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Motivations & Challenges
O Why magnetic bunch length compression?

. FELs: * Linear Colliders: Ae, ,(w,) o I

P I 3. bunch compressor:
o< increase of the current
out _

Positron source

Electrons

2. booster accelerator:

Dx
o0 ¢ I
Damping Ring:

reduction space-charge effects ' Main Linac

1. rf photo-cathode gun:

O What are the challenges of 6,-compression?

« CSR:
Ag, o< (Gz,cslz)'e/ 3

Q Why an arc compressor?

« ERLs: ~ 5 r-\ BC1 . Sn;gle-Pass-
Recirculation
TURNAROUND Com;‘r,:gsion ARC COMPRESSOR
< FEL
FEL <= ' it !
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Arc Compressors in (Recent) Literature

O Past ERLs design studies: BNL (2001), KEK (2007), ANL (2008), JLAB (2011),

Cornell (2013).
E >0.6 GeV
) = Minimize the CSR-dispersion function.
Q = 50-150 pC [R. Hajima, 528 (2004) 335].
C <30 (77pC,3.0GeV) o |
A ~ 0.1 um = CSR primarily suppressed with a low charge.

J Our proposal:

E 0.5 GeV = Optics balance to cancel successive CSR kicks...
. € [Di Mitri, Cornacchia, Spampinati, PRL 110 014801 (2013)].

Q = 100-500 p¢ = _.extended to a varying bunch length.
C = 45 (500pC,2.46eV) |  [pj Mitri, Cornacchia, EPL 109 (2015) 62002].

Agn ~ 0.1 pm u Backgr‘ound: D.Douglas, JLAB-TN-98-012 (1998);
Y.Jiao et al., PRTSAB 17, 060701 (2014).
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CSR Picture

dipole . .
S P = Consider 1-D steady-state CSR emission, and
v | oad linear optics.
tail .r\f\f:;:tion catches up * Transient CSR effects and nonlinear dynamics
with electrons ahead will be included in the simulations.

1/3
RELATIVE ENERGY SPREAD of _ _ 0 94cq. 2 Ve IR /
GAUSSIAN bunch, per DIPOLE: ¢ CSR ' ¢y 53
VA

For a SINGLE PARTICLE: For a BUNCH:

Photon
emission/absorption,
AX = Axpg+ AX, = 0

New betatron
amplitude,

Bunch tail

AxB,phoT = -nsphoT is not affecf;
Non 7 — o
B New dispersive €
A= S trajector 2 01
See ¢ jectory, ;
P S\ xﬂ:l’-’hOJr - Xn + T]8P"‘°'r -0.2| Bunch core
I I I I b e 0 — loses energy
nifial betatron Initial reference |

-0.15 -0.10 -0.05 0.0
Z (mm)

oscillation, x;

(dispersive) trajectory, x,

Note: distortion is both in x and x'
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Projected Emittance Growth, 6, = const.

> Multiple and identical CSR kicks (this applies to an isochronous transfer line):

A. Use the Courant-Snyder formalism for
the particle coordinates, linear transport
matrices, x;=Mx,, and J(0)=0.

B. When traversing a dipole, add the CSR
induced n-terms. This leads to an
increase of the particle's C-S invariant:

C. Repeat until the end of the line. All kicks
are identical in module, and we can write
J+=J¢(J,). After averaging we find:

Q Final CSR induced 7
C-S invariant is
zero (cancellation).

5 : 2
J=yx +200xx, + ﬁlxl =

1 2
= (mf +2am, + B, )JSSR = H,0cs

gi,f = g?,o + &, 0/, (0-52,CSR Nﬂx)

', = (\/Fxx'ﬁ_}_%xﬁ]

(+n.+1')
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PRL 109, 014801 (2013)

berimental Proof at FERMI

Phys. Reports 539, 1 (2014
Ex h (2014)
6l N Quadrupoles ensure n-phase
o - f“ » | | advance between dipoles and
a - : & measure-
Quadrupoles PiPole  qQuadrupole ment proper values of B X! Oy TO
40 for scan | cancel the CSR-emittance.
0.05[ - A H
~ Horiz. energy £ , :
. | = pea . % | | scanned to vary the phase
< 20| B, ‘i 4| advance between the DBAs.
-0.05L Py ; i PR
f 4 i 45 . . ' ' 50
10 o\ Bx A‘. ) W \ O CF=8, exp. g 3
YT \\\ /;’ ! A ST 25 ’1"::‘ 4r ‘\ O CF=18, exp. 4 145
T 0 NV ' : - == CF=8, theor. P4 -
i 0BT —— CF=16, theor. / pal
I l : —6— |Ap- 7| =
3l 58 ‘=
O 10 50 _ ;
9 25f 30 2
s (m) : =
& B 2% §
Results: %x 15} 20 3
- . . <L
* Minimum ¢, , for nominal optics (n- 1} 5 o
phase advance and optimum Twiss sl -
parameters). el k
- Larger ¢, for shorter beam. | O-4 pS rms . . . .
: 08 1 12 14 16 18 2
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Periodic Arc Compressor
d H, has to be small at the dipoles = 8 and S, small

d Rs54 has to large enough to cumulate a €>30 = & not too small

d Suitable B, a,, 1, along the line for CSR cancellation = many quadrupoles

O We want 1o linearize the longitudinal phase during compression = sextupoles

[ Possibly simple, robust and compact lattice

h .

- 6 DBA cells (Elettra-like lattice, ECG). o 20 / 5,
* 180°, 125 m long at 2.4 GeV e 2
° R56 = +35 mm per‘ Ce" 0.30 15 :
Due to symmetry and short bends, Ay, = . Ez: SR AN VA
o % £ 015}
W, v
Q1 SF D ! I",'[ stol 0O & M
Q2 DBA cell 4 6 81012141618
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Optimum Optics in a Single DBA:

For a single DBA, at the exit of the 2" dipole we have:

) C,=cosl8/2), S, =sin(8/2
x, =—-p*"k (6C, —2S,)+ p*"k,(6C, - 25,) ¢ (6/2). s, (6/2)
. s s 2, sy ) where  k, =0.2459r Q/(e yo!)
1x,=—p °k6S,—p "k,0S,——=p*" 'k (6C,-2S,), ,
3 s S CSR kick
k53 :p1/3k19+p1/3k29

scales with o,

Y g

(et _3)%2% ,%j(cm 1) _3)}

Look for the optimum Twiss parameters at the dipoles:

i, P B, (C‘”3+1) a J3=0<=>C=1
i), » T

dl, | _ J 413 _ 1P o 2 (413 _ 2P 6/
23 =0 l, C 1) +a,\C 3 0
dﬂz @ ﬂz,opt = (Ej \/( (24/3 +1() ) ﬁ aZ,opt (C = 1) = _ﬁ

I,
as already in [Y. Jiao et al.

PRTSAB 17, 060701 (2014)].
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Optimum Optics alongthe Arc Compressor:

1 (dE )
1. The local C; depends on the upstream 4, = [ j ~ 20
E-chirp, which varies along the arc: E\\dz); 0o,
1
loc __
2. The optimum B, 4, depends on C;, 1+C i iR
thereby it varies along the arc. o T e
Y g co=[[c* i j=1..6
i=1
Optimum By g, Ciloc and J;, for a,, 4;,=0: Ji vs. By gip. for o, q;,=0:
0 10’ ‘ ‘
10 "';’).5 o |3 onpt
______ o o0 | -0 B=0.04m B, too small\\;
1079=""""" ®==mmns D s o4 B,=0.32m
Most of ’rhe CSR | ~e=B,=0.16m
o . 10 ¢
S 1ol dynamics is the | s T
) very last cell E £ .4 Bxlarger
R X o 3.
£ (Co"=45) . 5 21,
= 107} - 02" <3 r \\\\\\\ o
aj_ 10 7
107" - 40.1 4
. 10 ¢
-®-C/10 o
5 -.-Bx,opt _5?‘ \\\\\\
104 2 3 1 5 6 107, > 5 7 :

Cell Number
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Final Emittance vs. Charge and Optics
E=z=246eV C,, =

GZ,O =3 mm
ho = "4.7 m-l

&mﬁ =

45
0.8 um

Bx.dip is the same
for all the dipoles
(periodic solution).

J.0

A€, csp= O =

] F}r} r\
0CpC
T
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s |z & BB
£2.0 & 020
:‘ LS E e 9
5, . 2 Q
1.5/ E
£ < 0.15.
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p— e

/
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to a different B, 4.
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Final Emittance vs. Charge and Energy

Ansatz: the emittance sums in
quadrature after each DBA:
2

g, =€, ,+&,.J._ €

X, x,i—1 x,i—1v i

/>

» Theory: J;as above.
« Steady: 1-D CSR in Elegant.

J J « Total: Steady + Edges + Drifts.
Sf,f = 85,0 + gx,OZJi—l = ZJi—l << &)
1 1 5
- —— 0.5 nC total
C . :|:f,0.5-1 .5 kA -©-0.5 n steady
This is: = 5t T =1 0 kA ~# 0.5 nC theory H
1. ( )2 _ ( )2 © f,03 ° —6— 0.3 nC total
sqri €nx f €nx.0 1. £ -0 4 k -©-0.3 nC steady
and ¢, = 0.8 um \54 Q@ If,o-l- . A ~# 0.3 nC theory |
nx,0 . . = *, 0.1 nC total
< B 0.1 nC steady
S 3l 0.1 nC theory |1
. (&
We may achieve 5
Ag,, < 0.1 um for, e.g.: E 25
- 100pC,E>0.5 GeV -t
1F
» 300pC, E > 1.0 GeV =
« 500pC, E > 2.0 GeV oLe - * G S
0.5 1 1.5 2 2.5
Beam Mean Energy [GeV]
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. . EPL 109, 62002 (2015)
Full Particle Tracking (Elegant)
O Particle tracking now including:

« 3rdorder transport matrices, ISR and CSR transient effects,

» CSR-induced microbunching from a quiet start and 5 M-particles

 Enlarged uncorrelated energy spread, as from a laser heater (30 keV rms)

0 Two sets of beam parameters at 2.4 GeV, C=45:
Q = 100 / 500 pC

I.= 13/22 koA Slice emittances and
G50= 0.1/0.47% peak current

n,(0-02/08urnr'q\d / \
0-35; | | | 1.01 |

£o) 1500| ) 2500/
© o.30] o
£ £ 08 . —A/"\--.___, L N
£ € 2000| s andhldnaaaafinnm
g 7% V\/\/\ £
~ \ L ~— A~
< 1000/ 0.6< ) </l
ch 0.20_# W,_ | § ~ 1500/ SLIgE 5| Me s
- & 2 |8
= 015 = « €045
£ E A alfljf! s ).05 um £ 04 3 1000
9 o110l 5001 o
N N 0.2
= o 500/,
: oo | é I
o (] .
z Zz 0.0 |
0.00 o, 100pC ‘ ‘HH 0 ‘| 500pC
Soope |H|||||||||||||||||||||| il P
-5.0%1 014 0 5.0%1 014 1.0%1 0 -1x1 0713 0 1x10713 2x10713
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. . EPL 109 (2015) 62002
Nonlinear Dynamics
O Nonlinearities in the longitudinal phase space evolve during compression due to:
« Incoming RF curvature,
« Ty, of the DBA cells,
* Nonlinear CSR-induced energy chirp.

0 24 sextupole magnets linearize the compression. Strengths and positions
optimized for minimizing chromatic aberrations (these are responsible for the
emittance modulation along the line, see below).

0.40

= = 2.0 |
- 0.35 | CSR - 1.8
> A€, ppoy, £ 0.13 Um =] 2 15 —
S 1
E - g 12 A€, pros. = 0.15 um N
5 rd ORDER .0 -
% 0.20 sR '_é O.S_ﬂ A /\ /_\_
c c 0.6
° 500pC
2 0.15 - P
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EPL 109 (2015) 62002

Microbunching Instability

Q The effect of CSR-induced microbunching (MB) is damped by the initial beam
heating. The strength of MB dynamics sounds over-estimated because:

« E/I-modulations tend to smear as the # of particles increases from 0.1 to 5 M;
« filtering suppresses A; <1 um, while MB appears at A; > 10 um;
* fransverse emittance smearing effect not included.

O Accurate MB analysis is pending. See, e.g., C.-S. Tsai's talk (today, this session)

4108 0.010

2010
3403

1% Q3

2
=
o

s

1x10°

-0.005
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/E\ FoR
N 2407 — 07 0.005
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1103 C
2 L i O n
E 1009 S 2600 O\
S L 0 g L 0.000
C i c iS)
— —
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2 9
v o

-3x1 O—J

-5.0¢107"* 0 5.0¢10 1.0x1 074
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Conclusions & Outlook

v' The extension of CSR-driven liner optics balance to the case of
varying bunch length leads to a simple formula for a periodic system.

v' The final emittance estimate is in reasonable agreement with 1-D
tracking results (see also C.Hall's talk, this session).

v' For a DBA-based 180° arc compressor, we expect a "gain“~ 10 in
"Qx C/ E", wr.t. the existing literature.

» Working plan:
* more accurate microbunching instability analysis;

* massive numerical optimization of the emittance vs. linear and
nonlinear dynamics;

« scaling to a (low energy) compact ERL, and to a (high energy)
single-pass beamline.

> A proof-of-principle experiment may be possible at the FERMI Main
e-Beam Dump line (two big dipoles and quads available at 1.5 GeV).
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