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Abstract
We discuss timing issues for the ILC in the context of the presasgline
configuration. Timing constraints affect the lengths of a humbéreafmlines
(including the damping rings circumference, and the location of thendec
interaction region). We make recommendations for the ILC laypensure a
significant amount of operational flexibility.

0. Chargefor the Task Forceon ILC Timing Constraints

“The task force will assess options for satisfying the timdogstraints on the operation of the
ILC, and make recommendations for a specific timing solution for the baselinguattifin.

In particular, the task force will consider issues associaittdtiae need to provide flexibility in
the bunch charge, bunch spacing in the linac and the number of bunches peiThelsining
issues have a potential impact on various configuration and design parameters)gncludi

e the damping rings’ circumference and RF frequency;

» the fill patterns in the damping rings (e.g. presence of ion-clearing gaps);

» the lengths of the beamlines connecting the damping rings with theesqarticularly
the positron source) and with the main linacs;

» the longitudinal separation of the two interaction points;

* the locations of the damping rings within the accelerator complex.

The task force will work with the leaders of the Area Systeind Global Systems groups to
evaluate the options for satisfying the timing constraints, imgesf the implications for, and
impact on, the different systems.

The task force will recommend a specific timing solution fordésign to be documented in the
Reference Design Report, detailing precise system locationsbeadhline lengths where
appropriate. Where possible, alternatives will also be specified. Tatissues associated with
performance of specific components (e.g. low-level RF controls, amchsynization of RF
systems) are beyond the scope of the task force, and recommendatguth issues will not be
made.

The recommendations will be summarized in a report to be presentieel GDE no later than
March 9, 2006.”



1. Introduction

In the past the timing constraints for TESLA and ILC have considengler general
conditions [1,2]. Many of the key parameters involved in the timing @ntrhave
already been specified in the baseline configuration [3]; thesedet¢he damping rings’
circumference and RF frequency. In this report, we consider possibolgons for the
timing of the ILC, subject to boundary conditions drawn from the basedingguration
[3]. Our objective is to identify solutions that provide good flexpifdr dealing with
unexpected limitations in the performance of particular componenisbeysgems (e.g.
the damping ring injection/extraction kickers, or the damping rirtgféaslback systems),
and make specific recommendations for the machine geometry toth#ew solutions to
be realized. The boundary conditions specified by the baseline conbigunaipose
strong constraints on the possible solutions, and the solution providing maximum
flexibility depends on the boundary conditions and other assumptions. Oussiliscu
should not therefore be regarded as the final word on this issuge asathine design
develops and assumptions about operational conditions change, the timing sohytion
need to be reconsidered.

The Task Force did not reach a consensus on the optimum configuration. Our
“recommendations” therefore simply consist of a description ofmateld number of
options that satisfy some of the requirements to different degiegsther with some
discussion of the issues that will need to be considered when makingca between

the options.

2. Boundary Conditions

The baseline configuration for the ILC specifies a large numbgystém parameters that
will affect the options for satisfying the timing constraintBriefly, some of the key
specifications are:

» The damping rings’ circumference is approximately 6 km. Thisdeagled after
a thorough set of studies comparing options ranging from 3 km to 17 km,
considering beam dynamics issues (acceptance, space-chargeneakuid and
ion effects etc.) and the performance of technical subsystenmk®i&icamping
wigglers etc.) [4].

* The damping rings’ RF frequency is 650 MHz. This is a simple twaicrof the
main linac RF, which should make synchronization between the diffedfent R
systems more robust. 650 MHz RF frequency also has the advantagibeover
alternative 500 MHz RF frequency, that for a given circumfereihesgdamping
rings have a higher harmonic number, allowing a lower bunch chargeafdesi
from point of view of issues at the interaction point) for a given average current.

e The maximum linac average beam current is 9.5 mA. This is &ivgor
assumption for the design of the main linac RF systems.

* The beam pulse length is approximately 1 ms. This is a workisgrgtion
based on the design of the main linac RF systems, but is not a ‘duarstraint;
we assume an upper limit of 1.2 ms. The linac RF pulse lengihgsei than the



beam pulse length by the fill time of the cavities (about 500 ndinad RF pulse
length exceeding 1.4 ms would likely make the RF more difficult [5].

e The minimum bunch separation should be 3.08 ns (2 damping ring RF buckets) to
allow for the kicker/rise and fall time. This is based on ames$¢ of the
minimum achievable rise and fall time, based on recent experimEatsa given
stripline lengthL, there is a lower limit on the rise/fall time equal tb/@
Assuming striplines of length roughly 30 cm, this lower limit is 2 ns.

* The maximum kicker repetition rate during an extraction cyceN#Hz. This is
a likely upper limit based on present tests of fast, high-powerrpu(sgay. at
KEK-ATF) and is itself a challenging goal.

* Fills with longer bunch spacings (e.g. 3 or 4 damping ring RF buckets) a
desirable, to allow for kicker rise/fall times that may be &nipan 3 ns, or to
mitigate electron cloud effects (which are sensitive to bunch spacing).

* Injection and extraction should proceed from the ends of the bunch traims in
damping rings; this has the potential to relax the fall-timeiBpation on the
kickers (which is more difficult to achieve than the rise tiragce bunches
affected by any residual pulse will be newly injected (i.e. not damped) bunches.

 Gaps of at least 40 ns should appear in the damping rings’ fill appatady
every 50 bunches, for ion clearing. This is based on expectations doamt r
simulation studies of fast ion instability.

« The number of particles per bunch should not exceestl@'? and the layout
should be capable of accommodating fills with bunch charge as low185°1
This requirement is based on effects at the interaction regiarget bunch
charges may also impact the performance of the damping rings, hiheffegts
such as the electron cloud instability, fast ion instability, mierevinstability
and intrabeam scattering.

« The total number of particles in a bunch train should be at least®3 to
achieve the required luminosity.

* The layout should have flexibility in providing collisions at two int#i@ points
with some longitudinal separation, as specified in the baseline ooation. If
two of the possible linac bunch spacings are in a simple raticctoaher, this
may be achieved by careful selection of the longitudinal separat&reater
flexibility may be provided by the use of delay lines or simplalbgwing gaps
(occasional missing bunches) in the linac bunch trains. Delay tregs be
introduced between (one of) the damping rings and the IP, or between thenpositr
source and the positron damping rings.

We consider options for the timing configuration satisfying boundary ¢onsljtshown
in Table 1, based on the present baseline configuration.



Table 1: Boundary conditions on timing configuration options.

Damping ring circumference ~ 6 km
Damping ring RF frequency 650 MHz
Maximum average linac beam current 9.5 mA
Minimum linac beam pulse length 0.9 ms
Maximum linac beam pulse length 1.2 mg
Minimum damping ring bunch separation 3ns
Maximum kicker repetition rate 6 MHz
Minimum length of gaps for ion clearing 38 ns
Maximum number of particles per bunch 2.2x10'°
Fixed total number of particles per linac bunch train5.6x10"

3. Damping Ring Circumference and Fill Patterns
3.1 Linac Bunch Train Without Gaps

We consider first the case where there are no gaps allowed louhch trains in the main
linacs, i.e. each bunch train consists of a sequence of bunches witly é€xacsame
distance between bunches (there are no missing bunches). In thibwadees are
arranged in minitrains in the damping rings, with gaps betweenraiistto allow for
ion clearing. It may be arranged that extraction proceeds unyfdromh the rear of each
minitrain, so that as each bunch is extracted, the bunches immedaleling are
recently injected, undamped bunches. Thus, we avoid following an extbagtekl with
damped bunches, which may be susceptible to increased jitter iflthéamfe of the
extraction kicker is longer than expected.

We use the following notation to describe the fill patterns in the damping rings:

* his the harmonic number of the damping ring.

* Np is the maximum number of bunches per linac bunch train (the maximum
number of bunches stored in the damping rings during a damping cycle).
Generally, the upper limit oM, is set by the specified bunch spacing and the
minimum gaps required for ion clearing. The total number of buncheswanps
be reduced by omitting bunches at the head or tail of the linac bunth f@r a
fixed total number of particles per linac bunch train, the chargebpech is
increased i\, is reduced, so the lower limit dy, is set by the maximum charge
per bunch or the maximum average current in the linacs.

« N is the number of particles per bunch, in units df 10ote that this is chosen
to give a total charge per linac bunch train o&&®? particles.

* tpeamiS the linac beam pulse length in ms.

* Ny is the minimum separation between bunches in the damping rings, inndampi
ring RF buckets. Thus, the bunch spacing in the damping rings is
tor (S€C) =N}, /650%10°.

* ky is the time between injection/extraction kicker pulses, in dampnyg RF
buckets. Thus, the bunch spacing in the linagmig sec) =k,/650<1°. The
maximum kicker repetition rate of 6 MHz sets a minimum valuekfoof 108.



* i is the greatest common divisor of the harmonic nurhleard the kicker timing
parametek,. This indicates the number of “used” buckets, in the sense that the
exact same bunch time structure could be achieved if the RF frgquemne
divided by a factor.

* p, f2, 9o, f1 @andg; specify the fill pattern, which may be described as follows (se
Fig. 1). At the “rear” of the fill, there are, empty buckets, followed bfs
bunches (spaced by RF buckets), followed bg; empty buckets. In the cake
=g = 0, the pattern df bunches followed bg; empty buckets is repeatgn-()
times, so that the total number of bunchepxf. If the fill is such that, # O
(andg; # 0), the repeated part of the pattern consisfs bfinches (spaced oy
buckets), followed by, empty buckets, followed by bunches (spaced again by
n, buckets), followed byg; empty buckets: in this case, the total number of
bunches i$; + px(f; + f2).

2 4 6 1 3 5 7 2 4 6
[oNell NOoN NON NolocNoNONCONOI NON NON NON NelIoNONONONCI NON NON NOIICNONCNONC
- ~ AN ~ | ~ AR ~ I N ~ AN ~ J
n, buckets  f; bunches in 01 buckets f, bunches in g2 buckets f1 bunches in g, buckets
fixn, buckets foxnp buckets f1xnp buckets
S— g
—

distance between kicker pulses (patterk,dfuckets repeatgutimes)

Fig. 1. Example of fill pattern in a damping ring.

As an example of this notation, consider Fig. 1. Filled circlpsesent filled buckets;
empty circles represent empty buckets. In this example (nisfysad the boundary
conditions!), the parameters have the following values:

h =37
n =2
i =1
ky =24
p =1
f]_ =3
g =5
fz =4
92 =5

The bunches should be considered as moving to the right; extractisnostaurn 1 with

the bunch labeled “1”, and continues on subsequent turns with bunches labeled by the
turn number. A regular train is produced in the linac if the followgogditions are
satisfied:

h= +n
o } f, =0 ®
g,=0
or.
h=(p+1k, - f,n, -
(P2, = T, gl} f, #0andf, # f, @)
g, =(f,—f,+Dn, +g,



The parameter gives the number of “used” buckets and is an etgic of operational
flexibility. For example, the highest frequencydtich the feedback system will need to
operate is given bigHi; having options with a range of larger values afay provide
better opportunities for dealing with performanceitations in the feedback systems.
We note that modern feedback systems can achieyegged performance; for example,
the feedback systems in ENE work well with 2.7 ns bunch spacing, providing a
damping time of approximately 15 turns.

With the boundary conditions given in Table 1, andequirement for no gaps in the
trains in the linacs, the fill patterns in the dangprings are highly constrained. Some
possibilities are given in Table 2; note that we asfixed charge per pulse of 81"
particles, so that all the fill patterns shown proel the same nominal luminosity.

Table 2: Example fill patterns for four damping ring circumferep@ssuming the boundary
conditions of Table 1, no gaps in the linac bunch train, and fixed totaleclpempulse of

5.6x10° particles. The beam pulse length (t_beam) is given in msjuimbder of particles per
bunch,N,, is in units of 1¢, and the average current is given in mA.

h = 14044: 9 patterns
Nb NO | _avg t _beam i nb kb p f2 g2 fl gl
5546 1.01 8.8 1.02 1 2 119 118 0 0 47 25
5474 1.02 9.0 0.99 2 2 118 119 0 0 46 26
4152 1.35 7.6 1.19 2 2 186 75 28 38 27 38
3493 1.60 8.1 1.10 1 3 205 68 26 26 25 26
3120 1.79 8.0 1.12 2 4 234 60 0 0 52 26
3055 1.83 8.8 1.02 4 4 216 65 0 0 47 28
2970 1.89 7.6 1.19 4 4 260 54 0 0 55 40
2860 1.96 7.6 1.19 2 4 270 52 0 0 55 50
2677 2.09 9.2 0.97 4 4 236 59 23 28 22 28

h = 14340: 6 patterns
Nb NO | _avg t _beam i nb kb p f2 g2 fl gl
5778 0.97 7.5 1.19 2 2 134 107 0 0 54 26
4050 1.38 8.1 1.10 3 3 177 81 0 0 50 27
3267 1.71 7.5 1.19 3 3 237 60 27 39 27 36
3136 1.79 8.3 1.08 4 4 224 64 0 0 49 28
3024 1.85 7.5 1.19 4 4 256 56 0 0 54 40
2835 1.98 7.7 1.17 4 4 268 53 27 28 26 28

h = 14502: 5 patterns
Nb NO | _avg t _beam i nb kb p f2 g2 fl gl
5800 0.97 8.0 1.12 1 2 125 116 0 0 50 25
5625 1.00 8.9 1.00 2 2 116 125 0 0 45 26
5300 1.06 7.6 1.18 1 2 145 100 0 0 53 39
4131 1. 36 7.9 1.14 1 3 179 81 0 0 51 26
2812 1.99 8.9 1.00 2 4 232 62 23 26 22 26

h = 14516: 5 patterns
Nb NO | _avg t _beam i nb kb p f2 g2 fl gl
5782  0.97 8.2 1.09 1 2 123 118 0 0 49 25
5658 0.99 8.7 1.03 2 2 118 123 0 0 46 26
4346 1.29 7.6 1.18 1 2 177 82 0 0 53 71
3646 1.54 7.9 1.14 1 3 203 71 26 25 25 25
2767 2.02 8.9 1.00 4 4 236 61 23 28 22 28

The case witth = 14340 is of particular interest, because it es good flexibility in
terms of allowing three values pfjreater than 1; the other cases have limitedikgty



in this respect. All the cases shown provide fidty of bunch spacings at the two IRs
without the need for delay lines, with the posdile shown in Table 3. We note that the
caseh = 14516 provides slightly better flexibility foné second IR, without delay lines
(three possible modes, rather than two for therothses). See Section 4 for further
discussion.

Table 3: Flexibility in positioning of second IR with particular damgpring circumferences,
assuming no gaps allowed in the linac bunch trasy is the longitudinal separation between the
two interaction regions. Possible separations up to 200 m are shown.

h Asg (M\pr) Asg (M) possiblek, values particles per bunch (10
118 54.42
14044 236 108.85 118, 236 1.02, 2.09
354 163.27
134 61.80
14340 268 123.61 134, 268 0.97,1.98
402 185.41
116 53.50
14502 232 107.00 116, 232 1.00, 1.99
348 160.50
118 54.42
14516 536 108.85 118, 236 0.99, 2.02
354 163.27 118, 177, 236 0.99, 1.29, 2.02

3.2 Allowing Gapsin Linac Bunch Train

Allowing gaps (i.e. occasional missing bunches}Yhea bunch train in the main linacs
increases the range of possibilities for the fdttprns in the damping rings. In general,
fill patterns can be constructed by filling evetly RF bucket in the damping ring, and
selecting a kicker intervak, such thatky/i is prime andnot a factor ofh/i. Some
examples withs,/i = 53, and again satisfying the boundary conditisimawn in Table 1,
are given in Table 4. There is again a fixed charer pulse of 5.6x1®particles. We
use the same notation as in Section 3.1, excepntvap is the number of minitrains,
p = Np/f1. Note also that, =g, = 0. The gap between minitrains gs1) damping ring
RF buckets, or roughly 38 ns for all the cases shioviable 4.

Table 4: Example fill patterns for two damping ring circumferanassuming that gaps (missing
bunches) are allowed in the linac bunch train, and fixed total chargpupss of 5.6x1%
particles. The beam pulse length (t_beam) is given in ms, araénage current in the linac
(I_ave) is given in mA. Examples with a fixed valu&kgf = 53 are shown.

h=14340
Nb NO |_ave t_beam i nb kb/i kb p f1 gl/i
5824 0. 96 9.45 1.17 2 2 53 106 112 52 12
3885 1. 44 9. 44 1.17 3 3 53 159 111 35 8
2912 1.92 9.45 1.17 4 4 53 212 112 26 6
2565 2.18 8. 58 1.17 5 5 53 265 57 45 5
h=14516
5850 0. 96 9.40 1.18 2 2 53 106 117 50 12
2925 1.91 9. 40 1.18 4 4 53 212 117 25 6




The bunch pattern in the linac is not given explicibut in general, one will expect the
proportion of missing bunches to be roughlyif;p/h, or generally around 20%.

To allow flexibility in the bunch spacing at a sedolP, the longitudinal separation
between the IP’'s must be chosen carefully. Sonssipidities up to 200 m separation,
corresponding to the fill patterns in Table 4, sitewn in Table 5.

Table 5: Flexibility in positioning of second IR with particularued ofk,, assuming gaps are
allowed in the linac bunch train, and there are no delay liAsg.is the longitudinal separation
between the two interaction regions. Possible separations up to 200 m are shown.

Asg (Aor) | Asg (m) | possiblek, values
106 48.89 106, 212

159 73.33 106, 159

212 97.78 106, 212

318 146.67 | 106, 159, 212
414 195.56 | 106, 212

Note that the case with= 14340 allows good flexibility in (= 2,3,4,5). The case with
= 14516 is more limited & 2 or 4 only).

For schemes of this type, extraction and re-inpectioes not occur consistently from the
rear of a minitrain. This means that the bunch ediately following an extracted bunch
is often a damped bunch awaiting extraction; if kieker fall time is longer than
expected, then tails in the kicker pulse may affieetstability of these bunches.

We note that with a longitudinal separation of 8#6m between the IR’s, three of the
values ofk, from Table 4 are allowed at the second IR, cooedmg toi = 2, 3 and 4.
This implies a little greater flexibility with =14340 than witth = 14516.

4. Linac and Transport Line Lengths

Since the positrons are generated by the high-gredegtron beam, the arrival time of
the positrons at the damping ring injection poggiven by the electron beam timing and
the positron transport path length. For re-ingttinto the positron damping ring, each
new positron bunch has to arrive at an empty RKkdtucin the case of bunch patterns
without gaps and possible single bunch ejectionidwhmay be important during
commissioning or re-commissioning after MPS eveatsy one bucket is available. In
case of fill patterns with gaps (or operation wattvays complete extraction cycles) there
are more possibilities. Here, bunch patterns cbaldeproduced with a certain bucket
shift after one complete extraction cycle. But ttpeatest operation flexibility is
achieved if the machine layout is such as to pewadself-reproducing” fill, where each
damping ring bucket is refilled by its electron l=bn partner bunch. Such a scheme
sets strong constraints on the ILC geometry.



4.1 Self-Reproducing Fillsand the First Interaction Region

Let us consider first the case of one interactiegian. A schematic layout with the
significant beamline lengths is shown in Fig. 2.
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Fig. 2: Schematic layout with significant beamline lengths and one IR.

The lengths of various beamline sections are defassfollows:

* L, is the distance from the electron damping ringagtion point, to the positron
production target.

* L, is the distance from the positron production tatgehe IP.

* Lsis the distance from the positron damping ringastton point, to the IP.

* L4 is the distance from the positron production tatgehe positron damping ring
injection point.

» [/ is the distance from the injection kicker to tixé¢raction kicker in the positron
damping ring.

* /A is the distance that a bunch in the positron dagping travels in the time
between the extraction of the electron bunch withictv it will collide, and the
arrival of the positron bunch at the positron damgpinginjectionkicker.

The distancé\, can be changed simply by adjusting the kickerrtgsi all other lengths
are fixed in construction.

To ensure collisions at the IP:
Li+L=A+A; + L3 (3)
We want the fill to be “self-reproducing” (i.e. éanewly created positron bunch replaces
the positron bunch that collides with the electtamch that creates the new positron
bunch). The condition for this is:
Li+Ls=A,+nC (4)

whereC is the damping ring circumference amis an integer.

Eliminating A, (which is the only variable after the machine asigtructed) between (3)
and (4):

Ls+ A +L3=L+nC (5)



AssumingL,, A; andC are fixed early in the design, the constraintdd) be satisfied by
adjusting (at the design stagey+Ls. We note that in this case, the position of the
positron damping ring along the main linac is adnyt; it may be adjusted simply by
increasing (reducind)s, and reducing (increasing) by an equal amount.

4.2 Second Interaction Region
Now let us consider the second interaction regwa;assume there are no delay lines,

and the lengths of all beamlines (exceptdgyrare fixed as before. A schematic for this
situation is shown in Fig. 3.
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Fig. 3: Schematic layout with second IR.

To allow a second IP with longitudinal separatioani the first, we must relax the
constraint (2) that leads to “self-reproducinglsfilin other words, each electron bunch
no longer collides with the positron bunch thatreplaced in the damping ring by a
positron bunch that the electron bunch creates.

The second IP must have a longitudinal displacenmanttsatisfies:

AL3 =AL; + rA-LCM(Lsep (6)

where
Alz=L3 —Lj (7a)
AL, =Ly —L, (7b)

A is the linac RF wavelengthyep is the set of possible bunch separations in treel(in
linac RF wavelengthsy, is an integer, and LCM() is the least common rldti If we
make the approximations:

AlLz=-AL, 8)
and

Asg = AL 9)

where Asr is the physical longitudinal separation of the If®s meters), then we can
write:
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Asg = YaA-LCM(Lsep (10)
Note that while Eqn. (10) is an approximation, E@).is an exact condition.
For example:
Lsep= {236,354,472} (11)
Then LCM(sep = 1416, and:
Asg = Y\ -LCM(Lsep = 163.27 m (12)

If delay lines are used, then there can be gréatability in the longitudinal separation
of the two interaction regions.

4.3 Fillsthat are Not Self-Reproducing

Allowing fills that are not self-reproducing accorg to the conditions in Section 4.1 will
ease the geometry constraints. In this case, #ie oonstraints arise from the need for
the newly-produced positron bunches to arrive atgbsitron damping ring coincident
with an empty RF bucket. This leads to the magadvantage of such a scheme, which
is that the “guarantee” of available empty buckpgtsvided in the self-reproducing
scheme is lost. In particular, there may be dinat where empty buckets are only
guaranteed if a complete (or near-complete) buraih s extracted from the damping
ring; partial extractions of just a small numbebahches may not be possible.

A further issue is that in general, the fill pattén the positron damping ring is “shifted”
after refilling, with respect to the positions afrfithes before extraction. However, it will
be possible in principle to refill the electrongimo produce an equivalent shift; the
relative positions of bunches in the electron aositpon damping rings will thus be kept
in step with each other.

In general, if each positron bunch extracted frowa damping ring is replaced by a new
bunchm buckets later, then Eqn. (5) becomes:

La+ A1+ L3 =Ly +nC+ mipr (13)
Let us consider the conditions that applymo First, we wish to preserve the valuei of
during the extraction/injection process. This ne#mt we require thah is exactly
divisible byi, or in other words:

mmodi =0 (24)

Secondly, if we require that the first newly amigibunch goes into one of the gaps in the
damping ring fill, then we must have:

11



mmodk, < g1 (15)

This must be satisfied for all values lgfthat we wish to use. Eqn. (15) is a generally
sufficient condition for new bunches arriving ae tpositron damping ring always to
arrive at an empty bucket (assuming that all themkd bunches in the damping ring are
being continuously extracted). However, it is adtrictly necessary condition, and there
are other alternatives. For example, the firstipesriving bunch can go into an empty
bucket left by one of the already extracted bunchdse bunches in the ring makeurns
between the extraction of the first bunch and thival of the first new bunch. In the
case wherd, = g, = 0, this means that bunches from the tail of each minitrain have
been extracted, leaving gaps that are availabletblled. The condition for the newly
arriving bunch to fill one of these gaps in thiseas:

m modky > ki —nxny, (16)

If flexibility is required in the linac bunch spag (i.e. it is desired that several different
values ofk, be allowed), then the conditions for newly arrgyibunches always to fill
empty buckets place strong constraints on the beanéngths in ILC. For example,
with h = 14340, there are no solutions (other than tadem < 40, which are not very
helpful) for all six of the fill patterns shown rable 2. However, if we take only the fill
patterns withk, = 134, 224, 237 and 268, then there are now s$etasting solutions to
Eqgn. (14) and either Eqgn. (15) or (16); these hoave in Table 6.

Table 6: Values o for non-self reproducing fills, to ensure new positron bunches arriving a
empty buckets in the damping ring, for 14340. Only fills withk, = 134, 224, 237 and 268 are
allowed

4032 | 8064 | 12336
4044 | 8316 | 12348

In the case witth = 14516, there is a larger number of solutionsafbfive fill patterns
shown in Table 2. The possible valuesrodre shown in Table 7.

Table 7: Values o for non-self reproducing fills, to ensure new positron bunches arriving a
empty buckets in the damping ring, for 14516.
2844 | 5904 | 8736 11572
2848 | 5908 | 8740 11576
2852 | 5912 | 8744

We should also comment that for the schemes tleanair self-reproducing, bunches are
generally injected into the gaps between buncingren the damping rings, and situations
can therefore arise where bunches are injected simyt distances before damped
bunches awaiting extraction. This is undesirabésause if the fall-time of the injection
kicker is longer than expected, then the stahiitthe damped bunches may be affected.

If the fill in the damping ring is such that gaggpaar in the linac bunch train, then the
situation may be different. We have not considénezicase explicitly.
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5. Summary
5.1 Damping Rings Circumference

We consider that the choice should be made bettvezoases, namely= 14340 and

h = 14516. For a given total charge per train 650" particles, and no gaps in the
bunch train in the linac, both these cases allowarye of bunch charges between
approximately %10 and %10', depending on the number of bunches. With the
highest bunch charge (or smallest number of buncttes bunch spacing in the damping
rings in each case is 6.15 ns; there are alsolearing gaps of 40 ns occurring regularly
in the fill.

Briefly, the advantages and disadvantages of eash may be stated as follows:
h=14340

Advantage:
* Allows regular fills withi = 2,3,4,5,6... providing better flexibility in cas#
problems with the feedback systems.

Disadvantage:

* Without delay lines or gaps in the linac bunch rnyaihere is slightly less
flexibility in bunch spacing/bunch charge at thes®l IR than the case with=
14516 (two fill patterns allowed, compared to thfeeh = 14516). We assume
the position of the second IR is chosen carefully.

h=14516

Advantage:
 Provides a little more flexibility in providing (tke) different bunch
charges/bunch spacings at a second IR withoutebd for delay lines or gaps in
the linac bunch train, compared to the case Wwith14340 (two different bunch
charges). We assume the position of the secoi&ldRosen carefully.

Disadvantage:
* Lower flexibility in fill patterns tharh = 14340 case:= 1,2,4 only.

Delay lines will increase flexibility, but will atsadd cost and operational complexity (for
example, the need for tuning for low-emittance sgeont).

Schemes based on allowing gaps in the bunch traithe linac have the potential
drawback that extraction does not happen unifofnoiy the rear of a bunch minitrain in
the damping rings; this means that damped bunchestiag extraction may be
susceptible to increased jitter if the kicker fathe is longer than expected.
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5.2Linacand Transport LineLengths

Maximum operational flexibility is provided if thiengths of the linacs and transport
lines should be designed to allow “self-reprodutifijs. This may be achieved by
designing beamline lengths to satisfy Equation (blye precise lengths of the beamlines
will depend on optics designs and other aspecttjeadesigns of the beamlines develop,
attention should be paid to designing lengths thatisfy the condition for self-
reproducing fills. We note that the requirement &elf-reproducing fills leads to
geometry constraints only in the case that thetfmossource uses high-energy electrons
from the main linac (as in the baseline configuanaki

As an example, we consider the lengths of the beamlas estimated in January 2006
[6]. The relevant lengths are shown in Table 8oteNthat the lengtlh, is estimated
based on the geometry, as indicated in Fig. 2,guaimadius for the turn-around in the
RTML (ring to main linac) of 27 m. Also, we takieet start of the section with lendth

to be the start of the beamline ELTU, which tramipthe electron beam from the main
linac to the positron production undulator; thisvadid if we takelL, to start from the
same point, since it simply implies adding equaltes toL, andL4, which appear on
opposite sides of the equation we shall use, Ex)n. (

Table 8: Estimated lengths of beamlines, from BCD Beamline Descriptions [6].

Section Beamline units Beamline unit lengths Total section length
ELTU, EUND, EUTL 850 m
Lo ELIN2 4620 m 7843 m
EBDS 2373 m
PRTML 2500 m
Ls PLIN1 11200 m 16073 m
PBDS 2373 m
Ly 22133 m 22133 m
AY! 49 m 49 m

Using a damping ring circumferen€e= 6614 m (corresponding to= 14340), we find
from Eqn. (5) thah = 4.6. However, to satisfy the self-reproducingdiban, n needs to
be an integer. There are four possible solutions:

1. modify the damping ring circumference to satisgn. (5);

2. drop the requirement for self-reproducing fills;

3. add a delay line of 2646 m to the positron foanisline (increasé, by 2646 m),
or increase the positron RTML by 2646 m (increlasby 2646 m) — in practice,
one would likely add 1323 m to the linac tunnegréby increasing both; andlL,4
by 1323 m each, or a total of 2646 m;

4. modify the layout [2] to shift the center of thmsitron damping ring: for
example, in the case that the center of the dampiyis close to the linac
tunnel, and injection and extraction happen on speaides of the damping ring,
a length of {r2)R = 1200 m to the distande, + A; + L3, whereR is the radius of
the damping ring.
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Solution 1 will severely limit the flexibility of peration; it is not easy to find
circumferences that provide good flexibility, and strongly advise against choosing this
solution. Solution 2 is a possibility, and we diss this further, below. Solution 3,
although increasing the total beamline length bgignificant amount and therefore
adding some cost, will ensure that the maximum atperal flexibility is retained.
(Solution 3 also provides some safety margin ferdhadient in the positron linac). By
modifying the layout (Solution 4) in different waysip to one damping ring
circumference may be added to the total path lebgthA; + Ls. It is also possible, of
course, to combine solutions 3 and 4.

Let us consider in more detail the second soluigied above, namely that we drop the
requirement for self-reproducing fills. In thatseawe need to consider Egn. (13), with
the constraints om given by Eqn. (14) and either Eqn. (15) or Eq®).(1Forh = 14340,
we can retain four different fill patterns in thandping ring k, = 134, 224, 237 and 268)
with six different values ofn. In the case = 4 andm = 8316, then Eqn. (13) is satisfied
if a length of 120 m is added tg (or 120 m is subtracted from the totallgfandL,),
compared to the value shown in Table 8.

Choosing the other option that we considered albovéhe damping ring circumference
(C=6695 m, oh = 14516) makes a small difference. If a self-oépicing fill scheme is
required, then the required combined increasengtleofLs andL, is 3013 m (an extra
1507 m of tunnel). If a self-reproducing schemaadsrequired, then we can choose
8736, and Eqn. (13) can be satisfied by addingngtieof 397 m to the total df; andL,4
(an extra 199 m of tunnel), or subtracting 397 omft..

In summary, requiring a geometry that provides -sgifoducing fills will provide
maximum operational flexibility. However, this megquire the addition of a significant
(maybe 1.5 km) extra length of tunnel. At the Beer of some flexibility, the geometry
may be arranged so as to provide a fill schemeishabt self-reproducing, in which case
the required changes in tunnel length are onlyefarder of 100 — 200 m.

5.3 Longitudinal Separation of Interaction Regions

Assuming some set of common bunch spacings in ittee Ifor the two interaction
regions, then the lengths of the beamlines feetimgches to the second interaction
region must be chosen to satisfy Eg. (6).

If a damping ring circumference with =14340 is chosen, and gaps in the linac bunch
train are allowed, then a longitudinal separatibri46.67 m (see Table 5) between the
IR’s allows for at least three different bunch des’/bunch separations at the second IR,
without the need for delay lines. If gaps in tma¢ bunch train are not allowed, then a
separation of the IR’s from Table 3 should be chpsmly two bunch charges/bunch
separations are allowed.
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If a damping ring circumference with= 14516 is chosen, then a longitudinal separation
of IP’s of 163.27 m allows for three different btincharges/bunch separations at the
second IP (and five at the first IP), without theed for gaps in the linac bunch train.

6. Final Remarks and Recommendations

The Task Force was not able to reach a consensussammmendations for the
configuration in terms of the timing schemes. WHhilere was agreement on the need to
find a solution that provided the maximum flexityilithere were different opinions on
how this should be interpreted, and, in particuliow strictly (or even whether) the
boundary conditions from the Baseline Configurat&gimould be applied. Below, we
summarize some of options that we considered, hegevith some of the issues that
need to be considered when making a choice bettfean. The comments made in
connection with the options and issues should eonterpreted as indicating a general
agreement among the members of the Task Forcean ¢ one option or another.

To provide the ability to work around unforeseembbpems, it is essential that the
configuration of the ILC be chosen to allow grdaxibility in operating parameters. The
timing schemes are directly related to importamapeeters such as the bunch charge and
bunch spacing in the linac. Since the possibleninschemes are strongly constrained
by the layout, the machine must be designed tavadle much flexibility as possible in
the timing schemes that can be achieved in operatio

The flexibility of a given layout depends on thewasptions that are made for operational
limitations, such as: the maximum RF pulse lengtthe linac; the length of ion-clearing
gaps required in the damping rings; the maximunsibdes repetition rate of the damping
ring injection/extraction kickers etc. An optimiza assuming freedom in all these
parameters was beyond the scope of this Task Fmstead, in this report we assumed
fixed limits set by the Baseline Configuration, atmbked for solutions providing
flexibility within those bounds. As the ILC desigwolves, the boundary conditions are
likely to change, and the configuration providingximum flexibility in timing schemes
will need to be re-examined.

However, for the Baseline Configuration and thedraice Design Report, choices for
the damping rings circumference and lengths ofouaribeamlines do need to be made.
On the basis of timing flexibility, we feel thatethchoice for the damping rings
circumference should be made between harmonic maTb&340 and 14516. These
allow six and five bunch charges/bunch spacingped@s/ely at the first IP, with the
number of particles per bunch varying from 1¥1@ 2x16° for a fixed number of
5.6x10° total particles per pulse. For a single IP, otwb timing schemes for the
second IP are thought sufficient, then the harmanimber 14340 is probably the better
choice, because it allows greater flexibility ire thil harmonic (since 14340 is divisible
by 2, 3, 4,5, 6...). Damping rings with harmoniener 14340 do allow for three bunch
charges/bunch spacings at the second IP if gapsliaweed in the linac bunch train;
however, this is not attractive since it means asting bunches from the middle of
minitrains in the damping ring. In this case, 8tability of damped bunches may be
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adversely affected by a slow fall of the injectextfaction kickers pulse. Choosing the
harmonic number 14516 for the damping rings allows three possible bunch
charges/bunch spacings at the second IP, whilaatitg and injecting uniformly from
the rear of each minitrain in the damping rings.

The location of the second IP must be chosen direfa satisfy basic timing

requirements, and to take advantage of any potdidability in bunch charge/bunch

spacing at the second IP. Delay lines are an opgtat will generally increase the
flexibility for any given geometry; these should bwdied in more detail, and the
benefits and technical issues more thoroughly wwtded.

Irrespective of the damping rings circumference,dptimal layout of the ILC from point
of view of timing flexibility is one that allows &f-reproducing fills.” However, this
places strong constraints on the geometry that imeisiatisfied by adding approximately
1.3 km of tunnel (2.6 km of beamline) to the prelserestimated lengths. As an
alternative, timing schemes are possible in whighfills are not self-reproducing. This
relaxes the geometry constraints, which can noehlibe met with changes in length of
order 100 — 200 m; however, there is significasslof flexibility, because of the need to
ensure that bunches from the undulator-based posstource arrive at empty buckets in
the positron damping ring. Depending on the haimoomber chosen for the damping
rings, some of the fill patterns may be no longesgible. There are also potential
additional complications arising from the fact tifathe fill is not self-reproducing, then
the fill pattern “shifts” around the ring as thesué of an extraction/injection cycle.

We emphasize once again that whatever configuratichosen, the flexibility in timing
schemes depends on a wide range of parametersvorkson the design progresses, the
whole configuration should be continually re-exaetinto ensure that flexibility is not
being lost by changes made to the design, andk advantage of opportunities for
design choices that may improve operational flditybi The comments in this report
should be viewed as applying to the Baseline Condiion as it stands at present; work
should continue on optimizing the overall designif@aximum flexibility.
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