Light absorption and electron-phonon scattering in
Cs,Te photocathodes

1. Optical properties and models
2. Electron-phonon scattering effects and calculations
3. Contribution of scattering effects to QE in the presence of penetrating fields

4. Next steps
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Motivation

—> "Single electron emission" (without collective effects) not well fitting to photoemission measurements in
space charge dominated regime

—> Understanding of slice emittance formation and optimization of projected transverse emittance requiring
improved photoemission modeling

—> Field effects (previously) considered for "electron escape" (37 step of Spicer’s) to the vacuum (close to but
outside of surface), but not yet for "electron transport" (2"¢ step) to the cathode surface (beneath it)

—> Establish modeling approaches for light absorption and electron scattering (first without ficlds)
—> Evaluation of (optical + band structural) property parameters for Cs,Te (missing in general)
—> Introduce field (RF + SP-CH + laser) dependencies to electron scattering process (first with RF fields)

—> Characterize improved emission model by measurements

=> Simplify the model for PIC simulations and implement it with a suitable numerical tool
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Photoemission in a nutshell
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Analysis of measured optical property parameters of Cs,Te

Refraction index n; Extinction coefficient k; Reflectivity coefficient R; Penetration depth §; Permertivity &,

O Complex refraction coefficient of materials: 711 = n + ik

O Data* (A €[250 517]nm) from sets of reflectivity measurements and dispersive analysis=> n € [0.8 1.8]; k€ [0.3 0.7];

O Numerical analysis with (n, k) data sets (250-517 nm) CI‘OSS-RefS for Csl,
.£,<9 @ [113 310]nm

2 £,~5.65 @1MHz, data for Cs,Te missing!
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Formulizing (n, k) dependencies based on the Drude-Lorentz model

optical properties

O Dispersive response of materials to external driving force (fields)
. by influencing the intrinsic wave impedance
spring-like Q Intrinsic wave impedance  1(w) = o n(w) = hd
binding force n(w)

Yp
Q Lorentz oscillator system

"Dipole motion" harmonically responding to the driving field

Restoring (Coulomb) force trying to maintain system equilibrium
= Dampening term modeled by m, /T

Lorentz oscillator model
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Formulizing (n, k) dependencies based on the Drude-Lorentz model

Mathematical description

Contributions of free carriers(7)

n’ — 12 <« 0,7(0, T, E, Eg), Egx AgraricW + Aps(1— Wm

{ 2nk o« o, 7(w,TE, Eg),Eqg =~ (Astaric—Ans)® — DLproa
N\ J
Y

Contributions of lattice vibration (®)

with
wr? (W% — w?) Yow,> (w,7)?

V= ,  @= DLy = ——2-—,
(w2 — wr2)2+(Yww;)? (w2 — wr2)2+Yww;)? Sum 1+ (w7)?

Tw,? 4mpasshc E
DL - P = |5 =4
prod = »[1 + (w1)?] D m m Egry Mo

w: light frequency my: electron rest mass w,,: plasma frequency

c: speed of light m: electron effective mass ass: fine structure constant

h: Planck constant, h/2m p: number density Y: Lorentz coefficient

E,4: band gap energy T: relaxation time Ageatic: static (dielectric) constant

Egy: Rydbergenergy, ~13 e' @,: transverse optical mode frequency Apy: high frequency (dielectric) constant Page 6 ﬁz



A rough fit to the reflectivity measurements for Cs,Te

= No one to one data now from (n, k) to
the reflectivity

= The fit done by scanning (n, k) range
for smallest AR w.r.t. measurements
satisfying the Drude-Lorentz’s
equation with lowest errors

@A =257nm

(n—1)% + k?

~ 4%

T (n+1)2 + k2

&~ n—ik)? =2
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(n, k) data given by D-L model

Refraction index n and extinction coefficient &
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Scattering effects in Cs,Te

Q Electron-electron scattering = dominating for metal cathodes

O Electron-phonon scattering = dominating for semiconductor cathodes

" Polar optical phonon (vibration within a cell, v,=0, standing...)

= Acoustic phonon (vibration of a cell, v,>0, travelling...)

O Electron-impurity(defect) scattering = presumably much weaker effect than others

Acoustic phonon mode

Optical phonon mode

Sketch of a 3D Cs,Te
lattice structure
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Scattering effects in Cs,Te

1 4mE%k(kgT) <T>5 w (s wr £ 7
i ¢ = =y - [ X ) )
Acoustic phonon Tac g > 5 - wEg
Polar ootical bhonon ? 2w Ac | 2 1 +1‘ 16u® + 18u + 3 CE BT
olar optical phonon = 2w.A€e JE,
Tpop hag 3(1 + 20u(u + 1 g
exp —1
kgT |
1 1 1 1
Matthiessen’s rule — = z — - — = Z —

Band structural parameters of
Cs,Te need to be calculated for
modeling the scattering effects.

hk = Zﬂ\/szk Ek = hw — Eg - Ea u = Ek/Eg

Note that, other scattering scheme may exist, but probably not significantly contributing

a K. Jensen 2007 ("emission from metals and cesiated surfaces")

5 K. Jensen 2008 ("an alpha-semiconductor model")
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Calculation of band structural parameters for Cs,Te

Physical Property

Calculation for Cs,Te

_ 4(2M¢s + 1My,)

ES

Reference to Cs;Sb

Mass density P AV ~3.99 g/cm? 4.519 g/cm?3
C %k

Sound velocity Vs = ’% ~ 5484 m/s 5153 m/s
Phonon ener Amhv,

gy hw, = ~ 0.0767eV 0.05 eV
(lowest mode) -
Average ionic radii [~0.194nm 0.14 nm
Deformation potential S=Dl~97elV"" 7 eV

. : ) )
Bloch—Griineisen function | /[ 5, == (7)4 /4
Fine structure coefficient | &Fs = €°/4meohc ~ 1/137.1
E
—_9 ~

Effective mass e = E_mmo ~ 0.24m, 0.1176 my

*

Thermal expansion not considered
Average of the 1onic radii of Cs and Te

%k

k% %k x

Generic elastic constant, ¢, = 12x10'° N/m?
Mean deformation potential constant D = 5x10% eV/em
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Calculated effective relaxation time " Temperature dependence
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Calculated effective relaxation time

Spectrum
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Modeling of electron mobility in presence of penetrating fields

1st 2nd 3rd L(Ex) = T(Ex)vg [ : mean free path
: drift velocit
E;, =~ hw = UE] o ’
k Vq = pEin E;,,: penetrating fields
hw — Eg °= q 1(E,)  H: electron mobility
hw — E; — Eq — Adg + AD,, -+ Mess(Eg)

Ein(t)

2
qt“(Ey)
E.,, E =

- Ein t) - Err = Eoyi/€-(f = 1.3GHz)

— Espch
— E;gser (1.2PHZ) = Eje™%

~

5, G N TN \ — If laser and RF uncoupled, [ can be calculated in
(é O \\\ : A®(E ) d d. . . 1
%, ’z,o, Nt k X and z direction, respectively
OC"/ (G A
Penetrating fields How the modified mean free path

(RF+ Space charge + Laser) integrated into the overall QE?
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Contributions of each step to the overall QE

U Factor of reflectivity

@ Factor of work function

O Factor of scattering effect

integration over
absorption depth

integration over escape
angle and energy

pesy.| Light absorption and scattering effects in Cs,Te | Ye Chen | PPS | Zeuthen, March 8th, 2018

« 1 — R(w,n(7), k(1))

hw —E, — E,(+AE
oc\/1_|_ g a( k)

Eq
2
qt“(Ey)
> U(E E, t) = Ein(t)
(k g ) meff(Eg) in
0 Z Z
exp|—<—57—>5)dz
> f(cosh) = 0 oo( o) lZCOSH)
Jo exp(—g) dz
hw—E
fan YE f\}mxf,l(x,p)dxdE

) Ohw_Eg E| 01 xdxdE

Fraction of surviving
electrons from scattering
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Next steps

v' Light absorption modeling requires dispersive reflectivity measurements for
determining optical parameters

v Relative permittivity @ 1.3GHz better determined from proper measurements (maybe
already at HZDR) or (if no choice) considered as a fitting parameter

v Some principle test simulations on the scattering rates in the presence of RF fields can
be done first
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