

* Quiality factor Q,. Q° storedenergy  _ Willea,
energy lost per cycle P,
V2
. _ _ r / - cav
R-over-Q o/ Q W
rdQ, isaconstant for a given cavity geometry
independent of surface resistance
CAS Zeuthen
Frequency Scaling
if**  normal
s M } fl superconducting
i fY2  normal
Qo [ .
i f superconducting
1! f normal
Q } f superconducting
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RF Cavity Basics

Fill Time

. w,U
From definition of Q, Q= %
Allow ‘ringing’ cavity to decay du_,
(stored energy dissipated in walls) R ="t

I . du w

Combining gives eq. for U @ =-._ 9oy

g g eq cav dt QO cav

W,

Assuming exponential solution U_,(t)=U_,(0)e Q

(and that Q, and w,, are constant)

Wo

Since U_, uV2 V.., (1) =V, (0) e 2%

CAS Zeuthen

RF Cavity Basics
Fill Time

Characteristic ‘charging’ time: t =20

time required to (dis)charge cavity voltage to 1/e of peak
value.

Often referred to as the cavity fill time.

True fill time for a pulsed linac is defined dlightly differently
aswe will see.
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RF Cavity Basics

Some Numbers
for = 1.3 GHz S.C. Nb (2K) Cu
Q, 5 10° 2 104
RQ 1 kw
R, 5 1012w 2°10' W
P, (5MV)  cw 5W 1.25 MW
P, (25MV) cwl 125 W 31 MW
tan 12s 5ns
CAS Zeuthen
RF Cavity Basics
Some Numbers
for = 1.3 GHz S.C. Nb (2K) Cu
I —
Q, 5 10° 2 104
RQ 1 kw
Peay (5 MV) cw! 5W Very high Q,:
| the great
P, (25MV) cwl 125 W advantage of
t 125 s.c. RF
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RF Cavity Basics

Some Numbers
* very small power lossin cavity walls Cu
« all supplied power goes into accelerating the
beam 2104

* very high RF-to-beam transfer efficiency
« for AC power, must include cooling power

= 2710 W
o oD G

P, (25MV) cw 125 W 31 MW
tan 12s 5ns

CAS Zeuthen

RF Cavity Basics
Some Numbers

t —13GHz| ° for high-energy higher gradient linacs
RF— ™ z (X-FEL, LC), cw operation not an option due
Q to load on cryogenics

* pulsed operation generally required
RIQ » numbers now represent peak power

* Peay = Pycxduty cycle
Ro * (Cu linacs generally use very short pulses!)
Py (BMV) cw! 5W 1.25 MW

tan 12s 5ns
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Cryogenic Power Reguirements

Basic Thermodynamics. Carnot Efficiency (T,

cav
hoo Tm 22
T. 300- 22

=2.2K)

» 0.7%

Cc
Troom - cav

System efficiency typically 0.2-0.3 (latter for large systems)
Thustotal cooling efficiency is 0.14-0.2%

P

cooling

=5W/0.002 » 2.5kW

Note: this represents dynamic load, and depends on Q, and V
Satic load must also be included (i.e. load at V = 0).

CAS Zeuthen

RF Cavity Basics
Power Coupling
» caculated ‘fill time' was —
1.2 seconds! S
* thisistime needed for field to decay . P
to V/efor a closed cavity (i.e. only cav

power lossto s.c. walls).
V(t) =V (0) exp(- Wt/ 2Q,)

V(t)

CAS Zeuthen




RF Cavity Basics
Power Coupling

calculated ‘fill time’ was R —

1.2 seconds! ——
thisis time needed for field to decay E— p
to V/efor a closed cavity (i.e. only cav

power lossto s.c. walls).
however, we need a‘hole’ (coupler) V() =V (0)exp(-wgt/2Q))

in the cavity to get the power in, and
V(t)
CAS Zeuthen
RF Cavity Basics
Power Coupling
caculated ‘fill time’ was —
1.2 seconds! —
thisis time needed for field to decay I P
to V/efor a closed cavity (i.e. only cav

P

power lossto s.c. walls). out

however, we need a‘hole’ (coupler)  V(®=V(0)exp(-w,t/2Q)
in the cavity to get the power in, and
this hole allows the energy in the
cavity to leak out!

V(t)

CAS Zeuthen




RF Cavity Basics

. cavity
circulator  coupler

Z0 Z0

Generator 7

0
(Klystron) matched load
Z, = characteristic
impedance of
transmission line
(waveguide)

CAS Zeuthen
RF Cavity Basics

:impedance mismatch

Generator
(Klystron)

Z,

Klystron power P, sees matched impedance Z,

Reflected power P, from coupler/cavity is dumped in load

Conservation of energy: P =P, +P_,

can
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Equivalent Circuit

Generator
(Klystron)

S

CAS Zeuthen

Equivalent Circuit

Only consider on resonance: w, =

note: Q= R\/%

1
VLC

1:n
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Equivalent Circuit

Only consider on resonance: w, = 1
- JLe
the cavity circuit.

We can transform the matched |oad impedance Z into

Vi /17 Zo =WZy[ R | Vea
=R/b
1:n
CAS Zeuthen
Equivalent Circuit
_ R
QO - WOL
@ 16 Zo =2y |R=LI2 |,
Rl S
- =R/b
o, <8R Zus
oad WOL
define external Q: coupling constant:
Q, =Zet p=tem= =
w, L P, R,
0 cav RM Qext
1 _i+i q = QO
QOad Qext QO o

CAS Zeuthen




Reflected and Transmitted

RF Power
reflection coefficient _R-Z,_Db-1
(seen from generator): a R+Z,, T b+1
from energy conservation: Po =P - Py
= Pfor g]'- GZH
€ ab-18U
= For @-' gﬁ._ u
, g ePTigg
A-bo
Pe _GZPfor — =+ Po Pa = 4b 5 Pror
&L+ (1+Db)
CAS Zeuthen
Transient Behaviour
steady state cavity voltage: V., =./P_r.
from before:
_2b" R
1+ b for's cav _W for
think in terms of (travelling) microwaves: remember: w =w,
G= b-1
b+1
\7cav = n(Vfor +Vref ) = n(1+ G)Vfor = ﬂvfor Steady-aate
1+b result!
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Reflected Transient Power

Vcav(t) = é]-' exp(_WOt/ZQL)g\/Acav

, . 2bn
=¢l- exp(-WOtIZQL)HEVfor

V. (t)

Vref (t) = cal\f/] - Vfor
Vig () _ . 2b
\;f =¢l- exp(-WOtIZQL)HE- 1
for
° G(t) time-dependent reflection
coefficient

CAS Zeuthen

Reflected Transient Power

Pa (D
P

for

Ry 200
_%gl- exp(-WOtIZQL)HE- 1?;

after RFturned off v, =0 t, > 2Q_/w,

for

A

V, =- hexp(-wot(WZQL) te=t- t
n
2b
= EVW exp(- Wit 2Q,)
Py 4b*

= -w t¢
Peor (1+b)2exp( "t9Q.)
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0 1 2 3

CAS Zeuthen

4 5
w,t/2Q,

note:
No beam!

Reflected Power in Pulsed Operation

Example of square RF pulse with Dt =12Q, /w,

criticaly coupled under coupled over coupled
2 2 2
15 b - 1 15 15 b - 2
1 1 1
\
05 \ 05 05
0 - \R 0 0
0 2 4 6 8 10 0 2 4 6 8 10 2 4 6 8 10

CAS Zeuthen




Accelerating Electrons

Dt, Q

Assume bunches are very short
s,lex

* mode ‘current’ asaseriesof d
functions;

=9 1,()=Q d(t- nDt,)
Dt, n

 Fourier component at w, is 2l
* assume ‘on-crest’ acceleration

(i.e 1, isin-phase with V)

—
v

Dt, =2ph/w,

CAS Zeuthen

Accelerating Electrons

consider first steady state

R
V..=(,-21)——
acc ( g 0)1+b
what's |?
CAS Zeuthen




Accelerating Electrons

4b steady

Consider power in cavity load R P, = W Por Satel

with 1,=0:

From equivalent circuit model (with ,=0):

1R
@ 1+b
_Vciv P b
P =R |, =2v2, |2
R
_ IR
- 2(1+b)’ NB: 1, is actually twice the

true gener ator current
CAS Zeuthen

Accelerating Electrons

R
V.. =(,-2l,)—
acc ( g 0)1+b
substituting for | ;;

x b 0
Vacc = 2\/5 for - 2|0—i
é R 51+ b
& o]
=¢l- R 0_2\/E PforR \/7
é 2P, b "5 1+b
introducing K = R, Vv :238_ K ? 2P, Rb
0 acc =
Pfor gl b ﬂ 1+b

beam loading parameter CAS Zeuthen




Accelerating Electrons

Now let’s calculate the RF® beam efficiency

4K\/7 L

1+b for

('DGD
(o
N:II- O

power fed to beam: Ream = loVaee =

hence:
Rem - 4Kyb & K ©

hRF®beam_ Pfor = 1+ b % \/—£Z

2
reflected power: P, =P - R_. - P, =(1-h)P,, - \;a;;
2
_p @-1-2Kyb O
Yo T 4 . =
g 1+b p
CAS Zeuthen

Accelerating Electrons

Note that if beam is off (K=0)

.2
P ab-10

=P —— '
ref forgb 15 previous result

For zero-beam loading case, we needed b = 1 for maximum
power transfer (i.e. P,y = 0)

Now we require 0=b-1- 2K\/b

_b-1
2,b
Hence for afixed coupler (b), zero reflection only achieved at

one specific beam current.
CAS Zeuthen




A Useful Expression for b

P 4K b&e K G
efficiency: hRF@beam—beam:H{g Jo g
g

for

& 1[r O Jb
voltage: V. =2¢1- = [—s | =[P ¢
ag acc gl‘ 2 Pforb 05 forsl+b
:_b -1 can show
opt b .
optimum K _b-1 by =1+
2./b rP., Fbeam
acc — T where

(0]
r.beam Vacc/ I0

CAS Zeuthen

Example: TESLA

beam current: cavity parameters (at T = 2K):
N, =2" 10% f =1.3GHz
Q, =3.2nC ri/Q »1kO V. =25MV
Dt, =337ns Q, »10°
l, =9.5mA ry » 108°W
For optimal efficiency, P, = 0: Pior = Peam T Py
Ream = | oVaee = 237.5kW
From previous results: V2 |
NMace — Ccw!
K 5 30.8 P, = 5 =62.5W
b » 3804 N e by = 99.97%

CAS Zeuthen




Unloaded Voltage

P._r

V.. o= |rs matched condition: K =
loaded b 2\/—
= P
unloaded 1 + b for I’.s
hence Vunloaded - 2b
\/Ioaded 1+ b
» 2 for K,b>1
CAS Zeuthen
Pulsed Operation
From previous discussions:
2Q 2Q
_t/t t = L = 0
Von (1) = 2V, 1- € ) W, W,(b+1)
1' O t £ 1:fiII
V. (t)= et
beam( ) ’:"Vacc (1_ e (t-tg )/t ) t>tﬁ”

Allow cavity to charge for tg, such that

Vo (L) = Vi Pt =IN(2)t

For TESLA example:  t =645nms t,, =447ns

CAS Zeuthen




Pulse Operation

* After ty,, beamis generator__ |
introduced voltage Wi
« exponentials cancel cavit 2
and beam sees y 3
constant accelerating voltage |
voltage V,..= 25 MV 0 |
* Power isreflected Ibne(?LrJr(]:ed P
:;S'l:ie and after Volt@e 2 3) %00 1000 %LSOO 2000 2500
1t
0.8 %
reflected power:  os}
Pref / Pfor 04
_lg 20 i 02}
Fu® _%gl- exp(-WOUZQL)Hl+b i 1% P 00 50 1000 1500 2000 2500
CAS Zeuthen ns
Pulsed Efficiency
total efficiency |1 % e 0
i . pulse — =
must include ty,: Bt +ton
for TESLA _ 99970y __ 220Ms
446ms+9501s
» 68%
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Quick Summary

P
cw efficiency for s.c. cavity: ha, :% »1
for
. . &t d
efficiency for pulsed linac: h=h_¢c—&m
gtflll +tbeam [

2Q _ 29, 2aer 6V,
Wo W(l"'b) Weroﬂ Io

filltime:  t;, =In(2t,_ t =

Increase efficiency (reducefill time):  some other constraints:
* gotohighl,for given V. » cyrogenic load p V2 fot e
* longer bunch trains (t,..,)  modulator/klystron

CAS Zeuthen

L orentz-Force Detuning
In high gradient structures, E :> detuning of cavity

and B fields exert stress on the ‘| Vv
cavity, causing it to deform. VE = =
Asaresult; | 1+ Z'QLDE;
* cavity off resonance by relative Ve
2

amount D = dw/w, " 1+4Q°D
« equivalent circuit is now complex require .
« voltage phase shift wrt generator DV cioep ppelo i

(and beam) by j =tan*(2Q D) Vace A
* power isreflected = few Hz for TESLA

For TESLA 9 cell at 25 MV, Df ~900 Hz !! (loaded BW ~500Hz)

[note: causes transient behaviour during RF pulse]
CAS Zeuthen




L orentz Force Detuning cont.

600
— 37 MV/m

2 — 35 MV/m
Df » k>E 0ok — 31w
SN — 30 MV/m

k »1H Z/(M V/m)2 200 NN — 29.8MV/m

— 26.7 MV/m
— 23.4 MV/m

20 MV/m
— 11 MV/m

delta f [Hz]

N | | | . . | | 1
80800 400 600 800 1000 1200 1400 1600 1800 20
Time [us]

recent tests on TESLA high-gradient cavity

CAS Zeuthen

L orentz Force Detuning cont.

Three fixes:

* mechanicaly stiffen
cavity

» feed-forwarded
(increase RF power
during pulse)

» fast piezo tuners+
feedback

CAS Zeuthen




L orentz Force Detuning cont.

Three fixes:
* mechanicaly stiffen
cavity

» feed-forwarded
(increase RF power
during pulse)

» fast piezo tuners+
feedback

reduces effect by ~1/2 stiffening ring

CAS Zeuthen

L orentz Force Detuning cont.

A A itk

Three fixes:;

ampliugs .

* mechanicaly stiffen
cavity

» feed-forwarded
(increase RF power
during pulse)

» fast piezo tuners+
feedback

Low Level RF (LLRF) compensates.
Mostly feedforward (behaviour is repetitive)
For TESLA, 1 klystron drives 36 cavities,
thus ‘vector sum’ is corrected.

CAS Zeuthen




L orentz Force Detuning cont.

Three fixes:
* mechanicaly stiffen
cavity

» feed-forwarded
(increase RF power
during pulse)

Piezo-Actuator:

‘_ He-Tank

» fast piezo tuners+ i
B & Cavity

feedback

CAS Zeuthen

L orentz Force Detuning cont.

150

Three fixes:;

35

100

b’

* mechanicdly gtiffen
cavity

o feed-forwarded B T
(increase RF power . B N\
during pulse) : " \\
10 \,
° fast p| €z0 tuners + Blue: Wi,th piezz? o - \ |
fe&jback J Red: Without piezo | \\
560 1000 15‘00 20‘00 -1500 560 10‘00 1560 20‘00

Time [us]

recent tests on TESLA high-gradient cavity
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Wakefields and Beam Dynamics

* bunches traversing cavities generate many RF
modes.

 Excitation of fundamental (w,) mode we have
aready discussed (beam loading)

* higher-order (higher-frequency) modes (HOMSs)
can act back on the beam and adversely affect it.

» Separate into two time (frequency) domains:
— long-range, bunch-to-bunch
— short-range, single bunch effects (head-tail effects)

CAS Zeuthen

Wakefields. the (other) SC RF Advantage

canical head plots

« the strength of the wakefield ™ rT
potential (W) isastrong function — [_se £/
of theiris aperture a. | |

* Shunt impedance (ry) isalso a o Ay A

function of a. /N
. .. e e el
» Toincrease efficiency, Cu b
cavities tend to move towards 3
Wu a

smaller irises (higher ry).
» For S.C. cavities, sincer,is
extremely high anyway, we can S anifi
; . gnificantly
make a larger without loosing ) :
efficiency. smaller wakefields
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L ong Range Wakefields

Bunch ‘current’ generates wake that decelerates trailing bunches.

Bunch current generates transverse deflecting modes when bunches are
not on cavity axis

Fields build up resonantly: latter bunches are kicked transversely
P muilti- and single-bunch beam break-up (MBBU, SBBU)

wakefield is the time-domain description of impedance

CAS Zeuthen

Transverse HOMs

wake is sum over modes. W, (t) = § 2k

n n

e w,t/2Q, Sl nMnt)

k, isthe loss parameter (units V/pC/n?) for the nt mode

Transverse kick of ji bunch after traversing one cavity:
j-1 _
Dy}t= é Y4 ZKCe-WnIDt/2Qn sin(wiiDtb)
i=1 EI Wn

wherey, g;, and E; arethe offset wrt the cavity axis, the
charge and the energy of the it bunch respectively.

CAS Zeuthen




HOM s cane be randomly
detuned by a small
amount.

Over severd cavities,
wake ‘decoheres' .

Effect of random 0.1%
detuning

(averaged over 36 cavities).

Still require HOM dampers

Detuning

.
100 i no detuning
| !
Q
2 :
S :
£ o WK
> 001
) .
e ‘
0.001 ‘
10 100 | 1000 10000  100000.
_ oo with detuning
g 10
2
S 1
Q
€ o1
=
g 001 i
0.001 1 Il
10 100 1000 10000  100000.
time (ns)
CAS Zeuthen

Effect of Emittance

14
12 C%
T 10 ¥4
2 s 2
R e o~
S 4l
> + No initial bunch offset
s o Initial bunch offset = 18 um |
0 100 200 300 400 500
Bunch number
9.E-10
8.E-10
E 7.E10 j"
E 6.E-10 Wr
8T sE10
w =
EE 4E10
g 3.E-10
% 2E-10 Iﬂ
X 1E10
0.E+00
0 2 4 6 8 10 12 14

Linac [km]

CAS Zeutnen

vertical beam offset
along bunch train
(n, = 2920)

Multibunch
emittance growth for
cavities with 500mm
RMS misalignment




Single Bunch Effects

» Completely analogous to low-range wakes
» wake over asingle bunch

 causality (relativistic bunch): head of bunch
affects the tall

* Again must consider
— longitudinal:  effects energy spread along bunch
— transverse: the emittance killer!

* For short-range wakes, tend to consider wake
potentials (Greens functions) rather than ‘ modes

CAS Zeuthen

Longitudinal Wake

Consider the TESLA wake potential W (z = ct)

4 é
W,(2) » - 3815~ Eé’].165 pg ; 0.1654
&pCom 365 10°Tml, g

wake over bunch given by convolution: (r (2) = long. charge dist.)

¥
VVll,bunch(Z) = OVV||(Z¢' Z)r (ngzq : S S 300Hm

267

average energy loss:

<DE> = qb ovvll,bunch(z)r (Z)dZ 20 \/

¥
For TESLA LC: (DE)» - 46KV/m g

CAS Zeuthen

V/pC/m
5

G@
>
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accelerating field along bunch:

E(Z) = qu|,bunch(Z) + EO COS(Z) Z/I RF +f )

RMS Energy Spr

2

RF

DE/E (ppm)

wake+RF \
Minimum energy spread along 10

bunch achieved when bunch R
rides ahead of crest on RF. 0
g 0.8
Negative slope of RF =
compensates wakefield. W os
0 04
£
For TESLA LC, minimum at N PRI GO S——
about f ~ +6° f (deg)
CAS Zeuthen
RMS Energy Spread
-2
x 10

(=]
-

RMS energy spread o /E

FEL-9.2MeV/m

HEP-23.4MeV/m

FEL-23.4MeV/m

5 0 15 20 25 30 35 40
RF phase (degree)
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Transverse Single-Bunch Wakes

When bunch is offset wrt cavity axis, transverse (dipole) wake

is excited.
V/pC/m?
‘kick’ along bunch: 8000
q ¥ 6000
Dy€z) = —2— AW. (z"- 2)r (29y(s; z9dz¢
E(2) 0
2000l ta head
Note: y(s; 2) describes a free betatron ¥
oscillation along linac (FODO) lattice  *io 500 0 100
(asafunction of s) Zs,
CAS Zeuthen
2 particle model
Effect of coherent betatron oscillation . _
head eom (Hill’ s equation):
- head resonantly drives the tail
‘/ solution:

/ \
e ’ \\ i ]
. N h h \
P " il T I
i ¢ . v il
* ¢ . v .
il i hl L n
)
\ i 60 B0 Yoo
. I3 3 I 4
i i
Ay ! N Il |
Ay : i I3 4
kY e K i |
2 s )
;
\
head '
N :‘
* I
|
v

CAS Zeuthen

y,(s) =4/ab(s)sin(j () +j ,)

tail eom: q
W', EZS 5
y$tky, =y, ——~4—
Ebeam

resonantly driven oscillator




BNS Damping

If both macroparticles have an initial offset y, then particle 1
undergoes a sinusoidal oscillation, y,=y,cos(KS). What
happens to particle 2?

Y, =Y, écos(kbs) +ssin(kbs)%§

Qualitatively: an additional oscillation out-of-phase with the
betatron term which grows monotonically with s.

How do we beat it? Higher beam energy, stronger focusing,
lower charge, shorter bunches, or a damping technique
recommended by Balakin, Novokhatski, and Smirnov (BNS

Dampl ng) curtesy: P. Tenenbaum (SLAC)
CAS Zeuthen

BNS Damping

Imagine that the two macroparticles have different
betatron frequencies, represented by different focusing
constants K, and K,

The second particle now acts like an undamped oscillator
driven off its resonant frequency by the wakefield of the first.
The difference in trgjectory between the two macroparticles
isgiven by:

& W',
Yo- i = Yogt- ®:

0, .
E KK ggcos(kbzs)- cos(kbls)H

curtesy: P. Tenenbaum (SLAC)
CAS Zeuthen




BNS Damping

The wakefield can be locally cancelled (ie, cancelled at al points down
the linac) if:

W.os, 1
2 2 =1
Ebeam kbz' kbl

This condition is often known as “autophasing.”

It can be achieved by introducing an energy difference between the head
and tail of the bunch. When the requirements of discrete focusing (ie,
FODO lattices) are included, the autophasing RM S energy spread is given

by:
se _1WiLos, Ly
Ewn 16 By, sn?(pn,)

curtesy: P. Tenenbaum (SLAC)
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Wakefields (alignment tolerances)

cavities

tail performs
bunch oscillation
laYaYaYe mmmm/mmmm
/ accelerator axis il
U H
VN YNNI Ay
0 km 5 km 10 km
De N 2\N2 €, 6 LU
,\ - 1y, 2
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Cavity Misalignments
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Wakefields and Beam Dynamics

The preservation of (RMS) Emittance!

control
of

Transverse
Wakefields {
Longitudinal Single-bunch

beam loading

Dispersion

|

Quadrupole Alignment Structure Alignment

CAS Zeuthen




Emittance tuning in the Linac

Consider linear collider parameters:

* DR producestiny vertical emittances
(0e, ~ 20nm)
* LINAC must preserve this emittance!
— strong wakefields (structure misalignment)
— dispersion effects (quadrupole misalignment)
» Tolerancestoo tight to be achieved by surveyor
during installation

P Need beam-based alignment

CAS Zeuthen

mmal

Basics (linear optics)
thin-lens quad approximation: Dy’ =- KY

Jij

8 aguKY -Y

linear system: just superimpose oscillations caused by quad kicks.

CAS Zeuthen




| ntroduce matrix notation

& d o)
Original Equation Y =g' g; KY, ;‘ Y,
i=1

Defining Response Matrix Q: Q=G >diag(K )+

Hence beam offset becomes Y =- QY

0 0 0 0 -
9. 0 0 0.
Gislowerdiagond: G=¢g; g, O O -
ég.zu g.42 9.43 O

CAS Zeuthen

Qe e e e O

Dispersive Emittance Growth

Consider effects of finite energy spread in beam dyy, s

chromatic response matrix:  Q(d) =G(d) ﬂiag?% 9+ |
17}

G =60+ attice dlispersive
d=o chromaticity kicks

Ry, (d) =Ry, (0) + Ty, d

dispersive orbit: ?,» ’7yT(d) =-[Q()- Q)] »r

CAS Zeuthen




What do we measure?
BPM readings contain additional errors:
D oteet static offsets of monitors wrt quad centres

b one-shot measurement noise (resolution s zeg)

noise

&, C
Yepu :-QW+boffset+bnoiaa+R>yO Yo :gyff
(7

N o+ RN ~ ) ‘[
fixed from random
shot to shot (can be averaged ~ launch condition
to zero)

In principle: all BBAcagoarthms deal with b oy

Scenario 1. Quad offsets, but BPMs aligned

T

Assuming: {quad mover
Steerer

- aBPM adjacent to each quad

dipole corrector
- a'steerer’ at each quad

simply apply one to one sieering.to orbit




Scenario 2: Quads aligned, BPM s offset

1-2-1 corrected orbit

T

one-to-one correction BAD!

Resulting orbit not Dispersion Free b emittance growth

Need to find a steering algorithm which effectively puts
BPMs on (some) reference line

CAS Zeuthe.n . .
real world scenario;: some mix of scenarios 1 and 2

BBA

» Dispersion Free Steering (DFS)
— Find a set of steerer settings which minimise the
dispersive orbit
— in practise, find solution that minimises difference orbit
when ‘energy’ is changed
— Energy change:
* true energy change (adjust linac phase)
* scale quadrupole strengths
» Ballistic Alignment
— Turn off accelerator components in a given section, and
use ‘ballistic beam’ to define reference line

— measured BPM orbit immediately gives b, Wrt to
thisline

CAS Zeuthen




ov = - €o(PEy. o(0)UePE O,

Problem: Y SQ(E) © )HSEQ
o m BED,y
gEﬂ

Note: taking difference orbit Dy removes b 4
Solution (trivial): Y =M 'y

Unfortunately, not that easy because of noise sources:

?y=M><Y+bnoise+R>y0

CAS Zeuthen

DFS example

ABSOLUTE

300mm random
guadrupole errors

20% DE/E

No BPM noise

No beam jitter

mm

2000
1000
0
=1o00

—z000

1000

500

—&00

—1000
CAS
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DFS example

Simple solve
Y =My
In the absence of

errors, works
exactly ol

[l original quad errors

Resulting orbit is flat []fitter quad errors

b Dispersion Free Now add 1nm random BPM noise to
(perfect BBA) measured difference orbit

CAS Zeuthen

DFS example

150
112 3.5 BT 8 810MNnug 415161181'2[@'222

Simple solve

100

Y =M1y .

-50

=100

150

[l original quad errors

Fit isill-conditioned!
[ ] fitter quad errors
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DFS example

ABSOLUTE

1]

mn —1000

—2000

Solution is gtill Dispersion -3000
Fr% —4000
—5000

but several mm off axis! -8000
—7000

o 250 a00 Ta0 1000 1250 1500 1740

DIFFERENCE

CAS

0 250 500 750 1ooo 1250 1500 1750

DFS: Problems

» Fitisill-conditioned
— with BPM noise DF orbits have very large unrealistic
amplitudes.
— Need to constrain the absolute orbit

Ryt Yy
2 SZ +SZ

res res offset

minimise

» Sensitiveto initial launch conditions (steering,
beam jitter)
— need to be fitted out or averaged away

CAS Zeuthen




DFS example

Minimise

absolute
orbit now
constrained

remember [l original quad errors

S;es = 1M [ ] fitter quad errors

S oifsat = 300MM

CAS Zeuthen

DFS example

mm

ABSOLUTE

100

Solutions much better
behaved! :

—100

I Wakefields ! o

a 250 500 7O 1000 1250 1500 1750

DIFFERENCE

Orbit not quite
Dispersion Free, but very
close

C 1} 250 500 750 1000 1250 1500 1750




DFS practicalities

Need to align linac in sections (bins), generally overlapping.
Changing energy by 20%
— quad scaling: only measures dispersive kicks from quads. Other sources
ignored (not measured)

— Changing energy upstream of section using RF better, but beware of RF
steering (seeinitial launch)

— dealing with energy mismatched beam may cause problemsin practise
(apertures)

Initial launch conditions still a problem

— coherent b-oscillation looks like dispersion to algorithm.

— can be random jitter, or RF steering when energy is changed.

— need good resolution BPMs to fit out theinitial conditions.

Sensitive to model errors (M)

CAS Zeuthen

Ballistic Alignment

» Turn of all componentsin section to be aligned [magnets,

and RF]

» use‘balistic beam’ to define straight reference line (BPM

offsets)

Yermi = Yo TS y$+ Bytteeti + Proises

» Linearly adjust BPM readings to arbitrarily zero last BPM

* restore components, steer beam to adjusted ballistic line

CAS Zeuthen
62




Ballistic Alignment

guads effectively
aligned to ballistic
reference

angle = a;

Ly >| with BPM noise

CAS Zeuthen

62

Ballistic Alignment: Problems
 Controlling the downstream beam during
the ballistic measurement
— large beta-beat
— large coherent oscillation
» Need to maintain energy match

— scale downstream lattice while RF in ballistic
section is off

» use feedback to keep downstream orbit
under control

CAS Zeuthen




TESLA LLRF

veclor
master modulator
oscillator

klystron

power transmission line

1.3 GHz

Cavily 32
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setpoint
table




