- Opt. Kly. performance versus g (2/3)

LHat0.8 uJ
(cg~90 keV)

LHat2.1 ]
(65~110 keV)

LHat3.7
(og~120 keV)

OK Max. Intensity for Ryk 65~1, so increasing
O moves the peak towards smaller R,.

We fit the experimental data with the 1-D

theory: good agreement but not for high values
of Ry

When LH 1s OFF, the efficiency of the optical
klystron drops but in the meantime it extends
towards high R56 values (the 1-D theory is no
more representative)

LH off

—
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q s | e-beam longitudinal phase space
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op 1s not uniform along the
bunch.

Collective effects (e.g. residual
microbunching instability) can
extend the efficiency of the
optical klystron to R56 values
larger than expected.
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q s | e-beam longitudinal phase space
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AEE |

op 1s not uniform along the
bunch.

Collective effects (e.g. residual
microbunching instability) can
extend the efficiency of the
optical klystron to R56 values
larger than expected.
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q s | e-beam longitudinal phase space

x 107

AEE |

op 1s not uniform along the
bunch.

Collective effects (e.g. residual
microbunching instability) can
extend the efficiency of the
optical klystron to R56 values
larger than expected.

The intrinsic o was

increased by LH and
ubunching suppressed
Sooal _ pas] (more agreement with 1D
! - ' theory)
o.cool [INEEIREY oL
LTJ —o.0021 | 1000 m
N . | N -z 03|
m T o-0.004] e m
< -0.008| . < A0
-0.008| o -64 03|
-0.o1oL i )
-1.0x107"3 =5.0% 5.0 014 -1.0x107% =5.0% 5.0 074
t(sec) elegant t (sec)
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q .. Opt. Kly. performance versus oy (3/3)

* Fine tuning of the laser heater intensity is necessary to

100 optimize the optical klystron FEL intensity

LHat0.8 uJ
804 | (og~90 keV)
N LHat2.1uJ
LHat3.7
40 - (og~120 keV)

20 i LH in OFF

—_
-
e,
~—
-
c
o
¢
)
©
>
(@))]
=
()]
C
Q
()
0
-]
o
—
Ll
L

0 1 2 3 4 5 6
Laser Heater pulse energy (uJ)
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q o Optical Klystron FEL at 32 nm

% 10° Single shot spectra

Y.
. W

N
o
|

=
==
=

FEL intensity (uJ)
o
|

i
o
|

%

opectrum intensity (arb. units

i 2
5 Eﬁi; A
iiil
cl) 5|o 1(|)O 1 éo 2c|>o zéo ’ 32 325 ‘ 33 33.5
R56 (um) FEL Wavelength (nm’
: e 100
Intensity stability ~ 10% (rms) &, /M~0.3%~2p
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FEL intensity (uJ)

q o Optical Klystron FEL at 20 nm

JF

0.5 - {Eiiiiii

X
| | | | | | |
0 20 40 60 80 100 120
R56 (um)
Intensity stability ~ 20% (rms)
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FEL intensity (uJ)

q o Optical Klystron FEL at 20 nm

21

2.0

1.5+

1.0

05—

Averaged spectrum over 5

Spectrum intensity (arb. units

x 10

p consecutive shots

25t

1.5k

MMMNM L W) il

20 202 204 206 208
FEL wavelenath (nm)

| |
0 20 40 60 80 100 120
R56 (um)

Intensity stability ~ 20% (rms)
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q o Optical Klystron FEL at 20 nm

Averaged spectrum over 5

: consecutive shots
3 x 10
2.5~ T T | 251
—/ § 2
2.0 - Tle] [ Te . =
~ S0 ... % 15+
S L ! ]
2 1.5- e |]] E
% 1=1? 5 05} i
- 1 1 o .
= il L - . W‘IWMHM il
m T { \
{ Ors 20 202 N 206 20.8
{ E FEL wavelength (n
0.5 - EEEE
°3s 3
| | | | | | | NO Opt. Kly.
O 20 40 60 80 100 120 (i.e. R5=0 pm)
R56 (um)

Intensity stability ~ 20% (rms) c,/A~0.3% ~ 3p
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Sincrotrone

q Gain Curve: OK vs Seeded HGHG
1 (at 32nm)
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FEL intensity (uJ)

Elettra

Gain Curve: OK vs Seeded HGHG

q Sincrotrone
Trieste
(at 32nm)
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Sincrotrone

q Gain Curve: OK vs Seeded HGHG
' (at 32nm)

R56=63um

10

0.1

FEL intensity (uJ)

0.01
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Gain Curve: OK vs Seeded HGHG

Sincrotrone

1 (at 32nm)

| [FEL Gain Curve at 32 nm: j:
—— Seed FEL in HGHG mode:  Lg=2.07 £ 0.03 m = Z
10 5 | —=— SASE Opt. kly. (R56=16 pym): Lg=1.16 + 0.03 m D
4 |—=— SASE Opt. kly. (R56=26 ym): Lg=1.19 £ 0.03 m
7 |~ SASE Opt. kly. (R56=63 pm): Lg=1.23 £ 0.02 m + 4
| ¥
= = £5 ¥
) =
2 ]
4? i ps X
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PC.% . == ¥
5 013 7
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| _ 7
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FEL intensity (uJ)

10

0.1

0.01

Gain Curve: OK vs Seeded HGHG

Sincrotrone

1 (at 32nm)

FEL Gain Curve at 32 nm:

—— Seed FEL in HGHG mode: Lg=2.07 £ 0.03 m
—=— SASE Opt. kly. (R56=16 ym): Lg=1.16 £ 0.03 m
——— SASE Opt. kly. (R56=26 ym): Lg=1.19 £ 0.03 m

—~— SASE Opt. kly. (R56=63 pym): Lg=1.23 £ 0.02 m

The seeded HGHG FEL 1s more intense just after the
modulator due to the Seed induced bunching, (Lg ~2.1 m).
The OK FEL has very small intensity before the 274 radiator
(not detectable) but it grows more rapidly (Lg~1.2m).

10 12 14
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Sincrotrone

q Gain Curve: OK vs Seeded HGHG

FEL intensity (uJ)

o

—_

e

0.01

1 (at 32nm)

J |FEL Gain Curve at 32 nm:

—— Seed FEL in HGHG mode: Lg=2.07 £ 0.03 m
—=— SASE Opt. kly. (R56=16 ym): Lg=1.16 £ 0.03 m
——— SASE Opt. kly. (R56=26 ym): Lg=1.19 £ 0.03 m
—~— SASE Opt. kly. (R56=63 pym): Lg=1.23 £ 0.02 m

OK Gain Length is independent from
the chicane R4 as theoretically expected.

The seeded HGHG FEL is more intense just after the
modulator due to the Seed induced bunching, (Lg ~2.1 m).
The OK FEL has very small intensity before the 2"d radiator
(not detectable) but it grows more rapidly (Lg~1.2m).
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FEL intensity (uJ)

10

©

0.01

Gain Curve: OK vs Seeded HGHG
(at 32nm)

_| |[FEL Gain Curve at 32 nm:
X gi\?E FC)E;tfnkll;.GI(-llfsg]:? g:um):L ESE '1?176i106933mm OK uses the whole bunch
— SASE Opt. kly. (R56=26 pym): Lg=1.19 + 0.03 m (~300fs) while HGHG
—~— SASE Opt. kly. (R56=63 pym): Lg=1.23 £ 0.02 m only ~100f5, SO at
saturation the OK FEL
intensity would be higher

OK Gain Length is independent from
the chicane R4 as theoretically expected.

The seeded HGHG FEL is more intense just after the
modulator due to the Seed induced bunching, (Lg ~2.1 m).
The OK FEL has very small intensity before the 2"d radiator
(not detectable) but it grows more rapidly (Lg~1.2m).
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&Y -~ Spectrum: Opt. Kly. versus HGHG

1.0

Spectrum intensity (arb. units)

32.0 32.2 32.4 32.6 32.8

Wavelength (nm)
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.. Opt. Kly. Experiment on FEL-2:
q Trieste 1 2nm

I Modulator Undulator
Dispersive [T Radiator Undulator
Section FEL1
1+ Dispersive Delay 2nd Dispersive FEL-2
Section Line Section /
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Sincrotrone

.. Opt. Kly. Experiment on FEL-2:
q Trieste 1 2nm

I Modulator Undulator
Dispersive [T Radiator Undulator
Section FEL1
15t Dispersive Delay 2nd Dispersive FEL-2
‘ Section
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Opt. Kly. Experiment on FEL-2:
12nm

I Modulator Undulator
Dispersive [T Radiator Undulator

Section FEL1

Section

Delay 2m Dispersive FEL-2
Section
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Opt. Kly. Experiment on FEL-2:
12nm

I Modulator Undulator
Dispersive [T Radiator Undulator

Section FEL1

15t Dispersive
Section

_ [ —HIHIHITHITITHIIT
~ v/

12 nm 12 12
Delay <~ Dispersive FEL-2

. . nm
Line Section
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. Opt. Kly. Experiment on FEL-2:
= 19nm

I Modulator Undulator
Dispersive [T Radiator Undulator
Section FEL1
~"3 - " 12nm 12 12
am 1 Dlsp.erswe D.elay nng - Dispersive FEL-2 am
Section Line Section

70 . ; ; 70 ; ; ;
2 R56 at 30um 15t R56 at 130 um
sol Delay line at 75A 1 80k Delay line at 75A _
50| | 50} 1
- —
= g
= 40 s
@ 40 1 ] }
c =]
o ) g
c I i 8 agl i
m ; a
W 3o} : T K
' 20t |
20t |
10} 1
10 1 1 1 1 1
0 50 100 150 200 250 300 0 i ; : .
First Chicane R56 (p m) 20 30 40 =0 60

Second Chicane R56 (um’
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A further improvement of the OK FEL intensity has been obtained
by fine tuning the laser heater undulator gap (1.e. beam energy fine
tuning at the injector): “big shot” of ~100 uJ

FEL Intensity (u])

2

o=

L | 1 | | | i
0 1 2 3 4 5 6

Number of Second Stage Radiators

Opt. Kly. Experiment on FEL-2:

FEL Gain curve measured by
closing progressively the
second stage radiators.

Gain length ~ 1.37m
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&Y -~ Conclusion

O The optical klystron enhancement to SASE FEL has been

experimentally demonstrated at FERMI: down to 20 nm on FEL-1 and
at 12 nm on FEL-2.

O Our experiments confirm that the Optical Klystron FEL performance
are strongly determined by the beam uncorrelated energy spread.

O 1-D theory can reproduce the experimental observation when
microbunching is fully suppressed and the intrinsic energy spread is
similar to the “FEL-slice” energy spread.

O Measurements of the OK-FEL gain curve confirm that the gain length
is independent on the dispersive section as expected in the simulations.

O FERMI has been able to operate in SASE mode taking advantage of the
optical klystorn, providing several tens of pJ in XVUYV range..
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