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d Coherence of Radiation
= Transverse and longitudinal coherence length

= Brilliance, degeneracy parameter
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Coherence Lengths
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Classical model: path length over which Uncertainty Principle: the smallest phase
two waves become out of phase space area occupied by the light pulse
d
“SWZ(M [ h Apy Apy d A
T 2 - d H —_ = — —_ —
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Minimum transverse phase space area (“emittance”) )
of a transversally coherent light pulse
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= The fraction of spectral flux transversally coherent, emitted in a solid angle Z,,%,,, =
from a source of size 2,2, = (d/2)?, is .
v ize 2Ly = (d/2)% 1 total solid

(5272) o = (27 = (30 o< )
2

93 )2
Full transverse coherence for —=1orX, 2%, X2, = (—) ,
“diffraction limit"

* The number of photons transversally and longitudinally coherent is:

3
dNy /dt Ley Aw B()l)z A% AX BA

Neoh = (Aw ” )l,wh . — = PV i degeneracy parameter

2

* Itis harder to get full coherence at shorter wavelengths
* In areal beamline, B (at sample) oc B\(at source)
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4 Light Sources

= High Harmonic Generation (in gas)
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_ 3. Recombination
Y 1% I ‘

' 9 Acceleration

1. Tunnelling

Real space |

Free electron
/ continuum

4

. 3 Recombination

2. Acceleration

1. Tunnelling
> . Parent ion

Momentum space

L. Ortmann A.S. Landsman, Adv.
AMO Phys 70 (2021)
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| 3-Step Model

@ Electron orbit in “continuum®”:

Ux ~  Vosin(wt) _ | 0 linear polarization
vy ~ avycos(wt) ~ | +1 circular polarization

For circularly polarized field, the e- never returns in vicinity of the ion

Only linearly polarized light is

emitted after recombination

@ Electron orbit is anti-symmetric in the rest frame (“figure-8" electric dipole)

j Only odd harmonics are allowed
@ Electron recombination happens every half-cycle of the laser field

j Harmonics are separated by 20,
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<Y - | Photon Energy

T. Popminchev et al., Energy conservation:
Science 36 (2012) . . . . .
.......... > E, < E, atimpact + ionization potential

MID-TR X-RAYS

.

Ay =3.9urh, ““"I‘;rmse matching Ey S 3.17Up + Ip CUt‘Off
) up o >5001 order
m,;‘x F s U — (¢Ey)?> ponderomotive
e\ l . p 4m@ potential energy
,'r_L _-I:}l_ﬂ“n'r“ +* Phase maif,hing
. ¢ upto>=101" order
iy R — b i Yb, 1030 nm,
K F f :.
"::f VUV g Wavelength (nm) ~0.5 MV/cm or 1033 chmz
hy =027, »" Phase matching 65 60 55 50 45 40 35
"“ :.c up to =11" grder T T T r I T I Ip (He) = 25 eV
) il b | 5 —— UV-driven
s o e 1 —— IR-driven — £,<130€V
LASERLIGHT *, £ UPCONVERTED LiGHT = 10"
. £ 10_2 8 TR e,
=
2 1073
@
[ £ 104
: i 10—5 .
er Fie -6
Laser Field 10 H. Wang et al, Nat.

20 25 30 35 Comm. 6:7459 (2015)

Photon ener eV
Smart-X, Trieste, April 2022 gy ) simone.dimitri@elettra.eu 9




& - | Spectrum

a)
A
E é A 8 T T T T T T T .r T
2 | ;[;)Toi:m * ¢ yl( J( C. Ding etalg, Opt. |
3 | He 0.8 um Expr. 22 (2014) -
Fundamental S0’k Ne 0.8 um 940 Torr .
- 4007 . :
= laser v‘*-‘ £ 1 Ne 1.3 um
3] . ot ‘_ @
W W, A . % Ar1.3um
L é—m 3 \ 700 Torr o
§. i ) “nuum
©
2 !
=107k
=
b= I I 1 | 1 I ] L ] i
20 40 60 80 100 120 140 160 180 200 220
Photon Energy (eV)
b) 1.0
£
= s .
2 Bl Ti:Sa, 100 fs
o o
2 &
= =l v = 20 eV
A A~ — bw = 0.2%
. 0.0
Frequency S. Eichetal, J. Electr. —T

—
Spectr. Rel. Phen. (2014) 221 222 223 224 H. Wangetal, Nat.
Smart-X, Trieste, April 2022 Photon energy (eV) Comm. 6:7459 (2015) simone.dimitri@elettra.eu

10



| |
Elettra
Sincrotrone
Trieste

4 Light Sources

» Free-Electron Laser (high gain regime)
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<N i | Undulator Spontaneous Radiation
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o | Undulator Stimulated Radiation

Trieste
Energy exchange:

P=gE-v] >0

Courtesy of

Ponderomotive phase: (= (ky,+k)z —wt P. Emma
d

Synchronization: _C =
dt
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spikes appear in temporal pulse

Self-Amplified Spontaneous Emission

spikes also in spectrum
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Discuss. 194 (2016)

<Y i | Operating Modes F Bencivengatal, Faraday
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1 Overview and Perspectives
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|Average Pulse Energy
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<Y - | Pulse Duration
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<Y - | Peak Pulse Energy
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.. | EEHG FEL
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P. R. Ribic et al.,
Nat. Phot. 13 (2019)
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<Y ;i | CEP-FEL HHG
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R. Hajima, R. Nagai
PRL 119 (2017)
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K.-J. Kim et al., PRL
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/Tab!e 2. Comparison of some XLO and XFELO parameters at \

LCLS-II

Parameter XLO XFELO

Gain per pass Up to 10° 1.21t0 1.5

Cavity length, m ~10 =260

Lasing medium size, m 3x 104 ~100

Angular tolerance, urad 1 ~0.01

Number of photons (max) 5x 10 1010

Peak power, MW ~270 ~4.7

Pulse length, fs 37.4 530

FWHM AtAw, fs-eV 1.8 44

\ PWHM, full-width at half-maximum.

/
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q | Final Remarks

Present XUV FELs: Measure-before-destroy

Large size, > 100 — 1000 M€ -scale, limited access
Low/burst repetition rate

~100% transversally coherent, high power density light pulses |
~100% longitudinally coherent pulses in UV or hard x-ray
Multi-color, 2-pulse, continuous A & polarization control

Nonlines QSCOpY

4-Wave

Present HHGs:

* Small size, 1—10 M€ -scale, easy access [\ Linear B

* High, tuneable repetition rate |

* Fully coherent light pulses at moderate power density over Ultra-fassglynamics

entire XUV range
Limited A & polarization control
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Thank you for your kind attention

Questions and comments are welcome!
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