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Abstract
Aone-step photoemission analysis is developed, using the exact one-dimensional quantum solution
for transmission over and through a triangular barrier presented by Forbes andDeane (2011Proc. R.
Soc. A 467 2927), to evaluate the emission properties of a photocathode in an electron gun. The
analysis, which employs transversemomentum conservation in electron emission, includes the
physical attributes (density of states and energy-momentumdispersion) of both the bulk band
emission states and the recipient vacuum states in its evaluation of themean transverse energy and
relative quantum efficiency of the emitted electrons.

1. Introduction

Planar, pulsed laser-driven, solid-state photocathodes are themost commonly employed electron sources for of
x-ray free electron lasers (XFELs) [1, 2], ultrafast electron diffraction [3–6] systems, and current (and potential
future ultrafast) dynamic transmission electronmicroscopes (DTEMs) [7–9]—cutting-edge research
instruments designed to study the atomic-scale dynamic properties ofmatter on fast timescales. The space-time
resolution performance of these instruments is known to be limited primarily by the emission properties of the
cathode.Of particular importance is the normalized emittance of photocathodes or, equivalently, themean
transverse energy (MTE) of the emitted electrons [10, 11] as this determines the spatial divergence of the electron
beamand hence its focusability (or beamquality). A lower emittance (orMTE)will provide for higher quality
and higher photon energy x-ray beams generated byXFELs [12, 13], improved fidelity of electron diffraction
patterns through increased spatial beam coherence [6, 14], and higher spatial resolution inDTEMs through a
reduction in the focal spot size.

Prior theoretical analyses have connected theMTE fromplanar photocathodes to both themaximumexcess
energy of photoemission [15, 16],ΔE=ħω−f (where ħω is the incident photon energy andf is thework
function), and the photocathode temperature [17], specifically the temperatureTe of the electrons, through the
inclusion of the Fermi–Dirac distribution.More recent work [18–21] has indicated that the bulk electronic states
fromwhich the electron originate also need to be included as their band dispersion (i.e. effectivemass,m*) and
density of states variation affects, and can limit, theMTEof the emitted electrons through transverse
momentum conservation in photoemission [22]. Togetherwith thework function variationwith crystal
orientation [23], this is now leading to experimental investigations of the spectral emission properties of single-
crystal photocathodes [24–27] for which a functional theory [28] is required to aid our understanding of
photoemission and, consequently, the selection of future high brightness (lowMTE and high quantum
efficiency (QE)) photocathodematerials.

In this paper, we present a new theoretical formulation of one-step photoemission [29] based on the exact
one-dimensional quantum solution for transmission through (ΔE<0) and over (ΔE>0) a triangular barrier
evaluated by Forbes andDeane [30]. The exact quantum solution is extended into the transverse dimension,
using conservation of transversemomentum in electron emission [22], to include a parabolic bulk electronic
band associatedwith a ‘perfect’metal; that is, an emission bandwith spherical symmetry and an electronmass
equal to the free electronmassm0. In addition to incorporating the local density of the emitting states
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(multiplied by the appropriate Fermi–Dirac population distribution) in the photoemission simulation, we have
also now included the vacuumdensity of states; that is, the density of the recipient states for the emitted electron.
This hither-to-fore omitted (to our knowledge) latter factor has a significant effect on both theMTEof the
electron distribution emitted fromphotocathodes and theQEof photoemission.

2. Photoemission formalism

The essential features of the presented one-step photoemission analysis are schematically illustrated infigure 1.
The bulk electronic band states are photo-excited by the incident photon energy ħω to form a set of ‘virtual’
electronic states whose energy-momentumdispersion relation is, to a very good approximation, a replica (at the
higher energy) of that of the bulk band states since the photonmomentum ismuch less than the electron
momenta in the band [18]. These excited states, if occupied in the bulk,may emit electrons into the vacuum
under the necessary energy-momentum conservation by either above barrier photoemission or photo-assisted
tunneling; respectively, paths A andB infigure 1. The transmission through or over the triangular barrier
generated by an applied surface acceleration field Eacc of the electron gun is described by Forbes andDeane’s
recent exact analytical one-dimensional quantum solution [30]. In our extension of this formalism into the
transverse dimension parallel to the planar photocathode surface, we invoke transversemomentum
conservation in the electron emission [22], employ the energy-momentum relationships of both the bulk and
vacuum states, and include their local density of states (LDS). Consequently, at each transversemomentum pT
associatedwith a bulk band energy E, the one-step simulation evaluates the product of the emitting bulk band
LDS, their occupation (using a Fermi–Dirac population distribution), the transmission coefficient of the
triangular barrier, and the local density of the available vacuum state intowhich the emitting electron is to be
received. The inclusion of the latter implies that the ‘joint density of states’ between the initial occupied and final
unoccupied states is evaluated explicitly as is required in any description of band-to-band transitions; for
example, optical absorption in semiconductors [31].

For simplicity, our simulation of one-step photoemission assumes that the emission is from a positive
dispersion and bulk electron bandwith an effectivemass equal to the free electronmassm0 in thefirst Brillouin
zone; that is, an energy-momentum relation of the form
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Figure 1. Schematic of the simulated one-step photoemission process: photo-excitation of the bulk band states into a set of identical
virtual band states fromwhich electrons transmit (with transversemomentum conservation) into the vacuum states either above
(photoemissionwithΔE>0; path (A)) or below (photo-assisted tunnelingwithΔE<0; path (B)) the triangular barrier generated
by the applied acceleration field in an electron gun: εF=Fermi energy.
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where kB is Boltzmann’s constant. Equation (1) defines the longitudinal kinetic energy of the electron in the band

as = -( )K E pz
p
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which then allows the bulk band dispersion to be included in the transmission coefficient

of the triangular barrier for emitted electrons [30];
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1 3 with e the free electron charge and ħPlanck’s constant divided by 2π, andAi(ξ) and

Bi(ξ) are Airy functions of thefirst and second kind, respectively, with the prime denoting the first derivative.
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where the bulk band threshold energy for above barrier photoemission Eth=εF−ΔE. Finally, the density of
the recipient vacuum state for the emitted electron at the conserved value of the transversemomentum is

proportional to +m p p ,z T0 0
2 2 where pz0 is the longitudinalmomentum in the vacuumat emission. The exact

analytical solution of Forbes andDeane [30] also allows for the evaluation of pz0 for emission above and below
the barrier;
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Wenote here that equation (5a) is entirely consistent with the expectation that themaximumvalue of pz0 is equal
to w f-( )m2 0 whenTe→0. Further, equation (5b) indicates that pz0 below the barrier is small but not
equal to zero unless Eacc=0, in which case below barrier transmission ceases.

The presented one-step photoemission simulation uses the above to evaluate the relative number of
electrons emitted at each value of the transversemomentumby summing over all energy states contributing to
emission at that value of pT. TheMTE is then obtained by taking the normalized second ordermoment of the
evaluated transversemomentumdistribution of the emitted electrons in the vacuum, = á ñ/MTE p m ,T

2
0 and

theQE (in arbitrary units) is calculated by simply integrating over the distribution.
Infigure 2, as a comparative example, the result of evaluating both theMTE andQE as a function of excess

energyΔE for a Ag(100) photocathode are presented; for which thework functionf=4.36 eV [23], the
effectivemassm* of the emitting electrons near the Fermi level in the bulk band is (to a good approximation)
equal tom0 [32], and the Fermi energy εF=5.49 eV. Room temperature operation (Te=300 K) is assumed and
we employ a surface acceleration field of 1 MVm−1 typical of aDC electron gun for the simulation. The
evaluation of theMTEusing our one-step photoemission simulation (black solid line) is compared infigure 2(a)
with the results of two prior analyses; the formulation ofDowell and Schmerge [15] for whichMTE=ΔE/3
(dashed red line), and themore recent expression derived byVecchione et al [17] (red solid line)
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where Lin is the ploy-logarithm function of order n. The latter, which asymptotically tends to the result ofDowell
and Schmerge [15] at high excess energies, underestimates theMTE at allΔE since it does not include either the
bulk band or vacuum states. The expression of equation (6)does however agreewith our one-stepmodel below
the photoemission threshold (ΔE<0)when the vacuumdensity of states are omitted in the simulation (black
dashed line)—both giving a limiting value kBTe≈25 meV for theMTE, as is also the case for the extension of
theDowell and Schmerge theory presented in [20]. This is because the electrons emitting from the population in
the thermal Boltzmann tail that extends above the photoemission barrier have a sufficiently small energy spread
~kBTe to ensure that they originate from a relatively constant density of states in the bulk band—the
approximation employed in obtaining equation (6). Consequently, the increase in theMTE to 31.5(±0.5)meV
whenΔE<0 evaluatedwith the full one-step simulation is entirely due to the increase with higher electron
momenta of the recipient vacuumdensity of states. AsΔE increases above threshold, both one-step simulations
with andwithout the vacuum states return higher values of theMTE than that predicted by the prior analyses
[15, 17]due to the inclusion of the bulk band states. For excess energies greater than 0.1 eV, our full one-step
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photoemissionmodel predictsMTE values 15%–20%greater than obtained from equation (6) for the simulated
Ag(100) photocathode.We note that photo-assisted tunneling (belowbarrier emission) is negligible in this
example, contributing less than 1%of the emitted electrons even atΔE=−0.2 eV for the employed 1MVm−1

acceleration field, and so does not contribute significantly to the presentedMTE results.
The simulated spectral dependence of theQE for the Ag(100) photocathode example is shown infigure 2(b)

(black line) together with theQEdependence predicted byVecchione et al [17] (red line);
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where S12 is a constant associatedwith thematrix element of optical excitation, transmission into the vacuum,
etc. For the purpose of comparison, both our simulated one-step photoemission data and the dependence
described by equation (7) are normalized to unity atΔE=0. Both our one-stepmodel and equation (7) display
the expected rapid increase of theQEwithΔE associatedwith the strongly increasing number offilled bulk band

Figure 2.Emission properties of a Ag(100) photocathode at 300 K (f=4.36 eV, bulk electronmass=m0, εF=5.49 eV, and
Eacc.=1 MV m−1): (a)MTE as a function of the excess photoemission energyΔE; full one-step simulation (black line), one-step
simulationwithout the vacuum states (black dashed line), equation (6) (red line) [17], andΔE/3 (red dashed line) [15]. (b)QEas a
function ofΔE; full one-step simulation (black line), one-step simulationwithout the vacuum states (black dashed line), and
equation (7) (red line) [17], with corresponding power lawfits forΔE>0.25 eV shown as thin dotted lines.
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states that can emit electrons into the vacuum as the excess energy increases. However, the log–log plot of
figure 2(b) clearly indicates that the one-step simulation predicts a different power law dependence for theQE
onΔE than equation (7) for excess energies greater than 0.25 eV=10kBTe. Afit (dotted line) to our one-step
simulation for this Ag(100) example indicates thatQE=A(ΔE)2.85, whereA is a constant, whereas equation (7)
returns the Fowler–DuBridge relation of a quadratic power law dependence (red dotted line); i.e. QE=A(ΔE)2

[33, 34]. The difference in these power law dependences is directly related to the inclusion of the bulk band and
vacuum states in our one-step simulation, both of which are omitted in prior analyses [15, 17, 33, 34]. Indeed,
removal of the vacuumdensity of states from the one-step analysis generates the data set shown by the black
dashed line infigure 2(b) for which the dependence on excess energy is of the formQE=A(ΔE)2.4 for
ΔE>10kBTe (dotted line)—a power law dependence between that of equation (7) and our full one-step
photoemission simulation. This latter data set is normalized by theQEwith the vacuum states included at
ΔE=0 to illustrate the roughly factor of three reduction in theQE at low excess energies that is caused by the
density of vacuum states at low emitted electronmomenta. Further, both our photoemission simulation and the
analysis of Vecchione et al [17] clearly show the influence of the 300 KBoltzmann tail on theQE at excess
energies below 0.25 eV, which also provides for a finiteQEwhenΔE<0.

Although incorporating amore realistic triangular barrier solution [30] and the physical properties of both
the bulk and vacuum states, our one-stepmodel of photoemission does not include a number of factors that can
affect photocathode performance. First and foremost, the photoemission simulations do not include thematrix
element describing the optical excitation of the electrons into the emitting ‘virtual’ states. This of course
important for anAb initio determination of theQE [24], but it is unlikely to affect theMTE evaluations from the
simulated electron emission distributions unless thematrix element has a significant variation inmomentum
space for the excited virtual state. Second, the employed exact triangular barrier solution of Forbes andDeane
[30] does not allow for the inclusion of the Schottky effect [15, 16, 35] in a formalmanner. However, other than
the lowering of thework function, the Schottky effect is not expected to alter significantly the presented
simulation results, except perhaps at the highest accelerationfields where the exact shape of the potential barrier
becomes important for electrons emitted by photo-assisted tunneling. Third, for the sake of brevity, the optical
properties of the photocathodematerial, specifically the surface reflectivity and absorption coefficient for the
incident light, are not included in our analysis but they could be incorporated for each individual photocathode
material. The spectral properties of bothwill of course affect the photocathodeQEby determining the total
number density of excited electronic states per incident photon, but not theMTE as this is a self-normalized
parameter. Fourth, the effects of chemical and surface roughness, which have been treated elsewhere [35–39],
are omitted; that is, the photocathode surface is assumed to beflat and at a uniformpotential. Fifth, as the
presented one-step photoemission formalism assumes transversemomentum conservation in electron
emission [22], the scattering of the excited virtual state electrons by phonons [40] during or just before emission
into the vacuum is also not included. The strength of electron–phonon scattering is stronglymaterial dependent
and can be expected to result in an increasedMTE and likely a reducedQE. Finally, and for the same reason,
carrier–carrier scattering [15, 41] (e.g. inelastic electron–electron scattering) is not included in our analysis.

3. Simulation results

In the following sub-sections, we discuss the effect that the electron temperature, Fermi energy, and the surface
acceleration field are expected to have, within one-step photoemission, on the spectral dependence of both the
MTE andQE fromplanar photocathodes. The presented simulation results employ theAg(100) exemplar of
figure 2 as a template, changing a single parameter at a time to illustrate its effect on the photocathode’s electron
emission properties. As theQE is not explicitly evaluated from first principles, all theQEdata is normalized to
that atΔE=0 for the Ag(100) photocathode in aDC gun (f=4.36 eV, band electron effectivemassm*=m0,
εF=5.49 eV,Te=300 K, and a surface acceleration field Eacc.=1MVm−1).

3.1. Electron temperature
The effect of changing the photocathode temperature, ormore specifically the temperatureTe of the electron
distribution in the simulated isotropic Ag(100) band, is shown infigure 3. As expected, theMTEbelow thework
function (ΔE<0) is strongly temperature dependent due to over barrier emission from the Boltzmann tail of
the electron distribution (figure 3(a)). In this region just below photoemission threshold, theminimumvalue of
theMTE is again∼25%greater than kBTe, primarily due to the influence of the vacuumdensity of states. At
lower negative excess energies, photo-assisted tunneling starts to dominate the over barrier emission from the
thermal tail of the electron distribution and theMTEdecreases due to the strong reduction in tunneling
probability with transversemomentum pT—an effect not visible in figure 3(a). At high positive excess energies,
whenΔE?kBTe , the spectral dependence of theMTE tends to the low temperature value since the effect of the
Boltzmann tail population is diminishedwith respect to the rest of the occupied emitting states. The low
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temperature linear dependence of theMTEon the excess photoemission energy is of the formΔE/2.53, which is
to be comparedwithΔE/3 from the prior analyses [15, 17] that do not include the combined effects of the bulk
and vacuum states.

For electron temperaturesTe<100 K, our one-step photoemission simulation predicts thatMTE values
less than 10 meV should be attainable at lowor negative excess energies for photocathodematerials with similar
parabolic band structures andm*≈m0; for example, appropriately oriented single-crystals of Cu, Au, and the
alkali groupmetals [42].We also note that a recent study of cryo-cooledCs3Sb photocathodes illuminated at
690 nm reported a reduction of theMTE from∼43 meV at 300 K to∼12 meV at 90 K [43]. As in this case
electron emission is expected to be from the Boltzmann tail of the electron distribution photo-excited into the
conduction band states, the fact that bothmeasuredMTE values are greater than their corresponding thermal
values of 25 and 8 meV is consistent with our predicted influence of the vacuumdensity of states on theMTEof
electron emission. For Cs3Sb, an additional factor is likely be the effectivemassm* and dispersion of the emitting
conduction band state.

The spectral dependence of theQE at different electron temperaturesTe (figure 3(b)) also illustrates the
strong influence of bulk band population in the Boltzmann tail at low andnegative excess photoemission
energies. Herewe have plotted the normalizedQE to the 0.348 (=1/2.875) power againstΔE as this power law

Figure 3.Emission characteristics of a Ag(100) photocathode (f=4.36 eV, bulk electronmass=m0, εF=5.49 eV, and
Eacc.=1 MV m−1) for electron temperaturesTe of 30, 100, 300, 1000, and 3000 K: (a)MTE and (b)QE1/2.875 as a function of excess
photoemission energy.
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dependence is the bestfit to the simulation data at the lowest 30 K temperature where the Boltzmann tail
population has the smallest effect. AsTe increasesmuch beyond 300 K,whereQE1/2.85 provides the best linear
dependencewithΔE (figure 2(b)), it is clear that a simple power law of the formQE=A(ΔE)n is no longer a
valid expression for excess energies below 1 eV.Nonetheless, forTe around room temperature and below, a plot
ofQE1/n againstΔE should allow for the extraction of the photocathodework functionwith reasonable
accuracy [44], provided that the linearfit employsmeasurements taken forΔE>10kBTe. Aswill be shown
below, such a power law scaling for theQEonly exists if the band Fermi energy εF ismuch greater than the excess
photoemission energyΔE.

3.2. Fermi energy
As the Fermi energy defines the energy of the last electron in the bulk band asTe→0, the emission properties of
a solid-state photocathode are expected to be affectedwhenΔE is of the order of or greater than εF. The results of
a one-step photoemission simulation for Fermi energy values of 0.2, 0.5 and 1 eV, depicted infigure 4, show that
this is indeed the case. In all cases, the dependence of theMTEonΔE (figure 4(a)) is similar to that in figure 2(a)
for εF=5.49 eV (dotted–dashed line) at low excess energies, but displays a distinct ‘cusp’whenΔE=εF
(vertical dashed lines). At this critical value of the excess energy, all the excited bulk band electronic states with
positive pz (in the direction of emission) are ‘resonantly’matched inmomentum and energy to the vacuum states

Figure 4. Simulated dependence of (a) theMTE and (b) theQEon the excess photoemission energy for Fermi energies of 0.2, 0.5, and
1.0 eV (f=4.36 eV, bulk electronmass=m0,Te=300 K, andEacc.=1 MV m−1). The vertical dashed lines indicatewere
ΔE=εF for the three cases and the results for the Ag(100) photocathode (εF=5.49 eV) are also shown.
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leading to an increased transmission through the barrier at all pT and hence a largerMTE. AsΔE increases
beyond εF, theMTE levels off to a slightly lower and relatively constant value as the barrier transmission for the
electrons excited from the bulk bandmoves off theΔE=εF resonance and becomes less dependent onΔE.
This interpretation is supported by the spectral dependence of theQEdisplayed infigure 4(b)which shows a
clear trend discontinuity atΔE=εF, just when all the band states with positive pz can emit. At higherΔE, the
barrier transmission does increase [30], but no new states are available leading to a slower increase inQE
withΔE.

Also evident from the log–log plot infigure 4(b) is that theQEno longer follows a simple power law
dependencewith excess energy, QE=A(ΔE)n forΔE>10kBTe, when one-step photoemission is from a bulk
bandwith a low Fermi energy. Thismust be the case since significant changes in the number density of available
photo-emitting states occur asΔE increases for excess energies less than, but of the order of, the Fermi energy.
As a result, extraction of a value for thework function usingmeasuredQEdatamay prove difficult without a
functional photoemissionmodel in cases where εF is in the range of 10−100kBTe. In addition, we note that the
one-step photoemissionQE from the bulk band near threshold increases as the Fermi energy decreases—all the
QEdata being normalized to that atΔE=0 for εF=5.49 eV andTe=300 K (figure 2(b)). This is a direct result
of increased barrier transmissionwhen the longitudinalmomentum pz of an excited emitting state is closer to
themomentumof the emitted electron pz0 from that bulk state.

3.3. Surface accelerationfield
Although the Schottky effect is not included in our one-step photoemission simulation, it is nonetheless
informative to examine the predicted effect of the surface acceleration field Eacc on both theMTE andQEwithin
the exact triangular barrier solution [30]. Figure 5(a) shows the dependence of theMTEon the acceleration field
for selected near threshold excess photoemission energies of−0.1,−0.05, 0. 0.05, and 0.1 eV. At positive values
ofΔE, theMTE is fairly independent ofEacc as above barrier photoemission dominates. Closer to
photoemission threshold there aremore significant effects.Most notably, theMTE is reduced forΔE<0 as the
appliedfield is increased, reaching aminimumvalue below the kBTe=25 meV thermal energy for surface fields
between 40 and 80MVm−1 whenΔE<−0.05 eV. This lower than expectedMTE value is caused by the
increased contribution at higherEacc of photo-assisted tunneling to the transversemomentumdistribution of
the emitted electrons. This contribution has aMTE lower than 25 meV forfields less than about 80 MVm−1 due
to the rapid drop in barrier tunneling transmission probability as pT increases for an electron at a given bulk
band energy. At higherfields, the triangular barrier becomes sufficiently narrow to increase the tunneling
transmission probability at larger pT so that theMTE again increases somewhat forΔE<0. As a result, a
minimum in theMTEdevelops below the photoemission threshold—an effect thatmay not be observable
experimentally since the Schottky effect is not included in this photoemission simulation.

The effect ofEacc on theQE follows expected trends and is displayed in figure 5(b) for the same selected near
threshold excess photoemission energies of−0.1,−0.05, 0. 0.05, and 0.1 eV. At low surfacefield strengths,
where above barrier photoemission dominates, theQE slowly decreases with increasing Eacc due to the initial
Eacc
−1/3 dependence of the transmission coefficient for the triangular barrier (equation (3)). Atfield strengths

greater than 20MVm−1, the contribution fromphoto-assisted tunneling increases and this eventually reverses
the initial trend—the point of reversal being at lower values ofEacc for lower values ofΔE since theQEof above
barrier photoemission (due to the photo-excited Boltzmann tail of the electron distribution) falls rapidly with
decreasingΔE below the photoemission threshold. Aside from the increased tunneling probability at higher
acceleration fields, we note that a higher density of recipient vacuum states is also available at largerEacc since
equation (5b) states that the longitudinalmomentumof the electron emerging into the vacuum from the barrier
increases with the cubic root ofEacc.

4. Summary

Aone-step photoemission analysis is presented that employs the exact triangular barrier transmission solution
of Forbes andDeane [30] to evaluate theMTE andQE (in relative terms) associatedwith the transition from the
emitting bulk band states to the recipient vacuum states. The inclusion of both the local density of the virtual
excited band states and the physical characteristics of the vacuum states is shown to have a significant effect on
both theMTEof the electron distribution emitted fromphotocathodes and theQEof photoemission. For an
electron-like (positive dispersion) bulk emission band, the vacuumdensity of states is shown to limit the
minimumMTE attainable at low (and negative) excess energies to values about 25%greater than kBTe when
ΔE>−10kBTe. Similarly, for positive excess photoemission energies, the combined physical characteristics of
both the emitting band and the vacuum contribute toMTE values about 20%greater than that of the poly-
logarithmic functional formof equation (6) [17]whenΔE=εF. For theQE, the one-step photoemission
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analysis indicates that the same effects will alter the quadratic power law dependence of theQEon excess energy
predicted by equation (7) [17] forΔE>10kBTe to a power law dependence closer to cubic [44]. As these
simulation results represent a significant departure fromprior theoretical formalisms of photoemission
[15, 17, 19, 33, 34], theywill need to be verified by experiment, ideally using single-crystals of commonly used
photocathodematerials; for example, Cu(100) as there is a single electron-like emission band in this case.
Similarly, the predicted variation of theMTE andQEwith excess photoemission energywhenΔE∼εF
(figure 4) for the simulated first Brillouin zoneΓ point emitter will also require experimental verification.

The one-step photoemission analysis also indicates that theMTEof the emitted electron distribution could
decrease by 20%–30%and theQE increase by about a factor of 2 near (and below) the photoemission threshold
when the surface acceleration field is around 50MVm−1 (figure 5), although the Schottky effect [15, 16, 35] is
not taken into account. However, since theQE is usually quite low (∼10−7 or less)whenΔE≈0, large incident
laser powers are likely to be required to generate sufficient electrons formay practical requirements. For short
electron pulse generationwith ultrafast ps and sub-ps laser pulses, significant laser-induced heating of the
electron distribution in the photocathodematerial can then result [45], so that the anticipated reduction inMTE
will likely bemore than offset by the resultant increase inTe (see figure 3).

Although the presented photoemission simulation results have only employed an emitting bandwith
spherical symmetry and an electronmass equal to the free electronmass, extension of the analysis tomore

Figure 5. Simulated emission properties of a Ag(100) photocathode (f=4.36 eV, bulk electronmass=m0, εF=5.49 eV, and
Te=300 K) as a function of applied surface acceleration field for near threshold excess photoemission energies of−0.1,−0.05, 0.
0.05, and 0.1 eV: (a)MTEand (b)normalizedQE.
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realistic bulk bands encountered in photocathodematerials appears quite possible. In particular, extension to
parabolic electron-like bulk bands that possess cylindrical symmetry about the emission direction, but are
characterized by a longitudinal effective electronmass different from that in the transverse direction, is
straightforward. Inversion of the dispersion for hole-like bands, whichmay have different spectral dependences
for theMTE andQE since their density of states increases (rather than decreases)with increasingΔE, should also
be possible. In principle, a direct connection could bemadewith the actual E(p) dispersion of the emitting band
(s) in real photocathodematerials using density functional theory based band structure calculations. It is further
noteworthy that the presented analysismay also be employed to simulate the final emission step in three-step
photocathode emitters, such as negative electron affinity photocathodes, once the temporal dynamics of the
carrier distribution after photo-excitation are known, since figure 4 already shows results forΔE>εF.
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