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Memo on chicane for ERL Phasel (Dec, 2001)

|.V. Bazarov
Wilson lab, Cornell University, Ithacg NY 14853

Abstract
The purpose of this note is to provide basic analyticd formulas of longitudinal phase
spacemanipulationsin 100MeV ERL. The doice of the dhicanes design is outlined.

Longitudinal phase spacein ERL

For the sake of consistency | choose TRANSPORT notations for longitudinal phase space
coordinates. | — the path length difference between the trgedory and the central
trgjedory as measured from the beginning of the system (positive | means that the
particle is in the tail, front particles have | < 0); d = AP/Py, = AE/E, is the momentum
(energy) deviation of the trajectory from that of the central trajectory.

We envison two modes of operation in ERL: 1) small emittance; 2) short bunches.
Chicanes are needed for the short bunch mode (Fig. 1).
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Fig.1. Short bunch mode: longitudinal phase space a) from the injector (smal energy
spread, no O - | correlation); b) after the linac with off-crest operation (same bunch
length, O - | correlation is created); c) after Chicane #1 (upright elipse, maximal bunch
compression, same energy spread); d) after Chicane #2 (same as (b) but reversed o - |
correlation). Settings for the Chicanes are identical (i.e. same Rsg, see below).

For small emittance mode (no bunch compression), the following options are possible:

1) Linac isrun on-crest, Chicanes have the same settings (Rse) as for the short bunch
mode. Since the linac produces no energy correlation, bunch length stays about
the same all over the machine.

2) Chicanes have the possibility of varying momentum compaction, Rss. The bunch
length stays the same if Rgsg = O independent of the RF phase offset in the main
linac.

3) Chicanes with set Rsg are removed and replaced by a straight section. Chicanes
are used for the short bunch mode and removed for the low emittance mode.
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Implicaions of ead option, if chosen, are examined below.
Some definitions and ssimple relations

Matrix element Rsg [M], or momentum compadion, is a transfer matrix element (6x6
TRANSPORT matrix mapping X, X', y, ¥, |, 6) mapping dto I. It isfound by integrating:

_ .
R —Jl’? ds, (1)

n, isdispersion; p = p(s) is bending radius; sis reference particle path length.

Longitudinal phase space oordinates stisfy the following relation (let’s not worry about
the order higher than 2 now):
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J, is uncorrelated energy spread (i.e. (3,l) =0), which comes mostly from the injector;

a =dd/dl is energy-length correlation [m™]; B=d?5/dl?> is sond order energy-

length correlation (curvature) [m?] (not to be nfused with Twiss parameters).
Uncorrelated energy spread from the injedor for the new bunching scheme is very small,

rms value is lessthan 10 keV, so, for our purposes uncorrelated energy spreal 1I<502> <

10 keV/100 MeV = 10 is esentidly zero. Longitudina phase space dynamics is
dominated by o - | correlation, a, second order d - | (curvature), B, and higher order
terms. a is creded by RF sedions for off-crest running and modified by the optics in
bends (Rse). B is creded in RF sedions ead time reference particle energy is changed
and can be modified through seaond-order optics (sextupoles) or higher harmonic RF
(e.g. lineaizer, which uses three times the fundamental RF frequency). Other effeds
(wakes, CSR) aso change the aurvature, S, but for the purpose of this memo we negled
them totally. Also note that the cae 1/a = O represents ered phase space “ellipse” or
maximum bunch compresson, since a is $ope of J - | distribution.

Emittanceis defined as always.

Q:W¥W$—mf. 3)

Note that this quantity is conserved only for linea transformations (i.e. first order optics)
but can be modified by nonlinea elements (i.e. cavities, sextupoles).

Asauming normal longitudinal particle distribution we can write rms values of relative
energy spread and emittance in terms of rms bunch length, o,, uncorrelated energy
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spread, 0 , o and B:

Os :\/J§D +a‘ol +%BZJ|4 ; (4)
£ = 2,12 4
:=04|05 T P70 . 5)

2
Energy change for RF section is:
AE =E_, cos(p +1/K g ), (6)

¢ is off-crest RF phase, E_,

., 1S RF maximal energy gain, &g = Ag:/21T, where Ay is
RF wavelength.

Thus, a and ( are given by:

E.sSing 1
a=———
E 7LRF
(7)
E.CO8p 1
B:_ cav S¢T
E 7LRF

Longitudinal phase spacelooks like in Fig. 2. For ¢ =-11°, we have a =5.0 m™, and
B =-7052 m™
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Fig. 2. Longitudinal phase spacedistribution before (left) and after the main linac at 100
MeV (right). ¢ =-11°, rms bunch length is 0.6 mm Initial uncorrelated rms energy

spread is10 keV at 5 MeV (left) and particle distribution is Gaussan.

Since aergy spread o; does not change in the ring, ratio €,/ 05 gives us minimal bunch
length achievable with compresson when longitudinal phase space dipse is upright.

Negleding uncorrelated energy spread from the injedor we arive & a smple formula for
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minimum bunch length achievable when compressing without correction of 3 (sextupole
correction):

(8)

o™ =¢g,l0, =

Neglecting uncorrelated energy spread from the injector (on the order of 10 keV) is well
justified for our parameters, asit can be seen in Fig. 3. o™" is plotted as a function of RF

phase offset for two values of g, in the main linac. Curves are plotted using expression
(8), whereas for data pointes uncorrelated energy spread is also taken into account.
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Fig. 3. Minima achievable bunch length after compression without curvature correction.

Uncorrelated energy spread is taken into account for the data points, the curves are
plotted using (8). Final beam energy was set to 100 MeV for all RF phase offset values.

Accordingly, the bunch can be compressed down to 30 pum (our goa of 100 fs) at
¢ =-15° for rms bunch length in the main linac of 0.6 mm, and ¢ =-43° for initial
bunch length of 1.2 mm (see Fig. 4). Of course, there are too many assumptions built in
that result, and CSR, wakes, non-Gaussian distribution from the injector to begin with
will most likely prevent bunch compression down to 100 fs without curvature correction.
However, this should provide us with some rough estimates of what to expect.
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Fig. 4. Estimated RF phase offset to produce 100 fs bunches after compression vs. bunch
length in the main linac.



November, 2001 ERL 02-2

Opticstransforms
In the optics, after an achromat, we have the following transform:
I"=1+R 0 +T,0°,
o =90. 9

For not strictly ultrarelativistic particles the transform for | should also include term
L(Av/v,) (here v, and Av are the ceitral particle velocity and velocity spread

respedively, L is the length of the transport line). At 100 MeV for 40 m of the transport
line Lo, /y? O3 pum, so the dfed is negligible.
One can dill represent the longitudinal phase space distribution as

* * kg * 1 kg * - * * -
0 =9,+al +§BI 2, and figure out new a and [ after the transform as functions

of old a and B. Although mathematicdly straightforward, this is laborious, so let’s limit
ourselves to the first order expansion coefficient only (i.e. a), then:

a
1+ R

(10)

Recdling that the maximal compresson case rresponds to 1/a” =0, we find an
expresgon for the required R :

-1 B
Ry = a . 7LRF- (1)

For ¢ =-11°, Rsg = —20 cm. This momentum compadion can come from two sources:
chicane and Bates magnets. We will assume that Bates system is isochronous and all of
Rse has to be from the dhicane (i.e. both chicanes cgpable of producing Rss upto —20 + —
25cm).

Chicane

Chicane is made of four identica redangular magnets. The geometry of the dhicane is all
figured out in Klaus Steffen’s book (Fig. 5). One may notice that the distance, d, between
the second and the third magnets is irrelevant for momentum compadion. The anplitude
in the symmetry midplane for the central particle trajedory (“vaauum chamber size”) is

¢, =2p(—-cosd) +Atand, (12

where 9 is the bending angle in the dipoles: sind =L/p; p is bending radius; L is
magnet length; A is $adng between the first and the second, the third and the fourth.
Path length, s, is given by
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2A
cosd

s=4pJ+ +d. (13)

Since p(3)= p(+d), wefind R, to be

ds 4L 2L°A
= =- - +4p9 . 14
s dd|;., cosd pcos’S P (14
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Fig. 3-4 Nondispersive momentum sclecting system for large momentum spread.

Fig. 5. Chicane geometry.

Naturaly, one would like to have a dicane with Rsg adjustable from 0 to —25 cm. As far
as the bending radius for the dicanes. asauming that we tolerate 1 T, the minimum
bending radius is 33 cm. Shorter radii are required for larger Rsg (absolute value) at some
fixed magnet length, and that has its own implications for CSR.

Here is an example of chicane that will do the job for us:
L=40cm, A=40cm,d=10cm.

Total length 2.5 m. We have a&out 17 m in the straight sedion of the ring opposite to the
linac For p=1 (magnetic field of 0.334T), Rss is —26.6 cm. Maximum deviation of the
central trajedory in the dicane, &, is 34 cm. If we will vote for adjustable Rss then

horizontal vaauum chamber size will have to be more than 34 cm as well as magnets
width. Alternatively, we can use smaller magnets but will have Rsg to some smaller range
(eg. ¢, between 24 and 34 cm corresponds to Rsg adjustable from —15.1 to —26.6 cm).
Chicanes can be made of either 4 identicd magnets or 3 magnets (d =0), with the middle
one twice & long. However, for the st optimizaion purposes, it seems more pradicd
to use 4x2 identicd magnets.

Pros and cons of different chicane designs
1) Chicaneswith Rsg [7[0, —26.6] cm.
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2)

3)

Pros. the widest range of possible Rse.

Cons. Large horizontal dimensions of the vacuum chamber and magnets (or at
least middle magnets). Vacuum implications are not clear to me.

Chicanes with set Rsg

Pros. compact magnets; cheaper than 1).

Cons: Rsg is limited to a more narrow range. Both modes with and without
bunch compression should be achievable by operating linac with different off-
crest phase, however.

Chicanes with set Rsg and straight tube option.

Pros. alows to run with Rss = 0 by substituting the chicanes by pieces of
straight line. Otherwise, the chicanes of type 2) are used.

Cons: moving pieces of opticsis not elegant.

P.S. The 4™ option is not to use chicanes but change the momentum compaction with the
Bates magnets. That is something that we decided to do at the end (as of Dec 01).



