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The energy and longitudinal position of particles
are often correlated to good advantage. This 1s
done for bunch compression and 1n the final focus
region of linear colliders.

Here we consider two special types of correlations.

The first 1s energy correlated with transverse
amplitude which 1s the 1dea behind a “beam
conditioner”.

The second 1s correlations needed for emittance
transfer from transverse to longitudinal phase
space.

Either one of these very much improve the
performance of an FEL.
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3. Conditioning Concept

Resonance condition for FEL requires a specific average
velocity: after each undulator period, electrons fall behind the
laser field by exactly one wavelength.

The usual resonance condition assumes zero emittance. Adding
correlations of transverse amplitude with energy brings more
particles into resonance.

For a zero amplitude particle, the typical angle 1s K/y, where K
1s the normalized strength of the undulator.

Then 2 Lo, 1+K?
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3. Conditioning Concept (Cont)

This 1s the basic resonance condition. For large vy, the
angle and v /c are roughly the same.

For non-zero emittance, the average angle in terms of the
normalized emittances 1is:

QTT(EN;E + Ej\-"y)
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Here Ly =21, =2,

The angles from the emittances and undulator are
uncorrelated, and add 1n quadrature.
Modified equation for v,
2 2
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3. Conditioning Concept (Cont)

To have uniform v, requires an energy shift Ay from the
zero emittance case to balance out the emittance term:

Q’FT(EN;;; -+ Ej\:’y) N <92> - 1+ K? QA’}’
YAB - o G
Note Ay/y <<1 = Ag>> my(eyn, T Eny)/(1+K2)

Using the resonance condition and taking ey, =gy, =ey;
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If the gain length < A4, no averaglng over betatron
oscillation: then What matters 1s the peak angle, near
axis, where the fields are strongest.

[Anp= g

This doubles the conditioning required.



Simulations using GENESIS, with energy-amplitude
correlations added to the particle loading
subroutines. All runs use amplifying mode, with
initial seed; obtain gain length and saturation.
Numerical work by Gregg Penn.

The conditioning parameter k 1s defined as

Ay=kx(J,+J,).

where J, 1s the normalized action, with <J, > = gy
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Interpretation of conditioning parameter:

for k=1 pm, abeam with &y, = &y, =2 pm

has Ay =4, 1.e., an electron at typical amplitude
has 2 MeV more energy than at zero amplitude.

Proper conditioning requires K =

Specific examples are given below.
In the following plots, red = nominal case,
, black = largest emittance;
points = unconditioned, lines = conditioned.

Conditioned beams are optimized at smaller beta
functions, leading to further improvements.
Indicated on plots by ‘+’s overlapping a line.



LCLS

Parameters:
radiation wavelength 1.5 A
14.3 GeV, Ay/y=1x10*
1.2 um emittance
peak current 3.4 kKA

undulator: A,=3 cm, K =2.62
Ag = 110 m, matched k = 5.8 um'!



LCLS vary em1ttance opt1ma1 A
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Greentield FEL

Possible scheme to achieve highly energetic
(30 keV) photons, radiation wavelength 0.4 A
Low and high energy options.
Both cases have peak current of 3.5 kA.
Nominal emittance 1.2 um, but consider emittances
as low as 0.1 pm.
Nominal A5 ~ 110 m in both cases.

High energy parameters:
27.8 GeV, Ay/y=1x 10"
undulator: A ,=3 cm, K=2.62

Low energy parameters:
12.1 GeV, Ay/y=1.2x 104
undulator: A,=3 cm, K=0.71



Power (W)

Greentield FEL at 28 GeV
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Power (W)

Greentield FEL at 12 GeV
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The original suggestion was for very short bunches. That
1s, we were aware of the Panofsky-Wentzel Theorem. We
knew that a long bunch would suffer deflections, but that
conditioning would be perfect for a deltya function in z
bunch. We thought the Panofsky-Wentzel theorem could be
gotten around. (The method we suggested was wrong.)

Others soon showed that 1n a simple system the deflections
were very large and un-acceptable and they speculated that
one could never get around the theorem and therefore that
conditioning would never work. BUT one can get around the
theorem!



Courtesy of P. Emma and G. Stupakov

‘Two-Phase’ FEL Conditioner
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(see also N. Vinokurov; NIM A 375, 1996, pp. 264-268)




Courtesy of P. Emma and G. Stupakov

Particle Tracking Through Solenoid System
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If this is a general result, then conditioning a short wavelength FEL
looks impossible.




There are extreme effects 1n transverse phase

space
Ap=u+ k1

For LCLS, x~ 5 um-!

So for o, = 20 um, there is a variation in phase
advance of order 100 radians along the length of
the bunch!

conditioning




The Hamiltonian for an ideal conditioner 1s
Next six viewgraphs straightforward

From Andy Wolski
d H = %J +§z3 I

J and z are conserved
Ap= 1+ K1

Ao=«kJ

* Since J 1s conserved, the effective emittance of the bunch
1s preserved

* Since z 1s conserved, the bunch length 1s preserved
« There 1s a phase advance that depends upon z

* ks the conditioning parameter: Ay 1 A
! =K

a 20, A




How do we construct a conditioning beamline?

"  The Hamiltonian for a linear,“smoothly focusing” beamline may be
written:
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phase advance chromaticity
(per unit length) (per unit length)

" This gives us Az = 27¢ )

% Two RF cavities may be used at either end of the beamline
to convert Az to A¢ as follows:

R chromatic beamline

% |Note that the bunch length is no longer preserved!




The beta function can change with energy

2J = x> +2axp, + B

If S varies with energy, then chirping the bunch introduces
a phase space mismatch along the bunch.

The action J of each slice of the bunch is preserved, but...
...the effective emittance of the whole bunch 1s blown up.
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Conditioning can be provided in
different ways

e QOur beamline analysis shows us how (in principle) to avoid
growth of the effective emittance while conditioning;
simply have beta at the beginning and end of the channel
independent of energy (to first order is enough).

« Different types of conditioner can be used in a properly
“matched” beamline, to provide conditioning without
growth of effective emittance

— RF cavities + chromatic “FODO” beamline
— RF cavities + solenoid

— TM,,, mode cavity

— TM,,, mode cavity + sextupoles

— Laser/Wiggler

— Laser Backscattering

— Plasma channel



Simple schemes provide small amounts of

conditioning
e For a chromatic conditioner:

Ay _

W

eVor a)RF example
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e For a solenoid conditioner:
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Specialized cavities also provide “small”
conditioning
* For example, TM,,, mode cavity

E =i(hj250(x2 —y*Jcokat +5)

R

P:mzcs ‘]3(121) ( %j
e 160 \mc

P=IMW eE/mé=IIm'
y=4000
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Laser-Wiggler Conditioner

Proposed by Sasha Zholents

Use a laser/wiggler rather than an rf cavity

Deam spiter
LASE
delay Ine d=ay Ine
==0 ETROMNG-FOCLISING CHANNEL |
WIGGLER WIGGLER

Figmw 2. A cchemanc of the laser 2ssmied condifionar



Laser-Wiggler Conditioner (Cont)

* Some electrons gain energy and some lose
energy. Only about 1/2 are conditioned.

"'I:'-




Laser-Wiggler Conditioner (Cont)

Parameters:

E=1.5 GeV

E variation needed = 12 MeV
Laser: 6 mJ, 800 nm, 100 fs
Wiggler: 10 periods, 10 cm period

Non-linear channel: 16 FODO cells, 90 degree advance per
period, 25 cm long quads with gradient of 4.3 kG/cm, and
total length of 18 m.



Laser-Wiggler Conditioner (Cont)

* Nevertheless, for LCLS at twice its
emittance the result 1s significant:

Figme 0. The 2iwrege x-r2y power vens distance Sor mm slectron bear vath ¥ 4 moe-srad nocmalized
sxmitance: | ic the casm without condiioning, 2 35 Se case of an sdeal condroning, and 3 i e cass of a
pracocal conditiomeg va a proposed condioooss.



Laser Backscattering Conditioner

X-rays

E-beam ﬁ
L

aser

* The laser photons are backscattered, Compton scattered, off
the moving electrons and thus cause the electron to loose
energy. The up shift in energy is 4y2. It is easy to tailor the
laser pulse so that the electrons near the axis loose more
energy than those at larger radii. It 1s necessary to choose
the conditioning energy, ym c?, to be sufficiently low that
there are a good number, N, of photons, of energy hv
required to give the necessary conditioning energy shift

Ay.mc?. We have: >

 hvdy?

(Independent work by C. Schroeder et al,
Phys Rev. Lett. 92, 252301(2004))




Plasma Channel Conditioner

Work by Jonathan Wurtele, Gregg Penn, and myself.

Send a laser through a gas in a tube. Blow out all the electrons
and make an 1on channel. Send the high energy beam just
behind the laser before the slow electrons return.

In the plasma channel B = (2y)"*c/w,
where o, = 6 x 10'*(n (cm™)/10')2 and A = 2nc/w,

For example at n = 10" c¢cm> and 1 GeV, o, =2 x 105 s/,
1/ ®,=50fs, A,= 100pm, and f = 0.1 cm

Simulations, to follow, by Gregg Penn. Two cases (similar to
Zholents and Emma and Stupakov [a FOFO channel at 100
MeV][)

Clearly at 100 MeV only condition a small time slice.



Plasma channel beam conditioner

beam energy 1 GeV

beam length 20 micron
beam emittance 1.2 micron
Beam radius 1.1 micron

Plasma channel:
length 5 m, n, = 2.8 x 10'® cm™

RF:

period 300 micron

voltage: 100 MeV

gradient: 42 MeV over 20 micron
(Need laser wake)

Result:

oy/yJ = 2.5 micron!

beta=0.2 cm, A, = 199um
1 GeV, 0.2 cm beka function 1 GeV, 0.2 cm beta function
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ergy shift

relative eng
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0.0025
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0.0015
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Plasma channel beam conditioner

beam energy 100 MeV
beam length 1 mm

beam emittance 1.2 micron
Beam radius 2.4 microns

Plasma channel:
length 2 m, n, = 1.12 x 10'°cm
beta=0.1 cm, A, =315 pm

100 MeV, 0.1 cm beta function

0 l1e-08 2e-08 3e-08 4e-08 S5e-08 6e-08

geometric action

RF:

period 10 cm
voltage: 100 MeV
gradient: 7 MeV over 1 mm

Result:
dy/yJ = 0.06 micron-!

(S-band okay)

100 MeV, 0.1 cm beta function

Il Il
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Work by Jie Wei1, Hiromi1 Okamoto, and myself.

Consider a “Green Field FEL” at 12 GeV, transverse emittance 1S
1.2 x 10°m, and energy spread Ay/y =1 x 10, and bunch length
L =100 um. The longitudinal emittance is y(Ay/y) L=2.4 x 10 m

Notice the very large difference between longitudinal and
transverse emittance (Noted by Kwang-Je Kim). Even 1f we
transfer some emittance from the transverse to longitudinal, 1t
will hardly increase longitudinal and very much improve the FEL.

In the next viewgraph Gregg Penn has considered a reduction by
a factor of ten in transverse emittance and a factor of ten up 1n Ay/y



Comparing increase in energy vs. decrease in emittance
at expense of energy spread. = ..
Curve generated by

Gregg Penn
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We desire to reduce the small transverse emittance at the
expense of the larger longitudinal emittance.

Can that be done? It 1s easy to make the larger smaller and the
smaller larger, but we want the reverse!

So we took a usual emittance exchange case and studied it in
detail and, in this way learned what 1s needed.



6. Emittance Transfer (Cont)

QuickTime™ and a
TIFF (LZW) decompressor
are needed to see this picture.



6. Emittance Transfer (Cont)



Using the msight we have developed, we now started
emittance transfer from small to large (smaller getting smaller),
by introducing the necessary correlations at t = 0. Namely,

we want p, correlated with z and p, correlated with x.

In the next viewgraphs is a simulation done by Hiromi Okamoto
where the emittance was 1 (x) and 100 (z) and v, = 5.1 and
v, = 0.1 and the coupling potential was 0.01xz.
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6. Emittance Transfer (Cont)
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6.Emittance Transfer (Cont)

The 1nitial distribution that is needed:
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If conditioning can be achieved it would have a very
large impact on FEL performance.

(L1-Hua Yu, Whittum).

Conditioning without growth of effective emittance 1s
possible 1n a symplectic system (Vinokorov, Wolski).

It appears to be difficult (but maybe not impossible) to
achieve the amount of conditioning likely to be required
by real FELs (Kim, Emma, Wolski et al).

Non-conventional (laser/wiggler (Zholents), laser
backscattering (Schroeder), and laser-plasma (Wurtele
and Penn) conditioning holds promise.



7. Conclusions

for
Transverse-Longitudinal Correlations: FEL

Performance and Emittance Exchange

Emittance transfer would benefit x-ray FELs (Kim)

Emittance transfer from a large emittance to a small
emittance 1s possible (We1l and Okamoto)

Practical emittance transfer schemes have yet to be
developed (but no one has even tried yet).



The End

Thank you for your attention



