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- Initial motivation to improve LCLS x-ray FEL design
- Presentation is somewhat historical according to our efforts
- Find limitations and draw some conclusions
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MOTIVATION
SASE FEL needs very bright electron beam...

A | ,
g, < ’yﬁ transverse emittance: e,<1nmmat1A, 15 GeV

energy spread:
Sq<0.05% at 1, =4 kA,
K»4,| ,»3cm,...

Energy spread is easy, but emittance is a real challenge
(present RF-guns produce e, > 2 nm)

Requirement is eased if correlation is established
between energy and ‘emittance’ (d ~ x2) - “FEL conditioning”
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[ A method for conditioning electron beams lis proposed to enhance gain in resonant electron-beam de-

vices by|introducing a correlation between betatron amplitude and energy.| This correlation reduces the

axial-velocity spread within the beam, and thereby eliminates an often severe consirainl on beam emit-
tance. Free-electron-laser performance with a conditioned beam is examined and analysis is performed
of a conditioner consisting of a periodic array of FODO channels and idealized microwave cavities excit-
ed in the TM31p mode. Numerical examples are discussed.
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For example, for a|30-A FEL.| with 1—80 A, mc’yq
~1240 MeV, £ ~2x10" m, A,~2 cm, B~0.66 T,
and plasma density n,~1.5%10" ecm %, we find ex-
tremely high gain, |L(,/2—- 2 m|(wnhuul conditioning

|Lf,f’2 26 m)l However, me f_".y‘ ~ 17 MeV and the cor-

responding conditioner would be several hundred meters
long [17].

the beam and the FEL, as depicted in Fig. 2(a). We con-
sider the simplest example ol such a conditioner corre-
sponding to a periodic lattice, with period as depicted in
Fig. 2(b), consisting of a FODO array and suitably
phased microwave cavities operating in the TM 3y mode.

nificantly, from the|Panofsky-Wenzel theorem|one ex-
pects a radio-frequency quadrupole| (RFQ) effect |with a
phase-dependent focal length of order f;~7y/2al. As a
result the beam head and tail will have slightly different
lattice parameters and will be mismatched upon injection.
We will consider only the limit f; > f. where this etfect is
small. In general one expects that|this effect can be elim-
inated with proper matching at the conditioner entrance
and exit, for example[with an RFQ [12]. |




FEL Electron Beam Conditioning...
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...FEL Electron Beam Conditioning

Multiply Ds, by 2 to include both x and y, and total path is sum
of b-tron and energy effects...

As=Ass;+2As, = 2ﬁLu6u —lg—”Lurz =0
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Relative energy deviation, d,, of each e should be increased In
proportion to the sguare of its normalized b-tron amplitude, r

2 ne 2 n2
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2T (ux') +3”" +(A) (natural focusing: a,, = 0)
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Most publications add conditioner after accelerator, before FEL.
What about conditioning prior to acceleration and compression?

5, = P Avew,2 (Practical 1ssues)
47, A B,

- Locate conditioner near start of accelerator at low energy
(weaker conditioning fields needed)...

- After conditioner & bunch is compressed from s, tos
and accelerated fromg, to g, . ..

Zf

- Acceleration reduces conditioned relative energy spread,
but compression increasesit...

- Energy deviation needed at |ow-energy conditioner is...




Conditioning for LCLS

Oz0 70 270 020

where
1A\, 0z

2\, By

a =
a ~ 30 for LCLS

Recall that
o=+ (Bu)? +y7 + (Buy)?
6’lL/B’UJ
Assume r = v/2—particles with the amplitude of betatron oscillations

To = Yo = 0z(= 0y).

EN
AFE ond = ymc?d = mca

02,

For LCLS, before BC1, 0,, = 1 mm and

AFEc.ong = 18 keV



Using solenoid for conditioning

— 1

If a particle enters solenoid parallel to the axes, r = %\/x% + 2.

_le_ eB

T 2c¢ 25
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Az = =5k (w5 + yo) L

k

1. Chirp beam in energy before the solenoid, 0 = hzg
2. Send the beam through the solenoid, z = z;5 — Az
3. Chirp with —h after the solenoid

1
0 = hzg — hz = hAz = §hk2(a;g +y3)L

Xor Yo



A ‘One-Phase’ Conditioner (for smplicity)

k|8 >1, |k|L = nm.
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...A ‘One-Phase’ Conditioner (for smplicity)

.x:.xO

Z72zy——0,

X' = x}+k* Lhxyzy< transverse aberration

1
h

528, +%k2Lh(x§ + yg) <— one-phase conditioning

Energy conditioning is
provided for h > 0...

Equate to earlier result...
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Conditioner parameters (1eft) are set by FEL parameters (right)



Solenoid conditioner for LCLS

For LCLS, a = 33.

B=35T,
Ey, =100 MeV,
£ =100 m,

rms energy chirp =4 x 1073
(bunch length ~ 1 mm)
k=525m™1,

L =3 m.

Beam makes 5 revolutions inside the solenoid.



‘Two-Phase' FEL Conditioner

k|8 > 1, |k|L = nr. 0 0
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(seeaso N. Vinokurov; NIM A 375, 1996, pp. 264-268)



Conditioning and Emittance Growth

Transverse emittance growth due to solenoid chromaticity...

o~

e2 = {(z—2)){(z' — ) = {(z — T)(=' = 2))°.

R 2 ; —F
' =~ xy+ k“Lhzyzg, g’ = 'y =0

&

—~
tlg"‘-
—~
I
=
I

() ((x}y + k*Lhzozo)?)

e2,[1 4+ (k*LhBo )7,

2

where (22) = Bezo, () = €40/ 8, and (23) = 02,
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Relative transverse emittance growth...

...1sset by FEL parameters, not conditioner...

52 e k2LhBogy > 1,

€20




‘RF-Quad’ Effect

Conditioner adds kick dependent on z,...

Head (z, > 0) isde-focused and tail is focused (RF-quad effect)...

.‘.Il'f ~ . k L] Lo
,_/

)

1/f . time dependent focus

B/f(£o0) = £k?LBho,y = *a,

Solenoid conditioner generates same undesirable RF-quad effect as
TM,,o-type conditioner. Isthere some fundamental connection?



Numerical Example

FEL and conditioner parameters for the LCLS [2] and VISA [9].
parameter symbol| LCLS| VISA | units
electron energy/ me? Yar 28000 | 140
undulator period Au 3 1.8 cm
radiation wavelength A 1.5 8500 | A
und. beta-function (natural focusing) | S, 2 0.6 m
final rms bunch length Oz 24 100 pm
conditioning coeflicient (one phase) a 33 1.8

Em/fmg 8 9O

For LCLS using natural focusing (b, » 72 m)...

A “two-phase’ conditioner is much worse.




Particle Tracking Through Solenoid System

With k=0
1+6
After Solenoid-1 After Solenoid-2
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If thisisagenera result, then conditioning a short wavelength FEL
looks impossible.




Conditioning and Symplecticity

Assume that the conditioner does not introduce coupling between the vertical and
horizontal planes, and consider only the horizontal plane with the initial values of
coordinates (xg, xj) at the entrance, and the final values (z, z’) at the exit.

Instead of using variables xg, x{, and x, x’, introduce new variables &, &), and &,

g/

&o T 3 T
p - QO , ’ , - Q p ’
&0 L § X
1 1
QO — Vo ’ ’ Q — ﬁ " )
\/5—0 \/E ﬁ \/B

with Gy, ag and 3, o the Twiss parameters.



The map from &g, &, 20, do to &, &, 2, d is symplectic. In linear approximation

§ _ 4 €o |
¢’ &6
where
S costy  siny |
—sinYy cosyY

with 1 the betatron phase advance.



“One-Phase” Conditioner

2

Contribution x2/(B¢y) of the z-coordinate to the parameter 72 is equal to £/,

Conditioning requires




Symplecticity and Generating Function

Symplecticity means that &y, &), 20, dp and &, &', z, 6 are related via a canonical

transformation.

We use a generating function which depends on old coordinates &y and zy and
new momenta & and 9§, F(&g, z0,&’,6).

OF OF _OF OF

g 50:8—207 ’S—a_é_/, Z:%
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In paraxial approximation, all coordinates and momenta are considered small and

we can expand F' in Taylor series:
F%FQ—I—Fg—I— ,

where F5 is a quadratic, and F3 is a cubic function of the coordinates and

momenta.



We need F5 to generate a linear map for £ and £ with a unit transformation for z

and J. I assume ¢ = 27n (integer number of betatron oscillations)

Iy = &€’ + 02
This generating function gives
o = &,
g — 50 )
£ = X0,



The function Fy involves 2°d-order abberations in the system. We chose only the
term responsible for the conditioning:

Fy=—-—

1 2
2o 2080 -

We find
50_5__ 507

20’20

hence




We also have from the generating function Fs + Fj3

’S — ’50 ’
/ / a
§ = &+t 2080 ,
020
£ = Z20-

For the single phase solenoid conditioner ¢ = 2mn, By = 8, ag = a = 0, and this

equation agrees with equations for “one-phase” conditioner (in the limit h — oc0).



Calculate the projected emittance increase of the beam due to the conditioning:
€z = (E)(€") — (¢€)”
where the averaging is

(..)= &6—»28/2030/dfo_df()e—@é‘;%ﬁ)/%wo._.
V2o .0 2€e L0

Result

ei — 620(1 + a2) .

For large a

Cx

— ~a

€0
The standard approach in the beam optics uses Taylor expansion, assuming that
I3 < F5. This is true only for a < 1. However, if we allow F3 > F5 and set

F = F5 + F3, then the map is symplectic, and the model is still valid.



Gentle two-phase conditioning results in phase rotation

| & __1 ¢ 2 2
: » Fy= =3~ a(@ +€7).
o 5= b0+ 5 (3 +£7).
020
S § =28 — azof(/), =&+ NTY
020 020

For small a, this is a rotation in the phase space by angle azg/o.o (A. Wolski)

Idea: large-a conditioning without associated emittance growth can be achieved

as a sequence of small-a steps with a phase advance between them.



Conclusions

e We analyzed a beam conditioner that uses two strong solenoids and found that a
side effect of conditioning is a strong differential focusing of the beam which results
in the emittance growth that is directly related to the conditioning parameter a.
The effect is so strong for LCLS parameters, that it would ruin the linear optics and

result in the loss of the beam.

e We showed that the differential focusing is related to conditioning via the
symplecticity of the map. Previously, we thought that this side effect is inevitable,
but recently A. Wolski showed that it can be avoided.

e | still think that the associated with conditioning emittance growth imposes an
important constraint on possible choice of conditioner design—one cannot do strong

conditioning on a short distance...





