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&) ;- |FERMIFELs: FEL-1 & FEL-2

FEL-1: single stage HGHG ' '" "= DE:;’;::’G
. . FEL pul
covers the range 100 nm — SZZ%?&)M“'“'?F‘“ l /\R“'ff’f/,\ zoil:ns?A
A = FEL pulse
/_)' 5nm
Seed pulse e beam FEL pulse
260 nm 1% radiator 20 nm 2" radiator A/
S disanad iyissssss—L
e beam . o » . A~ 2™ dispersive
FEL-2: double cascade HC 1*modulator > b J ~ section & beam
1st dlsp§r3|ve elay ""eznd . <N— dump
to reach the wavelength 20 1 — « 1. section
FEL-2 (Nat. Photon. 7, 913 (2013), Journal of
FEL-1 (Nat. Photon. 6, 699 (2012)) Synchrotron Radiation 22 (2015))
Tuning range 100-20 nm (12-60eV) 4 nm (60

Relative bandwidth 1x10-3 (FWHM) 1x10-3 (FWHM)

Pulse energy 20-100 pJ

Pulse energy 10-70ud
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<Y Spectral and temporal properties
Single spectral mode up to H13 on FEL1 and H65 on FEL2 (linewidth ~ 2 104 rms,
depending on wavelength & seed). High wavelength stability set by the seed (10-°rms)
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Single shot spectrum 1000 consecutive shots
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Thanks to the the seeding, the temporal

jitter of the FEL with the external laser
is very low.

800 900 1000

Time (fs)

Nr. of events

M. Danailov et al. Optics Express, Vol. 22, Issue 11, 12869 (2014)

1500 2000 2 -30 -20 -10 o 10 20 30
Nr. of shots Time (fs)
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Phase-locked FEL pulses
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Twin seed pulses Twin FEL pulses
Laser pulse <> DISPERSIVE <>
MODULATOR SECTION RADIATOR
) EAA n mmititinm
cbeen M AR TR MMM

p-controled
birefringent plate

Twin seed-e- beam interaction
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Spectrum
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Using two seed lasers we can control and change the
relative time between two FEL pulses. For coherent pulses,
a fine tuning control the relative phase between the two Es205
FEL pulses. %
=
Interference between two coherent and phase-locked s2.25
pulses is evident in the spectral domain.
hier et al., Phys. Rev. Lett. 116, 024801 (2016) =2 15 20 " 25 30 35 40
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Phase-locked FEL pulses
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Twin seed pulses Twin FEL pulses
Laser pulse <> DISPERSIVE <>
A A MODULATOR SECTION RADIATOR
1 E | | | L
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p-controled
birefringent plate

Twin seed-e- beam interaction
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Spectrum
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52

Using two seed lasers we can control and change the
relative time between two FEL pulses. For coherent pulses,
a fine tuning control the relative phase between the two
FEL pulses.

szas || ‘\MM‘\J’W

” W'w \‘\\

Wavelength (nm)

Interference between two coherent and phase-locked

pulses is evident in the spectral domain. |
ier et al., Phys. Rev. Lett. 116, 024801 (2016) 0 10 2
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G. Stupakov, PRL, 2009
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q - | EEHG scheme

15t modulator A
15t chicane

4
A new scheme allows /E\”'

st seed

reaching FEL-2 Wavelength T radiator
with a single stage T - §
harmonic generation & o
seeded in the UV. ” B;
k.. 3 o =
kEEHG =n- kl” seed +m: kZ"dseed K = st < -55
2" seed z/A, 1 -10
bn,m _ e;{n31+(1<m+n)32] 'Jm[—(Km+n)Asz]'Jn {_A1|:”Bl +(Km+n)Bz:|}‘ z//\
EEHG bunching at the desired harmonic depends ' ——EEHG

— HGHG (A1=10)

on 4 parameters and slowly decreases with
harmonic number.

Bunching is maximized for B, ~ —

Bunching Factor

Higher bunching requires n :—1

and slightly decreases for n=-2,-3
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q «. | FEL=2: from HGHG-FB to EEHG

Sincrotrone
MOD1 MOD2*
RAD1 Seed pUlse .D2 RAD2

Seed pulse
7 T\
A A
/ / R56 / R56 to e-beam dump

Long. Phase Space at Z=0.00 M R Long. Phase Space at Z=3.84 M P Long. Phase Space at Z=5.82 M P
1950.58 1950.58 19602

FEL-2 layout has been temporarily
modified for EEHG with new
hardware in April 2018.

posd 0.0 16 31 1.6 0.0
THETA
¢ ne) THETA (radians) THETA (radians)

« Delay line: changed position of the magnets and new power supply for increasing R56.
« Second modulator: changed the undulator.

« Seed laser: new seed laser for EEHG.

« Diagnostic: new optical table for seed and electron diagnostic.

* Photon diagnostic: VUV CCD on PRESTO
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<Y - Signature of EEHG
EEHG
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For this case at H = 36 optimized for n=-2, a minimum is

found for R56, = %RS@ with two adjacent maxima.

FEL intensity and spectra show

different response to the
dispersive strength Rsg in
HGHG and EEHG.

HGHG presents one
maximum; for larger Rsg,
power slowly decreases and
spectrum splits as a result of
the over-bunching.

EEHG is maximized in two very
narrow regions determined by

the bunching equations.
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E-beam phase space at E = 1.1 GeV

800

The same electron beam has been used for both
EEHG and HGHG to investigate the sensitivity to
« @lectron beam properties.

= E-beam properties are measured at the end of

"~ the linac.
Chirp analysis:

700

200

100

06 -04 -02 0 02 04 06 08 10 1108{ ' ‘ ‘ ‘ ‘ ‘ ' | ' | A nOt negligible
: quadratic chirp
characterizes the

9 w0 s az o 0o 0e os oe 0s | phase space of
— — FERMI elctron beam.

=
)

-05 -04 -03 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5
time (ps)
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q <= | FEL behavior vs. e-beam properties

Trieste

From bunching equation one gets that FEL wavelength is affected by e-

beam energy chirp according to: —NL(R% + " Rs6 jdE
EEHG HGHG A E H

dz

The value of R56, is comparable for
EEHG and HGHG.

®
®
a

Boss 1404 EEHG takes advantage of the
5002 sl combined effects of two R56.

D
®
it

' ' Maximum EEHG bunching when
-0.2 -0.1 o 6] 0.1 0.2 -0. -0.1 0.1 i n|
elay (ps) delay (ps)
R56, ~ 1 R56 : :
photon energy (eV) photon energy (eV) 2 H ! Wlth negatlve n'
& 140.8 140.6 140.4 140.2 140.0 140.8 140.6 140.4 140.2 140.0
s Sensitivity to e-beam phase space
s* 2 almost cancelled.
=3 AN
éz_//\MW*A Much more stable FEL central
=N\ wavelength and spectra with less
o A e T Smaim structures.

weees (Gl | 10t International Particle Accelerator Conference E. Allaria, 22 May 2019 4o



Sincrotrone

q <. | Amplification of EEHG

Trieste 10000 : : : : . . | |
EEHG bunching at high harmonics £ _;
limited to less than 10%. %6000' _
Generation of usable radiation in the z ZZZZ
soft-X ray region critically dependson : :
the exponential growth of FEL . N S

radiation in the long radiator. P oW 2 = % @& A 48 4 P 6

number of undulators(#)

For the first time amplification of EEHG has been measured and characterized down to
~5nm.
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q «. | Amplification of EEHG

EEHG bunching at high harmonics
limited to less than 10%.

Generation of usable radiation in the .
soft-X ray region critically depends on |
the exponential growth of FEL
radiation in the long radiator.

For the first time amplification of EEHG has been measured and characterized down to
~5nm.

6000

4000 -

sity (arb. units)

, 2 25 3 35 4 45 5 5.5 6
number of undulators(#)
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q «. | Amplification of EEHG

EEHG bunching at high harmonics
limited to less than 10%.

Generation of usable radiation in the
soft-X ray region critically depends on
the exponential growth of FEL

radiation in the long radiator. R ey ¥ 4 B 8

For the first time amplification of EEHG has been measured and characterized down to
~5nm.
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q «. | Amplification of EEHG

Trieste 10000 T . : . : ; ;
EEHG bunching at high harmonics -*’5““’"‘
limited to less than 10% 8

. ; 6000 - 4

. . . . . Z 4000 - 2, 1
Generation of usable radiation in the . - _
soft-X ray region critically depends on B i v _

the exponential growth of FEL -
radiation in the long radiator. o kA 4B 8 B 6
avetengin (o) number of undulators(#)

For the first time amplification of EEHG has been measured and characterized down to
~5nm.
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q «. | Amplification of EEHG

EEHG bunching at high harmonics
limited to less than 10%.

Generation of usable radiation in the
soft-X ray region critically depends on
the exponential growth of FEL
radiation in the long radiator. e e latoa]

For the first time amplification of EEHG has been measured and characterized down to
~5nm.
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<Y ;- Amplification of EEHG

Trieste

EEHG bunching at high harmonics
limited to less than 10%.

Generation of usable radiation in the
soft-X ray region critically depends on
the exponential growth of FEL
radiation in the long radiator.

~5nm.
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For the first time amplification of EEHG has been measured and characterized down to
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q Amplification of EEHG
EEHG bunching at high harmonics o
limited to less than 10%.

Generation of usable radiation in the
soft-X ray region critically depends on
the exponential growth of FEL
radiation in the long radiator. i =il i
For the first time amplification of EEHG has been measured and characterized down to
~5nm.
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q Amplification of EEHG
EEHG bunching at high harmonics o
limited to less than 10%.

Generation of usable radiation in the
soft-X ray region critically depends on
the exponential growth of FEL
radiation in the long radiator. - ;;mb; o ki

For the first time amplification of EEHG has been measured and characterized down to

~Snm. " s
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Experimental exponential
growth rate matches results
of numerical simulations
with our parameters.
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Red dots: rescaled experimental FEL intensity Op—e e

Blue line: numerical simulation -10
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Measurements with calibrated diagnostics (photodiode, CCDs) suggests that ~20uJ

per pulse are generated at ~7nm.
At 7.3 nm direct comparison of the CCD intensity from the best

1.0

2000
July 2018 . .
E o5 1;23 EEHG results and a good FEL from HGHG shows a similar
c . .
> |evel of intensity.
g 00 1000 500000} 1500000}
2 750
S
£ -05 500
= 250 400000 | HGHG {400000 EEHG
=z
—1.0%7320 7.345 7.350 7.355 7.360 7.365 7.370 0 g
1.0 bl il G, 8 300000 300000
March 2018 2000 5
. 1750 2
E os 500 2
= = I l I
% . 1250 £ 200000 200000
g 0.0 1000 3
3 720 100000 | {100000}
{:j —-0.5 500
= 250 K
1.0 0 o Y N\ o
7.660; 7.665° 7.670 .7.675: 7.680 7.685 7.690 7.660 7.665 7.670 7.675 7.680 7.685 7.690 7.340 7.345 7.350 7.355 7.360 7.365 7.370
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Relaxing requirements on spectral purity, HGHG can generally increase the energy
per pulse. At shorter wavelengths HGHG has higher energy per pulse due to the
higher flexibility in maximizing bunching (stronger seed).
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q oo |  EEHG spectral control (7nm)

Best EEHG vs. a very good HGHG-FB (not same beam not same seed laser):

® A
=/ /=F
:&

0.0
7.655 7.660 7.665 7.670 7.675 7.680 7.685 7.690
1.0

FELint (a. u.)
FELint (a. u)

Wavelength (nm)
[P

Wavelength (nm)
N8N N

lent/lammbda (%)
°

FWHM equivalent/lammbda (%)
o -] o o

Both cases FEL optimized for clear spectra.

FWHM spectral width might be related to slightly different seed laser pulses.

FW..., (width containing 76% of the energy) is affected by sidebands that are more
evident in HGHG.

Spectral reproducibility is higher in EEHG.
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q wooe |  EEHG spectral control (5nm)

Best EEHG vs. a very good HGHG-FB (not same beam not same seed laser):

FEL int (a. u)

m)

Wavelength (nm)
@

0.0
5.865 5870 5875 5.880 5.885  5.890
1

5.530 5.535 5.540 5.545 5.550
o

Wavelength (n
v on ow

FWHM equivalent/lammbda (%)
o o o

Difference is more pronounced at higher harmonics.

For HGHG cleaner spectral can generally be obtained by reducing the overall FEL
intensity.

At harmonics ~45 also EEHG starts to show some structure in the spectrum.
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q oo | EEHG sensitivity to mB

Using 2 bunch compressors in the linac has an impact on the uB.

JonyBC1 o | _|BC1 and Be2
| ) |

_ _N__
A
0.0 J 0.0 ]‘ \

500000 16?.0 16?.2 16‘8.4 16‘8.6 16?.8 169.0 16?.2 140000 16?.0 16|8.2 16|8.4 16?.6 16?.8 16?.0 16|9.2

400000 | . 120000 |-
100000 |

80000 |-
200000 |- B 60000 [-

300000 |-

100000 |- - 40000
20000 |
O jr————er -~
—20000

[0}

|
=
o
o
o
o
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168.0 168.2 168.4 168.6 168.8 169.0 169.2
Photon energy (eV)

168.0 168.2 168.4 168.6 168.8 169.0 169.2
Photon energy (eV)

60f- -

- S S o e’ . o

LI PR R LS, Cac, FP e a

40F Copns oo - “:g E‘. 23 XL <
20 < X S . 3 i
- NG L ez e o ) E

0 . = ok 3 r W%
600 800 1000

Fit error (%)

Higher uB has a clear impact on the spectral purity also for EEHG as seen from the
Gaussian fit error.
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&) ;- EEHG at very high harmonics

With the e-beam energy at 1.5 GeV harmonic 84 (3.1 nm) and h=101 (2.6nm) have
been measured.

EEHG harmonic
86 85 84 83 82

Limits in the experimental setup forced us to operate
at n=-3,-4 and low undulator k.

CCD Y-axis (mm)

Nevertheless we have acquired single shot spectra
4980 e ses L Gdn e with the EUV CCD (Andor) at 3 nm (shortest
wavelength for first order of diffraction)

EEHG harmonic
51.5 51.0 50.5 50.0 49.5

Measurements at 2.6 nm required second order of
diffraction and few seconds CCD integration time.

103 102 101 100 99

CCD Y-axis (mm)

480 475 470 465 FERMI EEHG results just published on Nature Photonics:

https://www.nature.com/articles/s41566-019-0427-1
ce E. Allaria, 22 May 2019 18
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q i Conclusions
& Capabilities of EEHG have been fully demonstrated down to harmonic 45
(5.8 nm).
» Good agreement between simulations and experiment, work to be continued.
€ From the limited experience EEHG operations at short wavelengths
(limited gain) appears more critical than HGHG-FB.
« EEHG strongly relies on exponential amplification.
€ EEHG confirms promises of producing bunching at very high harmonics
« H =101 clearly visible in a non optimized setup.
€ New FEL capabilities can become available with EEHG in the 20 — 4 nm

spectral range.

An optimized EEHG configuration appears a viable option for extending the tuning
range of FEL-2 to shortest wavelengths if a suitable FEL gain can be provided.

Work started at FERMI for a possible upgrade based on EEHG.

150 9001
GHSAS 18001
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