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’\] 'f?‘ LPA beam parameters achievable today
__

* Energy:~ 100 MeV -1 GeV

— Obtained with 10-100 TW laser pulses in mm - cm long plasmas
Charge: ~ 1- 100 pC

— Depends on tuning, energy spread due to beam loading
* Energyspread: ~1-10% level

— Depends on amount of charge, trapping physics

* Normalized Emittance: ~ 0.1 micron
— Based on divergence measurements (~ 1 mrad) and e-beam spot (~0.1 micron)
— Improved measurements needed
* Bunch duration: ¥1-10fs
— Based on optical probe, CTR, and THz measurements
e Rep. rate (laser system): 1-10 Hz
— limited by availability of high average power lasers
e Foot-print (laser system): ~ (few meter) x (few meter)

Driver for GeV Laser Plasma Accelerator: C. Schroeder, FLS2012
commercial 30 W-average (10 Hz), 100 TW-peak laser system 17
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LPA 6D beam brightness comparable
to conventional sources
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| Energy spread order of magnitude too large (for soft-x-ray FEL;
p ~ few x1073)

* Bunch duration < slippage length (for soft x-ray FEL)
 Emittance exchange?

C. Schroeder, FLS2012 13



Reducing the sensitivity of a free-electron laser to electron
energy
T. 1. Smith, J. M. J. Madey, L. R. Elias, and D. A. G. Deacon

Department of Physics and High Energy Physics Laboratory, Stanford University, Stanford,
Cahforma 94305
ovember 1978; accepted for publication 14 Februar
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IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. QE-17, NO, &, AUGUST 1981

} Los (GaIN) Theory of the Transverse Gradient Wiggler

NORMAN M. KROLL, PHILLIP L. MORTON, MARSHALL N. ROSENBLUTH,
JAMES N, ECKSTEIN, anp JOHN M. I. MADEY
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FIG. 3. This magnet is designed to provide constant gain for the electrons

injected near the center of the magnet with the normal dependence of gain
on energy outside the center.




Transverse Gradient Undulator (TGU)
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off-energy particle

> For efficient FEL interaction, the resonant wavelength spread
caused by the energy spread over a gain length << 1
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y 24 2L,

=~ 4770

= 6;<< p~10-3 for short-wavelength FELs

» This is a local energy spread requirement not projected
(for LPAs, bunch length ~ slippage, local ~ projected)

» TGU compensates this effect with K(x)/y(x)
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off-energy particle in TGU

> For efficient FEL interaction, the resonant wavelength spread
caused by the energy spread over a gain length << 1
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=~ 4770

= 6;<< p~10-3 for short-wavelength FELs

» This is a local energy spread requirement not projected
(for LPAs, bunch length ~ slippage, local ~ projected)

» TGU compensates this effect with K(x)/y(x)



1D FEL analysis

Gain lengthratio

F High-gain FEL requires a beam with small E-spread
O
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Gain Enhancement in TGU
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Decompression reduces (slice) energy spread with
corresponding reduction in peak current, and can enhance FEL
gain similar to TGU (e. g., A. Maier et al., submitted; A.
Loulergue et al., WEPDO5; C. Schroeder et al., THPD57)

But TGU has the following advantages

Shorter x-ray pulse length and higher peak x-ray power;
Smaller radiation bandwidth;

Enable seeding by reducing effects of large energy spread.
Stable central wavelength in presence of energy jitters

Depending on beam parameters (bunch length,...), may want to
combine TGU with decompression technique



I Hybrid undulator, use Halbach formula
For a full undulator cant angle 2¢ ~ Ay/(Ax),
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LBL THUNDER canted undulator

A
v

30 mm .

I 1.8 mm 4.8 mm 7.8 mm

d=0.1rad Y

S

K. Robinson et. al, PAC1987 and IEEE J. Quan. Electronics, 1987
e.g.,2¢=0.2rad, 4,=2.18cm,g=4.8 mm =>» x=43 m?!



Superconducting TGU

Nuclear Instruments and Methods in Physics Research A 672 (2012) 33-37

Contents lists available at SciVerse ScienceDirect

Nuclear Instruments and Methods in
Physics Research A

ELSEV[ER journal homepage: www.elsevier.com/locate/nima

A novel undulator concept for electron beams with a large energy spread
G. Fuchert®**, A. Bernhard?, S. Ehlers ?, P. Peiffer?, R. Rossmanith ®, T. Baumbach

“ Lab. for Applications of Synchrotron Radiation, Karlsruhe Institute of Technology KIT, Kaiserstrafe 12, 76131 Karlsruhe, Germany
b nstitute for Synchrotron Radiation, Karlsruhe Institute of Technology KIT, KaiserstrafSe 12, 76131 Karlsruhe, Germany
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k=330 m!

Period length du 10 mm

Width of the groove s fH— 3 mm 05

Pole width dpte 2 mm

Depth of the groove eroove 3 mm 0 : . .
Minimum gap Ngap 1 mm 0 2 4 6 8 10 12 14
Min. bending radius I 1cm x [mm]

Mumber of periods N 100 Fig. 5. B,(x) for the assumed undulators.




A net bending field as electrons see a stronger B in one half of
the undulator period than the other. Equivalent dipole field

‘ - )
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a weak field (a few Gauss for GeV bean) and is correctable

TGU gives rise to x-focusing (negligible for a short undulator of
~5m, will require attention for a longer undulator)

Flat beam generates multiple horizontal modes
=>» lower effective peak current for each mode,
=>» Results in some loss of gain (still significant improvement)

Use seeding and/or stronger TGU (hence less flat beam) to
enhance transverse coherence



Average power (W)

LBNL THUNDER as a TGU example
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THUNDER TGU improves power by 1 to 2 orders, seeding with HHG reaches

saturation in 5 m!




I Flat beam generates multiple horizontal modes
I Can be improved by seeding (HHG 500 kW, 50 um spot size)

N | 0

TGU Seeded

TGU SASE

- 0.4 -0.2 0 0.2 0.4 0.4 -0.2

0 0.2 0.4
0, (mrad) 0, (mrad)

I SASE transverse modes be improved by stronger transverse gradient
=» smaller transverse aspect ratio (see next SC example)



' 1GeV, 10kA, 10 MeV energy spread;
0.1um emittance; 5 fs (50 pC)

5-m SC undulator 4,=1cm, K = 2;
Transverse gradient k= 150 m?

Radiation wavelength 4,=3.9 nm
For TGU, dispersion 7=0.01 m, trans. beam size 100um x 15um

'_ ——> CompactFLASH (cFLASH)?

i N
v wei = _"-q-...; A :

a$ ¥ TR T,
' SanDisk

Extreme:Pro

CompactFlash®

90MB/s




Ly
T T T 0
e
=
€ E S
2w
frar}
S N 5
N
Q o
wnv @© o
.
=
L Ll 5
%)
o = <L Ofm\
2 ) X
o ™~ D
¥ S < =
S
¢ 2 CH .
.o - &
= £ S
o
] —
o m I
n m — —-=5N A
-ml _,Omu\ g % —
= 1" g
8 D o
SR S wmo o wm
| _ _ o < < o
1 f) fo) 1
1 1 | 00 |
S ' < ) e Iy
(syun -gIe) wnnooads 1Mo AﬁEEv 3]
o =
<
—
[ =+ )
Ll EN
v =
- . 3
=1
E| >
E oE
N O e
o _ 1ea o)
lo o 3 Z B
259 =
% [ :0
5 TS
B Mm ~ ~
&) .
=
28 ¢ _
]
o 1 I I 1 I =) ﬁ — % o % — ﬁ
o ‘o o o ‘o o "o S it b= S < =
(a0 Jomod o8eIoAy (peIw) ho




TGU is insensitive to energy jitters (energy jitters =» transverse
position jitters), no change in FEL resonant wavelength

Good for laser plasma accelerators (currently at a few % energy
jitters)

Good for a seeded FEL since wavelength is fixed



Transverse Gradient Undulator appears to be a good fit to LPAs.
Two orders of magnitude power gain has been obtained in EUV
and soft x-ray examples.

TGU wavelength is insensitive to energy jitters.

LBL THUNDER undulator may provide proof of principle.

TGU can be applied to other type of FELs/accelerators with
further development.

Thanks to E. Esarey, W. Fawley, M. Fuchs, J. Galayda, F. Gruner, W. Leemans, K.-J. Kim,
A. Maier, A. Marinelli, H.-D. Nuhn, S. Reiche, K. Robinson, J. Osterhoff, J. van Tilborg,
N. Vinokurov for useful discussions!
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