Lecture 2:
Cathode Theory

Yesterday, we discussed the properties we care about — quantum
efficiency, emittance and brightness. Today we’ll begin to see what we
can theoretically expect.

We’ll discuss the basic electronic structure of materials, the origin of the
surface barrier and the electron emission statistics.

We’'ll derive the cathode emission current and emittance for thermal,
photo-electric and field emission. For photoemission, we’ll discuss the
three types of cathodes.

We’ll look at the effect of surface roughness on emittance
We’ll derive the expressions for the space charge limited current
...and come up with the ultimate brightness!

Modern Theory and Applications of Photocathodes
W.E. Spicer & A. Herrera-Gomez
SAC-PUB-6306 (1993)

http://www.philiphofmann.net/surflec3/index.html



Electronic structure of Materials

In an atom, electrons are bound in states of defined energy

In a molecule, these states are split into rotation and vibration
levels, allowing the valence electrons to have a range of
discrete values

In a solid, these levels merge, forming bands of allowed
energies, with gaps between them. In general these bands
confine both the energy and linear momentum of the
electrons. These bands have an Electron Density of States
(EDoS) that governs the probability of electron transitions.

For now, we will be concerned with the energy DoS, and not
worry about momentum. For single crystal cathodes (GaAs,
Diamond), the momentum states are also important.

Calculated using a number of methods: Tight binding, Density
functional theory. Measured using photoemission
spectroscopy.



DOS Examples
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http://en.wikipedia.org/wiki/File:Free-electron_DOS.svg
http://mits.nims.go.jp/matnavi/

Nb Density of States
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Occupancy: the Fermi-Dirac Distribution

* As fermions, electrons obey the Pauli exclusion
principle. Thus the energy distribution of occupied
states (DOS) is given by the Fermi-Dirac (F-D) function,

B 1
JFD = | + e(E—Er)/kpT

 The temperature dependence of this distribution is
typically not important for field emission and
photoemission, but is critical for thermionic emission

* For T=0, this leads to full occupancy of all states below
E. and zero occupancy for all states above E;



electron density

Surface Barrier

* As discussed yesterday, the workfunction is the energy
required to extract an electron from the surface

* This has two parts, the electrostatic potential binding the

electrons in the bulk, and the surface dipole which occurs due
to “spill-out” electrons

surface
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Surface Barrier

This surface dipole portioncan  eop — ——— —
be modified by adsorbates 55
We use alkali metals to reduce  sof
the workfunction of cathodes s}
— Cson Ag S 40]
— CsonW = asf
— (Cs-0O on GaAs 3.0¢
Adsorbates can also raise ¢ 25
— This is the motivation behind al
laser cleaning of metal cathodes 'So— % &5 4 35 & 7
Note that different faces of a | X107 (atomsfem)
crystal can have different O Blateccyeam o ah, Surt Sl 51, 396 (1976

surface dipoles, and therefore
different workfunctions

Workfunctions of metals have values between about 1.5 eV and 5.5 eV.



Fields Near the Cathode

2
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Electron Emission Equations and Emittance

Now that we have a idea of how the electrons are confine to the

surface, let’s focus on helping them escape

We develop the emission equations, and estimate the emittance

N

of each method. This ultimate emittance is often called the
thermal emittance, due to the Maxwell-Boltzmann (MB)
distribution of thermionic emitters. Strictly speaking, the
term 'thermal emittance’ should only be applied to
thermionic emission, but the concept of thermal emittance or
the intrinsic emittance of the cathode can be applied to the
three forms of electron emission:

thermionic emission
field emission
photo-electric emission



Thermionic Emission(1)

In order for an electron to escape a metal it needs to have sufficient kinetic
energy in the direction of the barrier to overcome the work function,
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Since only the high energy tail of the F-D distribution will matter, we can
neglect the material density of states



Thermionic Emission(2)

* Assume that the cathode has an applied electric field
large enough to remove all electrons from the surface,
so there are no space charge effect, but low enough to
not affect the barrier height. Then the thermionic
current density for a cathode at temperature,
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Density of States (DOS)

Comparison of M-B and F-D Distributions
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* |If we are only considering the high energy tail, we can use the Maxwell-
Boltzmann distrubtion



Thermionic Emission (3)

The interactions involving the high energy electrons in
the tail of the Fermi-Dirac density of states allows it's
replacement with the classical, Maxwell-Boltzmann
distribution,

m I:l-'i-l-t'ﬁ,-l-l-'g:l
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Performing these simple integrals gives the thermionic
current density,
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Thermionic Emission(4)

* Or with a small change in the leading constants, gives
the Richardson-Dushman equation for thermionic

emission,
jthf:'r:rn-é.ﬂ-n-é-f: — fl{l — TJ.TQE':_{'I}LUGPFCE%ET
* Here Ais 120 amp/cm?/degk?, and (1-r) accounts for
the reflection of electrons at the metal surface. The
reflection and refraction of electrons as they transit the
surface is discussed in a later section. In terms of

fundamental quantities, the universal constant A is
["Solid State Physics", by Ashcroft and Mermin, p. 363]
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Thermionic Emittance (1)

* The velocity distribution for thermally emitted electrons is obtained from
the derivative of Maxwell-Boltzmann particle distribution,
1 dn(v,) m —mvg

— — UL € 2kpT
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: a B

Maxwell-Boltzmann electron energy
distributions at 300 degK where
the rms electron energy spread is
0.049 eV, and at 2500 degK

B . corresponding to an rms energy

spread of 0.41 eV. The initial

spread in transverse velocity due
to the electron temperature gives
| | ! the beam angular divergence and
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Thermionic Emittance (2)

Following Lawson [Lawson, p. 209], we assume the normalized emittance
is evaluated close to the cathode surface where the electron flow is still
laminar (no crossing of trajectories) and any correlation between position
and angle can be ignored. In this case, normalized cathode emittance is
given by,

EN — ﬁ"}f{f 2O 7

The root-mean-square (rms) beam size, G, is given by the transverse
beam distribution which for a uniform radial distribution with radius R is
R/2. The rms divergence is given by

(pz) 1 /{v3)

O-J' f J— — (
p total 3"} C

The normalized, rms thermal emittance is then
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Thermionic Emittance (3)

 The mean squared transverse velocity for a M-B velocity distribution is,

2
X 2 T ok T :
on o vie FBTdv,  kpT
<Ur> — 2 —
|y e *BTdv,

e Therefore the thermionic emittance of a Maxwell-Boltzmann distribution
at temperature, T, is

€Ethermionic — Oz
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Thermionic Emittance (4)

* The divergence part of the cathode emittance contains all the physics of
both the emission process and the cathode material properties and as
such summarizes much of the interesting physics of the emission process.
The beam size in coordinate space simply traces out the angular
distribution to form the transverse phase space distribution as illustrated.

Distribution in

Distribution in Phase Space

Coordinate Space ,
g—\TL_'G T Gx,
X, oY
\

High Brightness Electron
Injectors for Light Sources —
June 14-18, 2010



Thermionic Emission (5)

* Given that o, depends upon the particular transverse distribution being
used, there is often a serious ambiguity which arises when expressing the
thermal emittance in terms of "microns/mm". The confusion results in
not knowing whether rms or flat top radii are used for the transverse
radius. Therefore we suggest quoting a quantity called the normalized

divergence, which for thermionic ik
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Field Emission
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Field Emission (1)

Field emission occurs when electrons tunnel through the barrier potential
under the influence of very high fields of 10° V/m or more. Since emission
is by tunneling the effect is purely quantum mechanical and requires an
extremely high electric field to lower the barrier enough for useful
emission.

j = / n(E,. T)D(E,, Eo)dE,

where the supply function, n(E,,T), is the flux of electrons incident upon
the barrier with energies between E, and E, + dE,. The barrier is same as
that shown earlier and is determined by the work function, the image
charge and the applied electric field, E,. The transmission of electrons
through this barrier is given by the transparency function, D(E ,E,).

The tunneling probability is significant only for electrons very close to E,,
so the material DoS is generally not important



Field Emission (2)

e The transparency function was solved by Nordheim for the barrier
produced by the image charge and the applied field (Schottky potential),
_ 6?2
DSchotthky (I) — T 1n — € EU L
16mepx

e Theresultis

_81m\om EX? [\ E,

3he Eo Dwork

b =

* dly)isthe Nordheim function which to a good approximation is given by

O(y) =1 — 0.142y — 0.855y"



Field Emission (3)

The supply function for a Fermi-Dirac electron gas was also derived by

Nordheim, 1 -
) Amrmkn’ Er—Efp
n(E.,T)= l }BB In (1 + e FBT )
)

Combining the supply and transparency functions gives the electron
energy spectrum, AT _ _
N f'ieﬂd(E:Fr Lo, T) — n(E:I‘-r T)D(EI EO)
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Electron Yield (rel)

Field Emission (4)

Electron spectra for field emission electrons for various applied fields. Left:
Electron emission spectra plotted with a linear vertical scale and with
arbitrarily normalization to illustrate the spectral shapes.

Right: The spectral yields plotted logarithmically to illustrate the strong
dependence of yield and shape upon applied field.

6 8 10 12 14
Energy (V)
= 10”10 V/m
51079 V/m
3x1079 V/m

Electron Spectra (rel)

1-10]

1-10,

1-10
100

—
—

O T T T TTTTTTTTTI

o
—

6.9

10-
102
10_5
10—,
103
10,
110
110-;,
1-10

,_.
R
F’

=y

[y S A g W —

-

_IIIIIIIIIIIH}II_

I I I I

8 10 12

Energy (eV)
10710 V/m
— 5%10"9 V/m
3x1079 V/m

,_.
s



Field Emission Emittance

Armed with the energy spectra the rms energy spread and the field
emission emittance are numerically computed for external fields between
10° and 10* Ve Its/lm. (Solveld numerilcally.)

2:10° 4-10° 6100  8-10° 1-10
External Field (V/m)
=== Field Emission Emittance (microns/mm)

== rms Energy Spread (¢V)



Field Enhancement Factor, [

* Infield emission the electron yield is exponentially sensitive to the
external field and any significant current requires fields in excess of 10°
V/m. Such high fields are difficult to achieve but are possible using pulsed

high voltages and/or field-enhancing, sharp emitters.

E = fE,

I 24510 102 02 10% n/e

L i i ] ] 1 1
2 5 0 20 50 120 h/b=x

A collated representation of the field enhancement factars 3 associated with
various idealised microprotrusion gecmetries. (From Rohrbach [31], with

permission.

“High Voltage Vacuum Insulation, Basic Concepts and Technological Practice,”
Edi.Reddatham, Academic Press 1995



Photo-Electric Emission

Photoelectric emission from a metal can be described by the three steps
of the Spicer model:

1. Photon absorption by the electron
2. Electron transport to the surface
3. Escape through the barrier

Metal Vacuum
A
2 2)Electrons 3)Electrons
- move to surface escape to vacuum
=
1)Photon
absorbed Potential barrier
Fermi due to spillout electrons
—h
Energy

Optical depth

occupied A
hot
valence oon

states

>

Direction normal to surface



Three Step Model of Photoemission in Metal

1) Excitation of e~ in metal

4-’ , ,- ....... ’..> ......................... ) Reflection (ang|e dependence)
Energy distribution of excited e
?““ ‘ ........................ »® 2) Trans”: to the Surface
, (¥ 1 e-e" scattering
TN Direction of travel
o Z i@ 3) Escape surface
=2 ES Overcome Workfunction
Z b D eduction of ® due to applied
gj g S : field (Schottky Effect)
= .
S £ ‘ Qw Integrate product of probabilities over
< g : all electron energies capable of
2 O ‘/ escape to obtain Quantum Efficiency
@ g

Krolikowski and Spicer, Phys. Rev. 185 882 (1969)

Medium Vacuum M. Cardona and L. Ley: Photoemission in Solids 1,
(Springer-Verlag, 1978)




Optical Absorption Length (angstroms)
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Step 1: Absorption of Photon

Optical absorption length and reflectivity of copper
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A The reflectivity is given by the Fresnel relation
A =— in terms of the real part of the index of refraction,
P 47k

where k is the imaginary part of the complex Reﬂectivity = R(nl(a)),nz (@),HI)

index of refraction,

n=n+Iik

and A is the free space photon wavelength.



Step 1 — Absorption and Excitation

Fraction of light absorbed: I,,/I = (1-R)

Probability of absorption and electron excitation:

N(E)N(E
P(E, ) =—— N (EHRO)

jN(E')N(E'ma))dE'

Ei{-ho

* N(E) 1s the Density of states. The above assumes T=0, so N(E)
is the density of filled states capable of absorbing, and N(E+7m)
1s the density of empty states for the electron to be excited into.

* Only energy conservation invoked, conservation of k vector 1s
not an important selection rule (phonon scattering and
polycrystalline)

* We assume the matrix element connecting the initial and final
state 1s constant (not energy dependent)



Nb Density of States W.E. Pickett and P.B. Allen; Phy. Letters 48A, 91 (1974)
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Fong&Cohen, Phy. Rev. Letters, 24, p306 (1970)

N(E)

Copper Density of States
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> DOS is mostly flat for hv < 6 eV
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Step 2 — Probability of reaching the surface w/o
e-e” scattering

2 (E+1@)/ 2, ()
1+ A (E+nhw)/ A, (o)
s
Ak

e mean free path can be calculated
— Extrapolation from measured values
— From excited electron lifetime (2 photon PE spectroscopy)
— Comparison to similar materials
* Assumptions
— Energy loss dominated by e-e scattering
— Only unscattered electrons can escape

— Electrons must be incident on the surface at nearly normal incidence
=> Correction factor C(E,v,9) = 1

Fe—e(Eaa)ag): C(E,w,0)




Step 2 — Probability of reaching the surface w/o e-e” scattering

* Inthe near-threshold regime, an e-e event is unlikely to leave
either electron with energy sufficient to escape
— Treat scattering as a loss mechanism
— Canignore other scattering mechanisms

 Assume the probability, S, of an excited electron of energy E >
E:interacting with a valence electron of energy E, < E;and
imparting energy AE is proportional to:

— The number of electrons, N(E,), with energy E,.

— The number of empty states, N(E, + AE), with energy E, +
AE.
— The number of empty states, N(E — AE) with energy E — AE.
S(E,E,,AE) < N(E,) N(E, + AE) N(E — AE)
e Again, we assume the matrix elements connecting these

states are not energy dependent, so that the probability
depends only on the DoS



Step 2 — Probability of reaching the surface w/o e-e” scattering

To obtain the total probability of scattering for an electron of
energy E by an electron of energy E,, we must integrate over
all possible energy transfers, AE:

E—E;
S(EE) o« JA(AE) N(Eo) N(E — AE) N(Eo + AE)
Lr— Eq

The total scattering probability of an excited electron is obtained
by integrating over all possible “valence” electron energies,
yielding

Er  E-Ef
s o JdEy  JA(AE) N(Eo) N(E — AE) N(Eo + AE)
2Er—E Ly— Lo

The lower limit of integration represents the kinematic limitation
that £ + E, 2 2E..



Step 2 — Probability of reaching the surface w/o e-e” scattering

The lifetime of the excited state, 7{E), is inversely proportional to
this scattering probability: z(E) < 1/S(E)

The scattering length, A_(E), is related to the lifetime by the
velocity. We assume a free electron-like velocity, using E; as

the zero of energy for metals and the bottom of the
conduction band for semiconductors:

,;'.o‘\/E—Ef
A(E) = V(E) o(E) = E; E-E

JdE,  [d(AE) N(Eg) N(E — AE) N(Eo + AE)
2E—E E;—E,

A, is a constant that is chosen so that the e-e scattering length
(the length over which the intensity of unscattered electrons
is 1/e of the initial intensity) matches a known value of the

electron’s mean free path at a single energy for a given
material.



Step 2: Transport to the Surface

F.... Probability electron at depth s, absorbs a
photon and escapes without scattering.

metal vacuum

o/ lon _S[;+;}
-5 '!-;“'o —5/4 ‘;‘"o j’e—e -5 "f-”‘"e
H\(/e Pfe‘s""e—e:e Pt —e i

<
S 11
1 —S +
f (S) _ e }“Opt Ao e

opt
Assume the electron-electron scattering length
can be averaged over energy:

ho
j (E)E
¢eff _ 2/10E;/2 1

IdE ho ¢eff [1+ %J
hw

¢eff

Joo(h@0) =

e Scattering Length (angstroms)

This assumes N(E) = constant (more on this later) &
Dave uses F. instead of T(E,»)

=

100 T

80T

60T

E,,= Energy at which A, is known

1
s ——
e [%pt} e_S/ﬂ*opt

Pexcited (S) - =
j‘ —S/ﬂ.nptds

T f(s)ds =
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A

E 3/2
;l“e—e (E') = ﬁ“e—e (Em )(En:j
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e—e

[

Krolikowski & Spicer, 1970
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Step 2 — Probability of reaching the surface w/o e-e” scattering

The probability that an electron created at a depth d will
escape is e%, and the probability per unit length that a
photon is absorbed at depth d'is (1/A,,) e Integrating
the product of these probabilities over all possible values
of d, we obtain the fraction of electrons that reach the
surface without scattering, F, (E, o),

2o (E +110)/ A ()
1+ A(E+hw)/ A, ()

Fe—e(Eaa)) —

Homework: Show this



250

200

—_
(@)
o

(Angstroms)
o
o

MFP
(@)
o

Electron and Photon Mean Free Path in Lead, Copper and Niobium

Threshold Energy for Emission

Pb

Nb Cu

AN

einPb
— 190 nm photon (Pb)

O\

e in Nb
— 190 nm photon (Nb)
einCu

— 190 nm photon (Cu)

S

AN

\k

——

2 2.5 3 3.5

4

4.5

S 5.5 6

Electron Energy above Fermi Level (eV)



Step 3: Escape Over the Barrier

Protar = \/2m(E +ho- EF

X e »
A . ~
y 7 P = |Prote S QCOSQ pnormal :\/zm(E +h(()— EF) COSt9
A B /,
‘\0 Piotal :\/2m(E+ha)— EF) —_— pr210rmal >
o ‘Escape criterion: T iy

z 2m

v COS gmax _ pnormal — \/ ¢eff
ptotal E+ho- EF
JE+ho—E,
- JE+ho-E. —¢
metal vacuum — >
N

While photoemission is regarded quantum
mechanical effect due to quantization of photons,

metal

vacuim

emission itself is classical. l.e., electrons do not o | Pos™
tunnel through barrier, but classically escape over it. _A P
pfofa!fn/&/ p)J'r'“‘-"u p:-"-h'-‘

This is analogous to Snell’s law in optics p,"

Z



Step 3 - Escape Probability

2 21,2
Criteria for escape:  P1 _ K} > ¢
2m  2m

Requires electron trajectory to fall

within a cone defined by angle:
COSQ — kJ_min _ ¢ %

K _(E+ha)—EF)
Fraction of electrons of energy E
falling with the cone is given by:

17 T 1 & 7
D(E)=—/|]sin@'dd' |dp=—(1-cosO)=—(1- 2
(®) 47[;[ -([ v 2( ) 2( (E+ha)—EF) )

For small values of E-E, this is the
dominant factor in determining the

Ef
emission. For these cases: QE(v) o ID(E)dE

$+E ¢ —ho

QE(v) o (hv —¢)’

This gives:



EDC and QE

At this point, we have N(E,7®) - the Energy Distribution Curve of the
emitted electrons:

EDC(E,i®m)=(1-R(w))P(E,®)F, .(E,®)D(E)

To obtain the QE, integrate over all electron energies capable of
escape:

QE(w)=(1-R(w)) J.f P(E,w)F,_.(E,o)D(E)dE

¢+Ef —ho

More Generally, including temperature:

j dE N(E+#Aw)(1-F(E+hw)N(E)F(E) fd(cosH)Fe_e(E,a),@)deD
QE(w) =(1-R(w)) —* c05 Oy (E) 0

TdE N(E + ho)(1- F(E +ha)))N(E)F(E)jd(cos9)fd®

D. H. Dowell et al., Phys. Rev. ST-AB 9, 063502 (2006)



Photo-Electric Emission

Elements of the Three-Step Photoemission Model

Step 1: Absorption of photon Step 2: Step 3: Escape over barrier
Fermi-Dirac distribution at 300degK Transport to surface )
i Prormar
B 1 Escape criterion: mormes. >
fo (B)= retemr Pt =0~ Puonony Electrons lose energy 2m “
ho by scattering, assume
— e-e scattering P = \/ 2m(E —E, +ho)
| dominates,
I F... is the probability
: the electron makes it to the >
;%/////%f surface without scattering Prormal = \/2m(E —E. +hw)cosd
Bound electrons / Emitted electrons
u %/ . y
! cosf =—2>= \/ l
I / P E-E, +hw
| 2

Ert . hio - Ertdy Ertho

\ T dE N(E + ha)(l— fq (E + ha))N(E) ., (E)

QE(w)=(1-R(w)) Er +fe —heo

j' d(cosO)F, . (E,m, 49)2fd(l)

COS Oppax () e 0

j dE N(E +hw)(1- f, (E +ha)))N(E)fFD(E)jd(cose)zqu)

Er o



Derivation of QE

o]

[ dE N(E+ho)1- fp(E +h0)N(E) frp (E) jd(cose)Fe_e(E,a),e)Td@

Er +du —ho cosO,, (E)

QE(w) = (1-R(®))
j dE N(E +hw)(1- f.s(E +hw))N(E)fFD(E)jd(cose)jch

Er-ho

If we assume N(E)=constant, and a
approximate F-D with
: : step function since kg T<<E:

Bound electrons | IdE Id(cos 0) Idd)

Er +dut —1@ [Ef +o
(0)—¢ U
jdEjd(cose)jch

Er-ho -1

QE(w) =(1-R(o))F. ,

The QE is then given by:

QE(w) =

1-R(w) (E, +ha)){1_2 Er + T

. g (@) hao | / 2ho Er +ho
22, . (E,) E? ho

D. H. Dowell, K.K. King, R.E Kirby, J.F. Schmerge and J. Smedley, "In situ cleaning of
metal cathodes using a hydrogen beam," PRST-AB 9, 063502 (2006)




QE for a metal

E is the electron energy
Eis the Fermi Energy
¢.. is the effective work function

¢eﬁ - % - ¢Schottky

QE(@)=(1-R@)F,., (@) et

Step 3: Escape civer the barrier
[ 1 |

Step 1: Optical Reflectivity
~40% for metals
~10% for semi-conductors| —
Optical Absorption Depth
~120 angstroms
Fraction ~ 0.6 to 0.9

Step 2: Transport to Surface

e-e scattering (esp. for metals)
~30 angstroms for Cu

e-phonon scattering (semi-

conductors)

Fraction ~ 0.2

—J

QE ~ 0.5*0.2*0.04*0.01*1 = 4x10~

) j d(cos @) 2z
j dE Er + @t J‘ do
E+ho 0
| Er 1 2
j dE jd(cos@) jd@
Er —ho -1 0
J\ J \ Y J
*Azimuthally
isotropic
emission

Fraction =1

Fraction of electrons
within max internal
angle for escape,
Fraction ~0.01

Sum over the fraction of
occupied states which are
excited with enough
energy to escape,
Fraction ~0.04



“Prompt”

Metals have very low quantum efficiency, but they are prompt emitters,
with fs response times for near-threshold photons:

To escape, an electron must be excited with a momentum vector
directed toward the surface, as it must have

Rk’
2m

The “escape” length verses electron-electron scattering is typically
under 10 nm in the near threshold case. Assuming a typical hot
electron velocity of 10° m/s, the escape time is 10 fs.

(this is why the LCLS has a Cu photocathode)

W.F. Krolikowski and W.E. Spicer, Phys. Rev. 185, 882 (1969)
D. H. Dowell et al., Phys. Rev. ST Accel. Beams 9, 063502 (2006)
T. Srinivasan-Rao et al., PAC97, 2790



Schottky Effect and Field Enhancement

* Schottky effect reduces work function

A¢schottkey [eV] = 051/ E[%]

e

=3.7947 x10[e+/Vm]
dre,

a=¢€

 Field enhancement

Typically, B is given as a value for a surface. In this case, the
QE near threshold can be expressed as:

QE =B(hv—-¢, +a /b E)*



Field Enhancement

Let us consider instead a field map across the surface, such that
E(xy)= Dxy)E,
For “infinite parallel plate” cathode, Gauss’s Law gives:

%_[,B(x, y)dxdy =1

In this case, the QE varies point-to-point. The integrated QE,
assuming uniform illumination and reflectivity, is:

B [(hv—g,+ayB(x,Y)E) dxdy

emission

Q E — area

A
Relating these expressions for the QE:

[(hv =g, +aB(x,y)E) dxdy

emission

(hv—¢0+a,/ﬂeﬁE)2:area y




Field Enhancement

Solving for effective field enhancement factor:

1/2

[(hv =g, +aJB(x, y)E, ) dxdy

1 emission

_ area . h .
azEO A ( |4 ¢0)

Not Good - the field enhancement “factor” depends on wavelength

In the case where hv =¢,, we obtain S, :% _f,&’(x, y)dxdy =1

emission
area

Local variation of reflectivity, and non-uniform illumination, could lead to an
increase in beta

Clearly, the field enhancement concept is very different for photoemission
(as compared to field emission).



Sqart QE

0.025

0.02

0.015

0.01

0.005

Sqrt QE vs SgrtF, KrF on Cu

Figure 5.15

Phi = 4.40
Filter = .187

DC results at 0.5 to 10 MV/m extrapolated to 0.5 GV/m

Dark current beta - 27 .

—Theory, Beta=1.2
—Theory, Beta = 1
—Theory, Beta=2

Theory, Beta = 3

Data (80 Ohm, 1.19 mm)
Data (80 Ohm, 2.11 mm)
Data (20 Ohm, 2.11 mm)

5000 10000 15000 20000 25000
SqrtF (Fin V/m)

30000

35000



Implementation of Model

* Material parameters needed
— Density of States
— Workfunction (preferably measured)
— Complex index of refraction
— e mfp at one energy, or hot electron lifetime
— Optional — surface profile to calculate beta

e Numerical methods

— First two steps are computationally intensive, but do not depend on phi —
only need o be done once per wavelength (Mathematica)

— Last step and QE in Excel (allows easy access to EDCs, modification of phi)
— No free parameters (use the measured phi)



QE

0.01

0.001

0.0001

Predicted QE for Pb & Nb

Lead Theory
— Niobium Theory

14

1.9

4.00

4.50 5.00 5.50 6.00 6.50
Photon Energy (eV)



Lead QE vs Photon energy

1.0E-02
— Theory -
= Measurement
& 1.0E-03
Vacuum Arc deposited
Nb Substrate
Deuterium Lamp w/ monochromator
2 nm FWHM bandwidth
Phi measured to be 3.91V
1.0E-04 ‘ | | | |
4.00 4.50 5.00 5.50 6.00 6.50 7.00

Photon energy (eV)



Copper QE vs Photon Energy

1.E-02
1.E-03 _
g 1.E-04

— Theory
— Dave's Data

1.E-05

D. H. Dowell et al., Phys. Rev. ST-AB 9, 063502 (2006)
1E'06 | | | | |
4.0 4.5 5.0 5.5 6.0 6.5 7.0

Photon energy(eV)
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Electrons per photon per eV

1.2E-03

1.0E-03

8.0E-04

6.0E-04

4.0E-04

N
o
I
o
AN

Calculated EDC for Copper

Energy Distribution Curves - Copper

—190 nm
——200 nm

Using full density of states 210nm
Significant differences only o
/ \ occur for 6.2 eV photons where —2om
3d band begins to contribute — 260 nm
/ \ e 250
yd
O.AO 0175 1.0 1.5 2.0 2.5

Electron energy (eV)
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Improvements

Consider momentum selection rules

Take electron heating into account

Photon energy spread (bandwidth)

Consider once-scattered electrons (Spicer does this)

Expand model to allow spatial variation
— Reflectivity

— Field

— Workfuncion?



Photo-Electric Emittance (1)

 The mean square of the transverse momentum is related to the electron
distribution function, g(E,6,¢), just inside the cathode surface,

2\ __ l ] [ g(E,0, ¢ )p?_f[Erf( cost)dyp
I l l g(E.0. £ )('Ui‘(/f('r_)sf):)d-;

\Ptot) =

 The g-function and the integration limits depend upon the emission
processes. We assume for the three-step photo-emission model that g
depends only on energy, and that we can use the flat DoS,

Yphoto — [1 — fFD(b‘ 4 hw}]fpp(b‘}



Derivation of Photo-Electric Intrinsic Emittance

1/2
iy =, P

proral Sin QCOS @ n X m C

Protal = \/2m(E +ho-— EF)
Z

metal vacuum

(

P, = Py SINECOSQ = \/Zm(E +ho—-E.)sinfcosg

1

Ee sin” & (cos ) 2~
N el e
px>:2m jdE Id(cos@) Id(o

Intrinsic emittance for photoemission from a metal

\/ha)_¢eff
g, =0,

3mc?



Photo-Electric Emittance (3)

* Normalized divergence vs. photon energy for
various applied fields

o 12 |

E

: 1y
@
=11l
| -
hot hw — Gurr 5

A}'}hr)fr) — 510{);? o0 = \/ - 2( f1 é 08
' 3mc -
-]
=

= 0.6
=
-
, z

hw — Oty = 04l
€. —= J.,." ___- =
“photo J T p 5 £
3mc* E

g 02
3
-
[«

0 |

N
n
a

4 4.5 5
Photon Energy (eV)
= 0MV/m
- S0MV/m
100 MV/m



e,

Quantum Efficiency

=
h

—t
T

]

Photo-Electric Emittance & QE

4
x 10 | | . | 0.8
Quantum Efficiency — Thermal Emuttance
0.6
0.50 microns/mm(rms)
6.68x10>
0.4
Y
4518 eV

- ' - ' - 0.2

4 4.45 4.5 4.35 4.6 4.65 4.7

Effective Work Function (eV)

Thermal Emittance,
Nomnalized Divergence

(microns/rmm(nms))



QE & Emittance are related via the excess energy

Define the excess energy as: EeXCeSS =ho — ¢eﬁ

2
o _ 1=R(0) (E¢ +ha)[ | Ec+d | _(1-R(10)  Eje
1_|_/_1°Pt 2ha Ep +ho 1+ﬂ_‘0pt 8t (Ep + P )
ﬂ’ ﬂ‘e—e
ho— ¢eﬁ _ Eexcess
3me2 \ 3mc?
0.6 8.E-05
v os _ - 7.E-05
e & Emittance | 6.E-05
S ¥ ~
o g 04 5.605 §
§§ 0.3 4.E-05 §
g § 0.2 - 3.E-05 ‘*g
s .S QE . 2.E-05
£E&o01 - 1.E-05
0 0.E+00

o

0.1 0.2 0.3 0.4 0.5

Excess Energy (eV)
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Three Step Model of Photoemission - Semiconductors

A31ouyg

soie1g Aidwig

S9181S ON

hv

sYe1S PaYILg

B

Medium

()

/

\

Vacuum

1) Excitation of e
Reflection, Transmission,
Interference
Energy distribution of excited e

fVacuum level 2) Transit to the Surface

e-phonon scattering
e-e” scattering
Random Walk

3) Escape surface
Overcome Workfunction
Multiple tries

Need to account for Random Walk in
cathode suggests Monte Carlo
modeling



Cs;Sb (Alkali Antimonides)

Work function 2.05 eV, E,= 1.6 eV o |
Electron-phonon scattering length . €555 ﬁm
~5 nm °

Loss per collision ~0.1 eV
Photon absorption depth
~20-100 nm

Thus for 1 eV above threshold, total
path length can be ~“500 nm

xx MORGULIS, ET ALJ(5)
sa BURTON(4)

2r s WALLIS(B)

. Wl
W17} SPICER
I .

ABSORPTION COEFFICIENT (i0%/CM)
W
*
(- ]
[ ]
L ]

@

(pessimistic, as many electrons will & @024 @8 32 36 4o
esCa pe before 100 CO||iSi0nS) F1e. 1. Cs;Sb absorption coefficients obtained by various
] ] . workers. A coefficient of 105/cm at 3.0 ev was assumed in the
This yields a response time of present work.
~0.6 ps
| | . <
Alkali Antimonide cathodes have been g

used in RF guns to produce =4
electron bunches of 10’s of ps
without difficulty

Figure 4. Transport of a photocmitted clectron when the electron-phonon scattering is dominant. The
integrated path, Ly, is the sum of the distances traveled between collisions.

D. H. Dowell et al., Appl. Phys. Lett., 63, 2035 (1993)
W.E. Spicer, Phys. Rev., 112, 114 (1958)



Assumptions for K,CsSb Three Step Model

1D Monte Carlo (implemented in Mathematica)
e-phonon mean free path (mfp) is constant

Energy transfer in each scattering event is equal to the mean
energy transfer

Every electron scatters after 1 mfp
Each scattering event randomizes e direction of travel

Every electron that reaches the surface with energy sufficient

to escape escapes

Cathode and substrate surfaces are optically smooth
e-e” scattering is ignored (strictly valid only for E<2E,, )
Field does not penetrate into cathode

Band bending at the surface can be ignored



Parameters for K,CsSb Three Step Model

 e-phonon mean free path

* Energy transfer in each scattering event
 Number of particles
 Emission threshold (E
* Cathode Thickness

* Substrate material

gap+EA)

Parameter estimates from:

Spicer and Herrea-Gomez, Modern Theory and Applications of
Photocathodes, SLAC-PUB 6306
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W NAV]
“ Band Gap ;J
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A.R.H.F. Ettema and R.A. de Groot, Phys. Rev. B 66, 115102 (2002)
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Quantum Efficiency (%)

Spectral Response — Bi-alkali

25
20 -
In “magic window”
ho < 2E,
15 Unproductive absorption
10 H
5 4
Onset of e-e
scattering
0 ] l ) l ] l ] l I I
200 300 400 500 600 700

Wavelength (nm)
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Laser Propagation and Interference

Laser energy in media

/ Not exponential decay

Calculate the amplitude of 0.8
the Poynting vector in each
media 0.6 |

0.4 |
563 nm

0.2 |

21077 4x10

Vacuum |K,CsSb |Copper
200nm




Monte Carlo for K,CsSb

QE vs Cathode Thickness

0.5
0.45
0.4 _— >
0.35
0.3
S 0.25 -
0.2
0.15 /a4 —an
0.1 S = o
o5 L i
0 ‘ | | | ‘ ‘
2 2.2 2.4 2.6 2.8 3 3.9

photon energy [eV]
Data from Ghosh & Varma, J. Appl. Phys. 48 4549 (1978)



QE

QE vs Mean Free Path
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Transmission/Reflection

0.7

0.6

0.5

Thickness dependence @ 543 nm

— Ref

=—=t{rans
—Total QE
- QE w/o R&T
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Spatial Variation of QE for a Thin K,CsSb Cathode

QE in reflection mode

465 470 475 480 485 490 495

Position in mm



A31ouyg

Three Step Model — NEA Semiconductors

so1e1g Aidwg

S918IS ON

1) Excitation of e

Reflection, Transmission,
Interference

2) Transit to the Surface

SIS PIIL]

............... ) e -lattice scattering
thermalization to CBM
e @ diffusion length can be 1pm
E recombination
a Random Walk

Monte Carlo
Response Time (10-100 ps)

3) Escape surface




Energy

Direct and Indirect band gap materials

Direct Band Gap

Conducson Band

Valence Band

Momentum

Conservation of energy and crystal
momentum

E-ph scattering is also important

Energy

Indirect Band Gap

Conduction Band

Phonon assisted transition

Momentum

Conservation of energy, mediated
by phonon for conservation of
crystal momentum

Deeper absorption depth
Longer life time

Electron decays to bottom of conduction band

Surface dipole produces NEA


http://upload.wikimedia.org/wikipedia/en/b/ba/Indirect_Bandgap.svg
http://en.wikipedia.org/wiki/File:Direct.svg

Effect of Doping GaAs

Phosphorous nhpe

extra ﬂegaﬁve charge

intrinsic
conduction band
TR D [ S
srm ban neutral
valence band
Boron p-tvpe

extra positive charge




NEA GaAs

| _

x A~4eV

Conduction + [ | _.

Band | \
Fermu | -
Level S ]
Valence - u
Band : N%*—
w~80 A
Intrinsic GaAs p—doped GaAs CsF creates NEA

Triveni Rao, USPAS 2011, Hampton VA



Intrinsic Emittance: Estimates for metal and semiconductor cathodes

Metal energy levels Semiconductor energy bands
T ~300 degK T ~300 degK
A Vacuum level ,r Vacuum level
Work Electron affinity, E A{ /
function, X Bottom of conduction band
QN Bandgap,E;| ---------------------- = Fermi level
1 |, — Fermilevel E_
_____________________ \ 4
S Top of occupied levels Top of valence band
P, _
i = <mc > /Eexcess,semi =ho- EG - EA
(o _
X Eexcess,metal =hw- %
8metal,n _ hw—% / gsemi,n _ \/ha) - EG - EA
o, \ 3mc? o 3mc’

BUT it’s not so simple for NEAs: Due to electron-phonon scattering the excited electrons
can thermalize with the lattice, giving an NEA like GaAs a thermal-like emission

component: i T =
GaAs,n B W—Eg —E,
= Ay + A
o, "\ mc? fa“\/ 3mc?

This gives rise to a slow thermionic-like emission and a fast prompt photoelectric emission
which is dependent upon wavelength band gap energy and affinity.




Emittance Summary

The intrinsic emittance of the source is the ultimate limit for the volume of
phase space

The intrinsic emittance for thermionic emission is approximately 0.3
microns/mm for a cathode temperature of 2500 degK.

The photo-electric emittance for a copper cathode ranges between 0.5 to
1 micron/mm depending upon the photon wavelength

— Going to higher photon energy improves QE, but also increases emittance
The field-emission emittance is found to vary between 0.5 to 2

microns/mm for fields from 10° to 101° V/m, and hence has larger
emittance for the same source size than the other two processes.

Now we’ll address space charge and calculate the ultimate emittance we
can achieve



Space Charge Limit (SCL) is different for DC diode

and short pulse photo-emission

Space Charge Field Across a Diode,
Child-Langmuir law:

4 2e V3?2
Joo ==&, >
9 m d

For more complicated geometries:

I —_ P'V3/2

Where P is the perveance of the cathode

Space Charge Field Across a Short Electron
Bunch from a Laser-driven Photocathode,
parallel plate (capacitor) model:

O-SCL — ‘90 Eapplied

Cathode ‘ |

Anode

photocathode

residual
charge g

e

electron bunch

(charge g
| cross section A)

80

SIMPLE
PHYSICAL
MODEL

/A
q\

-q/A
T

\

space charge
field E,

Drawing by A. Vetter



Surface current density (A/cm2)

Comparison of space charge limits for Child-Langmuir
and Short Pulse Geometries/Conditions

. gOEappIied . EOV

= _
1104 / = Taser d- Taser
1-10° \ 4 2e V3/2
Joo == € ——
9 m d
0

100 1 2 3 4 5
Voltage gain across gap (MV)

Child-Langmuir limit

Short pulse limit

O LCLS at 1 nC

4 LCLS at 250 pC

LCLS typically operates at approximately half the space charge limit
for short pulse emission and a factor of 4 to 5 higher than the space
charge limit given by the Child-Langmuir law.
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Intrinsic Emittance: The Brightest Beam Possible Starts at the Cathode*

Assume all linear and non-linear space charge effects can be corrected/compensated for, the cathode
is perfectly flat and the cathode physics is correct. Then the lower limit on the emittance depends on
the intrinsic emittance for the divergence and the space charge limit for the beam size:

space charge limit  intrinsic emittance
A

\
: - \

En (s
& mallest — O-X,SCL (Ecathode )X G— (mlcrons /mm — rms)
/ /
_ Quunen photoemission
%.SCk Adre E
0 —cathode / thermionic emission

- N

g i hw — ¢ B
1: (T) _ photoemiss ion _ \/ 2eff f (T) _ gthermionic _ kBT
o, 3mc - me?2
Qbunch kBT
Quuncn (ha) — @i (Ecathode) ) € smallest thermal — 2
& = 478y E atnoge MC
smallest, pe 12 E m 2 cathode

7[50 cathode C — —

Q/e 27 E, Max brightness is
(gmin )2 e fz(Ti) charge-independent!

n

max
B,5 o

*|. Bazarov et al., Phys. Rev. Lett., 102 (2009) 104801



Transverse Electron Beam Shape: The beam core is clipped at the SCL

13 18-AUG-2007 17:54:34, QE‘=3.68><ID_3, Reﬁ=0.338 tmm
. L T T T T T T T

ek, -
aser E
- ho Q

—

*Produces a flat,
uniform transverse
xrie,E, sing,. +QE eE'ﬂe 2t 1 distribution
ho .
in the beam core.
Flattens hot spots.

=
(=l
T

Bunch Charge (mC)

=
=
T

Space Charge

n2r . . .
Limit of Gaussian
D 1 peak 1 1 1
il 50 100 150 200 250 300 350 400 450 500
\ Laser Energy (U }
QE Limited Emission j ‘—> Space Charge Limited Emission

radial distribution saturates at the applied field

radial distribution follows laser & QE ‘

1
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Derivation of Schottky Scan Function:

gxt0 Emitted charge vs. launch phase
>\ o .
% 08¢ Begin with the QE for a metal cathode:
Y 2
%0.6~ I-R EF +how E|: +¢eff
L QE = 1-
2 1y Jot 200 E. +ho
3 04} - =
= thy =4.83eV; f=1.02 oo
8 02} . where the effective work function is

Fit to LCLS data by Dao Xiang, SLAC
8 10 20 30 40 5 60 70 _ efE, sin gy
Laser Phase (degree) ¢eff - ¢\/v —€
47e,

Putting this into the QE formula gives,

2
E +d, —e,/efE, sing, /(47z,)

op - 1-R Ec+hol
1+/_10pt 2hw E. +ho

Everything is known except for material work function, ¢, and the
field enhancement factor, . Fit Schottky scan data to find them.



QE Uniformity: Space Charge Em|ttance Near the Cathode

time=-2. 25e 0 2

The emittance due to space charge
expansion of an initial modulation with
spatial frequency f, and total beam current,

|, is
Al
S IO
:$z17kA

l, is the characteristic current: |
The spatial frequency, f,, fe
(modulations/radius) is the number of vertical
surface modulations or waves across the
radius of emission.

This frequency can be quite high as seen in
PEEM images at 266 nm:

A(9[1 SC — ;
=24

modulation depth

~15 microns

PEEM measurement compliments of H. Padmore, ALS-LBNL
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Intrinsic Emittance: Expt. and Theory for metals

gossf =z 4|C.P.Haurietal.,, PRL 104,234802(2010)
E 0.30 F —0— 261 nm i |
o | == Theory 0.41 mm.mrad /mm | 10 ¢
£ 0.05 | :p}:eory ggg mm.mrag ::mm | i —o—Cy |
@ eory U. mm.mrad/mm —=— Mo
8 I 1 > Al
‘CB 020 B - 8 —— Nb
5 o5} 1] 2 10°| . —2
— ] — ;
£ o010t : 5 i t ~ i
E - ho— @y s ' f —4
0.05 \ 2 - 5 _ '
kel . 3mc® | ool F
0.00 : : : : : E ]
0.0 01 Laszfrms :i.:e (mg;? 05 285 280 275 270 265 | P60
Laser Wavelength (nm) v
Intrinsic Emittance
Wavelength |Photon Energy Effective Work | (microns/mm-rms)

(nm) (eV) QE (expt) Function (eV) Theory Expt. | Expt./Theory
261[Hauri] 4.75 1.2E-05 4.58 0.33 0.68 2.1
272[Hauri] 4.56 7.0E-06 4.44 0.28 0.54 1.9
282[Hauri 4.40 5.0E-06 4.30 0.25 0.41 1.6
253[Ding] 4.86 6.7E-05 4.52 0.50 0.9 1.8

Expt.-to-theory is ~2, consistent with other experiments
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Intrinsic Emittance of GaAs:
Response time and emittance depend upon photon wavelength

Due to electron-phonon scattering the delayed-emission electrons can reach thermal
equilibrium with the lattice, giving the intrinsic emittance of GaAs a thermal-like emission
component (given by kT) as well as prompt emission(given by the excess energy) part.

Several good features: low intrinsic emittance, long photon wavelength, low roughness

But: The slow response time will be problematic for use in high frequency RF guns
& Requires excellent vacuum
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Intrinsic Emittance: Reducing the cathode emittance

What cathode will allow us to achieve 0.01 micron at 20 pC?
Intrinsic emittance vs. cathode field
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-Achieving 0.01 micron emittance will require higher cathode fields to keep the
laser beam size small unless the cathode has a very small intrinsic emittance.
-It appears metal cathodes have too high an intrinsic emittance above a
couple of pC

-This will also be true for PEA cathodes such as CsTe and CsK,Sb

-NEA cathodes like GaAs can work at 20 pC, anaidf cooled, produce even lower
emittances? D. H. Dowell -- P3 Workshop




Intrinsic Emittance: Cathode Surface Roughness

Emittance Growth Due to Non-Uniform Emission & Field Enhancement

AFM measurement -Highest cathode field not necessary best emittance-
of a sample cathode

surface Emittance Growth Due to Field Enhancement
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Concluding Thoughts

As much as possible, it is best to link models to measured
parameters, rather than fitting

— ldeally, measured from the same cathode

Whenever possible, QE should be measured as a function of
wavelength. Energy Distribution Curves would be wonderful!

Spicer’s Three-Step model well describes photoemission from most
metals tested so far

The model provides the QE and EDCs, and a Monte Carlo
implementation will provide temporal response

The Schottky effect describes the field dependence of the QE for
metals (up to 0.5 GV/m). Effect on QE strongest near threshold.

Field enhancement for a “normal” (not needle, grating) cathode
should have little effect on average QE, though it may affect a “QE
mapﬂ

A program to characterize cathodes is needed, especially for
semiconductors (time for Light Sources to help us)

Thank You!
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