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Abstract

In the paper we illugtrate some possible injection/extraction schemes in the Damping Ring of TESLA using
RF deflectors. We illustrate different possible solutions using 2 or 3 RF frequencies in 2, 4 or 6 RF
deflector groups both consdering the bunches moddled as macro-particles without a finite length and
conddering a finite bunch length. We discuss, findly, the effects d the erors in the Damping Ring
parameters such as the phase advance between the deflectors and the RF amplitude and phase.

1. Introduction

Different possible injection/extraction (inj./extr.) schemes in the TESLA Damping Ring (DR) using high
power kickers have been proposed [1]. These schemes foresee the use of alarge number of kickers fed
by high power.

A possible dternative inj./extr. scheme usng RF deflectors seems to be very promising from the point of
view of required power and number of kickers.

Theideais to adopt, for the DR, an injection scheme smilar to that of the Combiner Ring (CR) of CTF3
[2] sketched in Figs. 1,2. The first caculations have been done by JP. Delahaye [3]. In CTF3 the long
bunch tran coming from the Drive Beam accderator with an intra-bunch distance of 20 cm is converted
into a series of short bunch trains with an intra-bunch distance of 2 cm. This is done by properly
recombining the bunches of the long train in two steps. first by afactor of 2 in the Delay Loop (DL) and,
after, by afactor of 5 in the CR. In particular, Fig. 2 shows the recombination process in the CR. The
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bunches of the 1* train coming from the DL with an intra-bunch distance of 10 cm areinjected in the CR
with the 1 RF deflector. The length of the CR is properly chosen so that, after one turn, the bunches are
2p /5 out of phase with respect to the RF voltage of the 2 RF deflector. The residud transverse kick is
completely compensated by the ¥ RF deflector because the betatron phase advance between the two
devicesis 180° . In thisway the bunches are progressively recombined.

We will illugirate the extensons of thisinjection procedure to the DR.
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2. CTF3-likeinjection/extraction schemesfor TESLA

The direct way to gpply the CTF3 injection scheme to the DR isto consder the Damping Ring itself asa
Combiner Ring and to use 2 RF deflectors for the injection process and 2 for the extraction, asillustrated
in Figs. 3 and 4. Fig. 5 shows the bunches digribution over the RF voltage. In that figure DT, isthetime
distance between bunches in the LINAC and DT, is the time distance in the DR after the complete
injection. The recombination factor F indicates how much the bunches have been * compressed” inthe DR
with respect to their time distance in the LINAC.

Conddering this smple scheme it has to be pointed out that:

a) the RF frequency hasto be amultiple of the LINAC repetition frequency f, =1/ DT, ;

b) if the filling time ( - ) of the deflectors is less than DT, it is possible to inject or to extract the
bunches without any gap in the DR filling pettern;

c) Df should be bigger than a certain Df ", depending on the optics and septum position, in order to
close the bump without hitting the septum. Consdering the most smple case of a Ingle RF
frequency it followsthat DFf /f ,,,, =1- cos(2p /F).

Using the TESLA parameters given in [1] the requirements for the RF deflectors have been derived. The
injection requirements for this scheme arelisted in Table 1.
It isimportant to remark that:

a) the RF frequency of the deflectors can be chosen equal to the frequency of the LINAC in order to
use the same type of klystrons,

b) consdering a reasonable vaue for Df * equd to 0.6 mrad, the minimum deflecting angle to extract
or inject the bunches is 12 mrad because Df /f ,,,, =5% . This angle of deflection cannot be
achieved with RF deflectors [4] of a reasonable length (of the order of 1m). As we illudtrate in the
next paragraphs it is possible to overcome such problem using more frequencies in the inj./extr.
processes,

c) assuming a recombination factor F=20 the time distance between the bunches in the DR is 16.85
ns. Since the filling time of the RF deflectors should be less than DT it is necessary to use fast
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TW RF deflectors (as those of CTF3 [5]). Even with this type of deflectors it is necessary to
introduce a gap in the DR filling pattern. In fact, typicd filling times for TW RF deflectors [4-6] are
of the order of 100 ns. The gap in the DR filling pattern can be obtained with the method illustrated
in Fig. 6. If the ns bucket over Ng/F of thetotd train coming from the LINAC are empty, the tota
time ggp is T, = DT, * n,. With the typicd filling times of TW deflectors it is enough to choose

ng=1, it means an empty bucket over Ng/F.

Tablel - TESLA parametersin theinj./extr. processes usng RF deflectors

QUANTITY SYMBOL VALUE
Number of bunchesin the Linac Ng 2820
Bunch time spacing in the Linac DT, 337 ns
LINAC Bunch spacing DL, =DT, *c ~101 m
Tota length of the bunch train Lg = Ng*DL_ ~285km
Energy at the injection of the DR E 5GeV
Recombination factor F 20
Total length of the DR Lg =Lg/FxDL /F ~14km
Bunch spacing in the DR DL, =DL, /F ~5m
Bunch time spacing in the DR DT =DT, /F 16.85 ns
DR Emittance at extraction e 810* mmmrad
b at the RF deflectors D oen. 50m
b at the septum D gepr. 50 m
a at the RF deflectors A per. 0
a at the septum A sopt. 0
Total number of RF deflectors No - e ot
RF Freg. of the RF deflectors fre=n* 1/ DT, = 383 5 ngTL)
i o 05 ma
Deflection of the extr/inj. e = DX /1- cos(2p / F) 12 mradl!
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Figure 6 - Method to obtain a gap in the DR filling pattern

3 Inj./Extr.with 2 or moreRF frequenciesnear 1.3 GHz

By using the combination of 2 or more frequencies it is possble to increase the ratio Df /f ,,, and,

therefore, to reduce the maximum deflection.

3.1 2frequenciescase

To choose the 2 different frequencies the retio Df /f ,,,, has been calculated for al the combinations of
1/DT, intherange [430*1/DT, * 450* 1/ DT, | = [L.276GHz" 1.335GHz]. The maximum echieveble
Df /f . IS 44%. The deflection received by each bunch for a recombination factor F=20 is shown in
Fig. 7. The optimization made congdering 2 distant frequencies (i.e. every possible frequency in the
conddered range) gives the same result as the optimization with 2 close frequencies (i.e. two frequencies

that differ by 1/DT,).

The TW RF deflectors parameters, relative to this case, are reported in Table Il. In this scheme it is
necessary to use 4 RF deflectors for injection and 4 RF deflectors for the extraction. The total deflection
Is 1.36 mrad (0.68 mrad each deflector) to obtain Df = 0.6mrad . The cdculated length and filling times

are referred to two possible input powers of 9 or 5 MW.
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The use of two close frequencies can be interesting to feed a sngle RF device with the two frequencies.
Looking at the typicd disperson curve of a TW RF deflector (Fig. 8) we can excite the structure at a
frequency (f;) near f*. Doing this we loose synchronism with the bunch and, with the same input power,
we obtain areduction of the transverse kick given by the formula:

fy _snf pDf)
f. (.pD)

(D
As shown in (1) the reduction is less if the filling time of the gtructure is short. In the case of two
frequencies it is possible to obtain a closed solution with the final parameters reported in Table I11. The 2
deflectors used in the injection (extraction) process are, in this case, powered with two RF frequencies
near the “classicad” working point.

Tablell - RF deflectors parametersin the 2 frequencies case

Hlli
Prr Number of Length E Numb. Deflection
fRF [GHZ] time Df /f yax
[MW] | deflectors [m] Of cdls [mrad]
[ns]
O | 4in.+4 |fm=128100| T | M2 26 ¢ _ges
_ 44%
extr. frep=1278.93 f ber, =0.68
5 2.03 150 35

Tablelll - RF deflector parametersusing 2 close frequencies to excite the same device

Hlli
Prr Number of Length E Numb. Deflection
fRF [GHZ] time Df /f .
[MW] deflectors [m] Of cdls [mrad]
[ns]
9 2inj.+2 | fem=128100 | 19 | 8 | B e (s
_ 44%

extr. fre2=1278.93 f per, =0.68

5 2.25 167 39
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Figure7 - Deflection of the bunches with 2 RF frequencies (Df /1, = 44%)
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Figure 8 - Typical dispersion curve of a TW RF deflector

2.2 3frequenciescase

The same optimization can be done consdering 3 different frequencies. In this case, as shown in Fig. 9,

the Df /f,,, iSequa to 69% and is, obvioudy, better than the previous 2 frequencies case. The results
obtained consdering 3 close frequencies is shown in Fig. 10 and is dightly different from the 3 digant
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frequencies case. A possible choice of RF deflectors parameters is shown in Table IV for the 3 distant

freq. case and in Table V for the 3 close frequencies case’.

This kind of caculations can be performed consdering different recombination factors F and comparing

the various cases 2/3 distant/close frequencies as shown in Fig. 11. As predictable, the best results can be

obtained congdering 3 distant frequencies.

TablelV - RF deflectors parametersin the 3 distant frequencies case

Hlli
Pre Number of Length & Numb. Deflection
fRF[GHZ] time Df /f yax
[MW] deflectors [m] Of cdls [mrad]
S
fre1=1284.87 =
9 6inj+6 RF1 0.64 48 11 f oers = 0.29
fRF2:1299-70 f DEEL2 =0.29 69%
extr. f o . =029
5 frrs=1314.54 0.86 64 15 DEFL3 — V-

TableV - RF deflector parametersusing 3 close frequencies to excite the same device

Flli
Pre | Number of Length " Numb. Deflection
fRF[GHZ] time Df / jyax
[MW] | deflectors [m] Of cdls [mrad]
[ns]
f ogry = 0.31
9 0.69 51 12 f =0.3 66%
fR|:1:1293.77 DEFL2 _ °
2inj. +2 f oers = 0.3
fR|:2:1296.74
extr. f =0.32
frr3=1290.80 PEFH
5 0.96 71 17 f ogr, = 0.3 65%
foers =0.3

1 |n this case, there is a dlight variation in the ratio Df /f

MAX

with respect to the ideal case shown in Fig. 10 because there isno

perfect synchronism between the bunches and the electromagnetic waves in the RF deflectors powered with different frequencies.
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Figure 9 - Deflection of the bunches with 3 distant RF frequencies (Df /f ,,, =69%)
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Figure 10 - Deflection of the buncheswith 3 close RF frequencies and Pr,=9 MW
(Df /T ,0x =66%)
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Figure1l- Df /f,,,, considering different recombination factor F

4. Effect of afinite bunch length

If we congder the 2 frequencies case and we introduce a gaussan profile of the bunches (Fig. 12) with a
S, =6mm [1] we obtain the result plotted in Fig. 13. The new effective Df ;,, /T, reaiveto thetals
of the bunches is considerably reduced (Df ;,, /T . = 9%). Moreover there are two effects that have

to be taken into account:

a) the effect of the RF curvature that is especialy harmful for the extracted bunches. In fact, for the
injected ones, we expect a cancellation of this effect due to the damping mechanism;

b) the dope of the RF voltage over the stored bunches that is, in principle, canceled by the other
deflector but that can cause problems if there are non linearities in the magnets between the two RF
deflectors.

From these points of view it istherefore necessary:

a) anew optimization procedure to increase the ratio Df 1, /T yax s

b) acompensation of the distortions due to the RF curvature over the extracted bunches;
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C) anew optimization procedure to reduce the RF dope over the bunch length;
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Figure 12 - Discretized gaussian bunch profile
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Figure 13 - Deflection of the buncheswith 2 RF frequencies (optimized in the macroparticle

case) for a gaussan bunch digtribution (s , =6mm)

4.1 Df,, /T, Mmaximization in the case of a gaussian bunch distrubution

The result of the optimization consdering 2 digant frequencies is shown in Fg. 14. The maximum

achievable Df 1, /T 1S equa to 22% and is obvioudy reduced with respect to the case without

bunch length. A possible choice of RF deflector parametersisreported in Table V1.
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The case of 2 close frequencies is shown in Fig. 15. Unfortunately in this case it is not possible to find a
solution considering 2 RF deflectors for the injection (+2 for the extraction) powered with 2 RF
frequencies (as done in the macroparticle case).

The 3 digtant frequencies result is shown in Fig. 16 with a possible choice of RF deflector parameters of
Table VII. The case of 3 close frequenciesis shown in Fig. 17 with the RF deflector parameters of Table
VIII (in this case we have considered R-=9 and 6 MW because the case Pxr=5 MW does not give
solution with 2+2 RF deflectors).

Table VI - RF deflectors parametersin the 2 distant frequencies case assuming a gaussian

bunchwith s , =6mm

Filli
Pre Number of Length E Numb. Deflection
fRF [GHZ] time Df /f 5
[MW] deflectors [m] Of cdiIs [mrad]
[ns]
O | 4in.+4 | fem=132641 | 2P | 2P | S 0y o133
~ 22%

extr. frr2=1281.90 f oer. =1.33

5 3.96 294 68

Table VII - RF deflectors parametersin the 3 distant frequencies case assuming a gaussian

bunchwith s , =6mm

Flli
Prr Number of Length ™ Numb. Deflection
fRF[GHZ] time Df /f yax
[MW] deflectors [m] Of cdls [mrad]
[ns]
9 | piges | RS 078 | 88 | 13 (o, =035
frr2=1296.74 f oer, =0.35 57%
extr. ; 035
5 fR|:3:1290.80 1.04 77 18 DEFL3 — “*
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Table VIII - RF deflector parametersin the 3 close frequencies case assuming a gaussian

bunchwith s , =6mm

Flli
Pre Number of Length e Numb. Deflection
fRF [GHZ] time DF /f
[MW] | deflectors [m] Of cdls [mrad]
[n]
f oer = 0.57
9 1.26 93 22 f =05 38%
fre1=1290.80 PeFL2 ™ ’
2inj. +2 f peris = 0.5
fRF2:1293-77
extr.
frrs=1287.83 f oery = 0.67
6 183 | 135 | 32 |fom,=051| 36%
f DEFL3 = 051
s
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Figure 14 - Deflection of the buncheswith 2 distant RF frequencies (Df 1, /f ya = 22%) for a

gaussian bunch distribution (s , = 6mm)
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Figure 15 - Deflection of the bunches with 2 close RF frequencies (Df |, /T yax
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Figure 16 - Deflection of the buncheswith 3 distant RF frequencies (Df 1, /f ax = 57%) for a

gaussian bunch distribution (s , = 6mm)
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Figure 17 - Deflection of the buncheswith 3 close RF frequencies (Df ;,, /f . = 38%) for a

gaussian bunch distribution (s , = 6mm)

4.2 Compensation of the RF curvatureover the extracted bunches

A possible smple way to correct the digtortion due to the RF curvature over the extracted bunches is
shown in Fig. 18. It is enough to install a 3 RF deflector with a 180° phase advance with respect to the
deflector 2.

F3 ————» MAINLINAC




TESLA Report 2003-26 pg. 17

Figure 18 - Correction of the distortion dueto the RF curvature over the extracted bunches
4.3 Reduction of the RF slope over the stored bunches

Starting from the 3 distant frequencies case we can find different frequencies to reduce the RF dope over

the stored bunchesin spite of alittlelossof Df ., /f,.x With respect to the optimized case. Theresultis

shown in Fg. 19 where the optimization has been taken congdering the best case with
Df . /T uax 2 30%.

A possible choice of RF deflectorsis shown in Table I1X.

TablelX - RF deflector parametersin the 3 close frequencies case optimized to reduce the RF

dopeover the stored and assuming a gaussian bunch with s , =6mm

P Number of Length Filli Numb. Deflecti
um O Ing 10N
- fRF [GHZ] | of DF /f .
[MW] deflectors [m] time[ng [mrad]
cdls
9 frr=1311.57 | 148 110 26 | Df pery =0.67
6inj+6extr. | fae=1299.70 Df per, =067 | 31%
5 fors=1200.80 | 1.99 147 34 | Df oeris =067
I '. -
-
08
ot
RS ;
.E.li.l j
_e"" ” P L. P r LI P VIt I PR v, L S VL - S LI .-
.ﬁll ...... -t
0,2 P o
-4
XY
18 e i
-il ? -l. lﬁI H 1.[] 1.2 1:-I- 1.6 1.:!{ 3;:1 21
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Figure 19 - Deflection of the buncheswith 3 distant RF frequencies optimized to reduce the RF

dopeover the stored bunches and assuming a gaussian bunch distribution with s , =6mm

(Df ra /T wax = 31%)

5. Recombination factor bigger than 20

In Fig. 20 are reported the optimized solutions congdering recombination factors F=45 and F=100. Both

are done consdering the 3 distant frequencies case: the first case can be interesting considering recent
cdculations[7] to use the HERA Tunnd for the DR with a Lpr=6.3Km.
The second case can be interesting if we want to consderably reduce the length of the DR. In this last

case it has been consdered a s, =2mm. In Tables X, XI are reported the possible RF deflector

parameters for the two cases.

Table X - RF deflector parametersin the 3 distant frequencies case assuming a gaussian bunch

with s , =6mm and F=45

Alli
Pre Number of Length E Numb. Deflection
fRF [GHZ] time Df /f yax
[MW] | deflectors [m] Of cdls [mrad]
[ns]
fre1=1326.41 =
9 6 inj.+6 RF1 1.50 111 26 f oer = 0.67
fRF2:1305.64 f DEEL2 =0.67 30%
exr. f =067
5 fRF3:1299-70 2.00 149 35 DEFL3 — “*

Table XI - RF deflector parametersin the 3 distant frequencies case assuming a gaussian

bunch with s , =2mm and F=100

Flli

Pre Number of Length " Numb. Deflection

fRF[GHZ] time Df /f yax

[MW] | deflectors [m] Of cdls [mrad]

[ns]
6inj.+6 frr=1326.41 28%
9 1.6 119 28
extr.
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Figure 20 - Deflection of the buncheswith 3 distant RF frequenciesfor a gaussan bunch
digribution with s , =6mm and F=45 (Df ., /f ;o = 30%)
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Figure 21 - Deflection of the bunches with 3 distant RF frequenciesfor a gaussian bunch
digribution with s , =2mm and F=100 (Df ;,, /f \,.x = 28%)

0. Effectsof errors

The possible main sources of errorsin the inj./extr. processes are plotted in Fig. 22. They are:

a) the phase advance variation between the deflector 2 and 1 (Ph. Adv. 2-1) whose nomind vadue is

180°;

b) the RF amplitude and phase jitter of one of the deflectors group with respect to the other.

The Ph. Adv. 12 or the vdues of the opticd functions b,a in the deflectors can be consdered as

parameters that can magnify or reduce the effects of these errors.

All these errors are, obvioudy more critica in the extracti
damped after some turnsin the DR.

Extracted

on process snce in the injection one they canbe

MAINLINAC
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Ph. Adv. 1-2

RF Phase

Possible Error sources

Figure 22 - Possible sour ces of errorsin the extraction process
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6.1 Errorsin Ph. Adv. 2-1

Let us condder, as exanple, the phase advances Ph. Adv. 221=179° and Ph. Adv. 1-2=150° in the
optimized cases of 2 and 3 distant frequencies disussed in par. 4.1 with F=20. The position and angle of
the central dice of bunches at the septum after the extraction process are reported in Fig. 23 (a,b vaues

at the septum are those of Table | and the phase advance between RF 2 and the septum is 90°). As
shown in the figure, the position and angle of the firgt extracted bunches are the nomind ones. For the
other extracted bunches the bump between the deflectors is not perfectly closed because Ph. Adv. 2-
1=179° and theresdud orbit gives the error in angle and pogition. This error is, obvioudy, periodic over
F bunches. The ratio between the Courant-Snyder Invariants of the centra dices (lo,) and the emittance
of bunches (e) at the septum position are plotted in Fig. 24.

For a given vdue of Ph. Adv. 21 and Ph. Adv. 1-2, it is possble to caculate the average and the
maximum vaues of the ratio l,«/e. Conddering, as example, Ph. Adv. 221=179° and Ph. Adv. 1-2
between 0° and 360° we obtain the result plotted in Fig. 25.

From these results it isimportant to remark thet:

a) theratio lo./e inthe case of 3 digant frequency isless than in the 2 distant frequency case. Thisis
because (see par. 4.1) the deflection angles are lessin the first case.

b) with Ph. Adv. 1-2€ 180° theratio lo/€ hasaminimum. In particular with 3 frequenciesthereisa
minimum aso with Ph. Adv. 1-2 € 0°,360°.
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Figure 24 - Ratio between the Courant-Snyder Invariants of the central dices and the emittance
of bunches at the septum position with Ph. Adv. 2-1=179° and Ph. Adv. 1-2=150°
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Figure 25 - Average and maximum values of theratio |,/ e asafunction of Ph. Adv. 1-2 and

with Ph. Adv. 2-1=179°

6.2 ErrorsintheRF amplitude and phase

Smilarly to what done in par. 6.1, we can consder an error in the amplitude of the RF voltage.
Congdering, as example, an amplitude variation of +1% of the deflecting voltage RF 1 related to frr1, we
obtain the result plotted in Fig. 26-27. Inthe cdculation Ph. Adv. 1-2=150° and Ph. Adv. 1-2=180°.
Even in this case the bump between the deflectors is not perfectly closed and the resdud orbit gives
erors in the position and angle of the extracted bunches. The average and the maximum values of I/ e
with an amplitude variation of +1% of the deflecting voltage RF1 related to fre1, with Ph. Adv. 2-1=180°
and Ph. Adv. 1-2 between 0° and 360°, are plotted in Fig. 28.

Findly, in Fig. 29, it has been considered a phase variation of +1% of the deflecting voltage RF1 related
to frez With Ph. Adv. 2-1=180° and Ph. Adv. 1-2 between 0° and 360°.

The previous results can give useful information about the stability requirements of the power amplifiers
and related jitters. Moreover, to correct the resdual errors it is possible to adopt feed-forward or feed-
back systems acting on the extracted bunches.
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Figure 26 - position and angle of the central dlice of the bunches after the extraction processes
with an amplitude variation of +1% of the deflecting voltage RF1 related to fre; (Ph. Adv. 2-
1=180° and Ph. Adv. 1-2=150°)
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Figure 27 - Ratio between the Courant-Snyder Invariants of the central dices and the emittance
of bunches at the septum position with an amplitude variation of +1% of the deflecting voltage
RF1 related to fres
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Figure 28 - Average and maximum values of theratio I,,/e asa function of Ph. Adv. 1-2with an

amplitude variation of +1% of the deflecting voltage RF1 related to frr;
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Figure 29 - Average and maximum values of theratio | ,,/€e asa function of Ph. Adv. 1-2with a

phase variation of +1% of the deflecting voltage RF1 related to fre;

7. Conclusions
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In the paper we have illustrated some possible injection/extraction schemes in the Damping Ring of
TESLA usng RF deflectors. The inj./extr. processes usng TW RF deflectors is feasble and we have
illugtrated different possible solutions using 2 or 3 RF frequencies in 2, 4 or 6 RF deflector groups. In
particular the cases of 23 RF frequencies and different recombination factors have been illustrated and
discussed. The problem of the finite bunch length has been discussed showing that it is possble to
optimize the frequencies to extract or inject without affecting the tails of bunches. The best results have
been obtained using 3 RF frequencies. Findly the effects induced by errors has been analyzed. The study
dlows determining the tolerances of the power supplies of the magnets and in the RF jitter in amplitude

and phase.
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