
Reduction of Intrinsic Electron Emittance from Photocathodes
Using Ordered Crystalline Surfaces

Siddharth Karkare,* Jun Feng, Xumin Chen, and Weishi Wan
Lawrence Berkeley National Laboratory, 1 Cyclotron Rd., Berkeley, California 94720, USA

F. Javier Palomares
Instituto de Ciencia de Materiales de Madrid (CSIC), Sor Juana Ines de la Cruz, 3, 28049 Madrid, Spain

T.-C. Chiang
Department of Physics, University of Illinois, Urbana, Illinois 61801 USA

and Frederick Seitz Materials Research Laboratory, University of Illinois, Urbana, Illinois 61801 USA

Howard A. Padmore
Lawrence Berkeley National Laboratory, 1 Cyclotron Rd., Berkeley, California 94720, USA

(Received 5 January 2017; published 17 April 2017)

The generation of intense electron beams with low emittance is key to both the production of coherent
x rays from free electron lasers, and electron pulses with large transverse coherence length used in ultrafast
electron diffraction. These beams are generated today by photoemission from disordered polycrystalline
surfaces. We show that the use of single crystal surfaces with appropriate electronic structures allows us to
effectively utilize the physics of photoemission to generate highly directed electron emission, thus reducing
the emittance of the electron beam being generated.
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Laser driven sources of ultrafast pulsed electrons are
central to a wide range of instrumentation, such as ultra-
fast electron diffraction (UED) [1], dynamic transmission
electron microscopy (DTEM) [2], x-ray free electron lasers
(XFEL) [3], andenergy recovery linear accelerator sources of
ultrahigh brightness x rays (ERL) [4]. At the heart of these
systems is a laser driven photocathode located in a cavity that
is designed to produce a high longitudinal electric field.
These structures (also known as photoinjectors) are designed
to accelerate electrons to a high energy and at the same time
preserve the transverse emittance of the electron beam.
Normalized transverse emittance is a key parameter

in all these types of sources and is defined as [5],
ϵnx ¼ σxσpx=ðmecÞ, where σx is the rms laser spot size
on the photocathode, σpx is the rms transverse momentum
of the emitted electrons, me is the rest mass of the electron,
and c is the speed of light in vacuum. Reduction of the
emittance at the cathode is critical to the operation of many
electron and x-ray sources. For example, in XFELs the
smallest lasing wavelength is limited by the emittance of
the electron beam at the cathode [6], and in UED the
transverse coherence length that limits the largest lattice
size that can be studied is inversely proportional to the
transverse emittance [7]. The laser spot size (σx) is set either
by the ability to focus the drive laser on the cathode or by
the electric field at the cathode and the bunch charge
required by the application [8] leaving the rms transverse
momentum (σpx) as the only parameter that can be changed
to minimize emittance.

For polycrystalline cathodes with disordered surfaces,
normally used in photoinjectors, the transverse momentum
can be calculated within the 3-step photoemission picture
[9] as shown by Dowell and Schmerge [10]. This model
assumes an isotropic distribution of electron trajectories, a
free electron dispersion relation within the material, and
zero lattice temperature. According to this formulation the
rms transverse momentum is given by

σpx ¼
�
me

�
ℏω −W

3

��1
2

; ð1Þ

where ℏω is the photon energy andW is the work function.
ℏω −W is defined as the excess energy. For a nonzero
temperature T, σpx →

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mekBT

p
as the excess energy goes

below zero [11]. kB is the Boltzmann constant. From the
same 3-step based photoemission model, it can be shown
that the quantum efficiency (QE) is proportional to the
square of the excess energy [12]. In the past decade,
experimental studies of metal cathodes with normally
incident light have validated this model both in terms of
QE [12] and emittance [11,13,14]. A consequence of this
model is that the QE depends on the 4th power of the
emittance that is required. Thus, reducing the excess energy
to reduce emittance results in a dramatic loss in QE often
resulting in impractically high power specifications of the
drive laser. The high laser power can also result in increased
emittance due to ultrafast laser heating of electrons in the
cathode [15].
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For decades, techniques like angle resolved photoelec-
tron spectroscopy have utilized the conservation of trans-
verse momentum during photoemission from single crystal
ordered surfaces to obtain the electronic structure of such
materials and surfaces. However, the use of single crystal
ordered surfaces and utilization of the conservation of
transverse momentum for achieving directed electron
emission to reduce the rms transverse momentum has
largely remained unexplored. Few prior experiments have
investigated this direction; however, they have been incon-
clusive due to insufficient surface preparation [16] or due
to a disordered monoatomic overlayer on the surface [7]
or due to inaccurate measurement of the rms transverse
momentum [17].
In this Letter we show that we can obtain small trans-

verse momentum along with a high QE from single crystal
ordered surfaces with a suitable electronic structure by
relying on the conservation of transverse momentum during
electron emission. We first present a one-step photoemis-
sion model that allows us to calculate the QE and the rms
transverse momentum from single crystal ordered surfaces.
We validate this model against experimental measurements
of QE and rms transverse momentum obtained from a
Ag(111) surface. Finally, we show that the 2D electron gas
formed on an ordered Ag(111) surface can act as an
excellent electron source with 2 times smaller rms trans-
verse momentum and nearly the same QE as compared to
polycrystalline photocathodes currently used in photoin-
jectors. The photoemission model presented here can be
used in conjunction with electron structure and wave
function calculation techniques such as density functional
theory to obtain the relevant photoemission properties and
to computationally screen single crystal ordered surfaces
for use as electron sources in photoinjectors.
We model photoemission as a transition process from

an initial independent single electron state to a final time
reversed low energy electron diffraction (LEED) state
[18,19] under the perturbation caused by the field of
incident light. The rate of the transition is given by the
Fermi golden rule as

R ¼ 4π

ℏ

�
L
2π

�
6
Z

d3 ~ki

Z
d3~kM2δ(Ef − ðEi þ ℏωÞ)FðEiÞ;

ð2Þ

where ~ki and ~k are the wave vectors of the electron in the
initial and emitted state, respectively, Ei and Ef are the
energies of the initial and final states, respectively, and
FðEiÞ ¼ ½1þ exp ðEi=kBTÞ�−1 is the Fermi-Dirac distribu-
tion. We have assumed the Fermi level to be 0. The δ
function enforces the conservation of energy. M ¼
jhϕfjHjϕiij is the overlap integral or the matrix element
where ϕi and ϕf are the wave functions of the initial and
final states. The Hamiltonian H is given by

H ¼ −
eℏ
mec

ð~A · ~∇þ C~A · ẑδðzÞÞ; ð3Þ

where ~A is the vector potential of light inside the
photoemitting surface and C is a constant that takes
into account the sudden change in the field of incident
light at the surface and depends only on the photon
energy and the properties of the solid. The constant C
can be obtained using photoemission electron spectroscopy
data [20–22]. Since the system exhibits translational

invariance in the transverse directions (x and y), M2 ∝
δ(ð ~ki − ~kÞ · x̂)δ(ð ~ki − ~kÞ · ŷ) enforcing the conservation of
transverse momentum.
The QE and rms transverse momentum can be

obtained as

QE ¼ R
FL2

ð4Þ

and

σpx ¼
�R

d3 ~ki
R
d3~kℏ2k2xM2δ(Ef − ðEi þ ℏωÞ)FðEiÞR

d3 ~ki
R
d3~kM2δ(Ef − ðEi þ ℏωÞ)FðEiÞ

�1
2

;

ð5Þ
where F is the flux of incident photons per unit area and L
is the length of the bounding box used to perform the
integrations. Note that QE and rms transverse momentum
are independent of L as L → ∞.
The detailed calculations of the matrix elements and

hence the QE and rms transverse momentum require the
knowledge of the band structure, wave functions, and the
orientation of the photoemitting surface. These can be
obtained for any surface using techniques such as density
functional theory or tight binding calculations. This model
includes all photoemission effects relating to the polariza-
tion of incident light, the angle of incidence, and the
electronic band structure within the independent electron
single body photoemission picture.
We establish the validity of this model by calculating the

QE and transverse momentum distributions and comparing
them to the experimental values for the Ag(111) surface.
When the photon energy is close to the photoemission
threshold the conservation of energy and transverse
momentum allow only the electrons around the L point
in Ag(111) to be emitted. The band structure of Ag around
the L point in the longitudinal direction can be modeled
by a nearly free electron model fit to the upper and lower
sp bands. In the transverse direction the band structure is
assumed to be parabolic and cylindrically symmetric. The
wave functions near the L point can be modeled as plane
waves in the transverse directions and as Bloch waves in
the longitudinal direction.
The Ag(111) surface exhibits a Shockley surface state

within the L gap due to the abrupt truncation of the lattice at

PRL 118, 164802 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

21 APRIL 2017

164802-2



the surface [19]. The wave functions of the surface state can
be modeled in a way similar to that of the sp band wave
functions except the wave vector in the z direction is
complex causing the surface state to decay within the bulk
of the crystal. The energy of the surface state can change
significantly with the sample and surface preparation
methods and is sensitive to the strain in the crystal. At
room temperature it has been reported to range between
−20 to −120 meV [23,24]. Here, we use it as a fitting
parameter and obtain the best fit for QE at the surface state
energy of −100 meV. The details of the QE and transverse
momentum distribution calculations have been presented
elsewhere [22].
In order to measure the QE and the transverse momen-

tum distributions, a single crystal Ag(111) sample was
prepared in an ultrahigh vacuum chamber with base
pressure in the low 10−10 torr range. Several cycles of
Ar ion bombardment (1 keV energy) and annealing to
500 °C were performed until a sharp hexagonal LEED
pattern was observed. The surface cleanliness was verified
using Auger electron spectroscopy. The QE was obtained
by measuring the photocurrent and the power of light
incident on the sample surface. A laser based plasma lamp
with a tunable wavelength monochromator [25] was used
as the light source to generate the photoemission in our
experiment. The spectral width of the light source was 2 nm
FWHM. The transverse momentum distributions were
obtained by measuring the spot size of the emitted electron
beam after allowing it to drift and expand under the
transverse momentum of the emitted electrons post a
longitudinal acceleration to several kV. The details of the
measurement setup are given elsewhere [26].
Figures 1(a) and 1(b) show the QE and the rms transverse

momentum as a function of the excess energy for the
Ag(111) surface. We can see that the calculated QE and
rms transverse momentum match the measured values quite
well, validating our photoemission model. The work func-
tion of theAg(111) surfacewas chosen to be 4.45 eVin order
to obtain the best fit to our data. This value of the work
function is in good agreementwith previous results [27].Our
photoemission model predicts the detailed features found in
the QE and rms transverse momentum spectral response
both qualitatively and quantitatively.
Figure 1(a) shows the QE increases dramatically with the

angle of incidence θi for p polarized light. This dependence
of QE on the angle of incidence in p polarized light in
known as the vectorial photoelectric effect [28–31]. Our
model explains the origin of this effect quantitatively
without the use of any empirical data and attributes it to
the variation of the matrix element with the angle of
incidence in p polarized light [22]. At angles of incidence
close to zero, our model under predicts the QE. This
discrepancy could be because of the use of plane waves
instead of appropriate block functions to model the trans-
verse part of the wave functions.

Several features present in the QE and rms transverse
momentum spectral response shown in Fig. 1 can be
understood in terms of the band structure of Ag(111).
Figure 2(a) shows the band structure of Ag projected along
the [111] direction. The pink shaded region is the lower sp
band filled with electrons. The region shaded in blue is the
upper sp band which is unoccupied. The solid red line is
the surface state (ss). The green curve is the “free electron
parabola” corresponding to a particular photon energy ℏω.
The bottom of the free electron parabola is located below
the vacuum level at an energy of ℏω. For this incident
photon energy, the conservation of energy and transverse
momentum allow only the occupied states above the
corresponding free electron parabola to be emitted.
Figure 2(b) shows the [111] projected band structure

zoomed in near the Fermi level along with free electron
parabolas for various excess energies (or incident photon

FIG. 1. (a) QE vs excess energy for 3 angles of incidence θi ¼
60° (blue), θi ¼ 35° (red), and θi ¼ 0° (green). The dotted lines
are experimentally measured values and the solid lines are the
results from our photoemission model. The experimental mea-
surements have an error bar of 10%. The purple dotted-dashed
line is the QE measured for a polycrystalline Cu surface [12].
(b) rms transverse momentum vs excess energy for the Ag(111)
surface. Red curve is the measured values for θi ¼ 35° in
unpolarized light. The blue curve is calculated from our photo-
emission model. The purple curve is the rms transverse momen-
tum expected from a polycrystalline Cu cathode [11].

PRL 118, 164802 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

21 APRIL 2017

164802-3



energies). The topmost free electron parabola corresponds
to excess energy of 0 (or equivalently the incident photon
energy equal to the work functionW). At this energy we see
that no occupied states are present above the free electron
parabola. Hence no photoemission is observed at zero
excess energy. At an excess energy of ∼35 meV, only the
electrons close to the Fermi level in the surface state lie
above the free electron parabola and can get emitted. These
electrons have a transverse momentum of ∼1 nm−1, result-
ing in a high value of σpx. As the excess energy increases
further, more electrons from the surface state with a lower
transverse momentum and correspondingly lower energy
are allowed to emit, reducing σpx as seen in Fig. 1(b). These
surface state electrons are localized at the surface and face
minimal scattering before emission. Hence, the QE
increases rapidly in this region as seen in Fig. 1(a).
Beyond an excess energy of 100 meV, electrons from
the entire surface state are allowed to emit and the number
of electrons emitted from the surface state does not change
significantly with excess energy. However, at this point
electrons from the bulk states close to the Fermi level are
allowed to emit. These bulk electrons have a high trans-
verse momentum causing σpx to increase with increasing
photon energy (or excess energy) as seen in Fig. 1(b). This
independence of surface state QE and increase of bulk QE
with photon energy results in a knee at ∼0.1 eV excess
energy in the QE spectral response as seen in Fig. 1(a).
The initial decrease in σpx with increasing excess energy

is a result of the electronic band structure of the Ag(111)
surface. This behavior is remarkably different from the
polycrystalline cathode materials, where σpx increases
monotonically with excess energy. Figure 1 also compares
the QE and rms transverse momentum for a polycrystalline
Cu cathode, frequently used in photoinjectors, to those
obtained from the Ag(111) surface. When operated at an
angle of incidence of 60° in p polarized light the Ag(111)
cathode gives a QE of ∼4 × 10−5 at an excess energy of
0.15 eV. For angles of incidence not very close to zero, our

photoemission model predicts σpx to be independent of θi
[22]. Hence, from Fig. 1(b) we obtain the expected σpx at
this excess energy to be 120 eV=c. In order to obtain a
similar QE from a polycrystalline Cu cathode, one needs to
operate it at an excess energy of 0.3 eV. At this excess
energy the expected σpx is nearly 240 eV=c making the
emittance from the Ag(111) cathode nearly a factor of 2
better than that obtained from polycrystalline Cu cathodes
with the same QE. On the other hand, from Fig. 1(b) we see
that, to obtain a rms transverse momentum of ∼120 eV=c
from a polycrystalline Cu cathode, it needs to be operated
near an excess energy of 25 meV. The QE at this excess
energy is in the 10−7 range making it impractical for most
electron source applications. The value of σpx ¼ 120 eV=c
corresponds to an intrinsic emittance of 0.22 μm=mm rms
which is very close to the lattice temperature limited value
for polycrystalline cathodes [11].
In conclusion, we show that it is possible to utilize the

conservation of transverse momentum during photoemis-
sion from single crystal ordered surfaces to obtain low
emittance electron beams. The 2D electron gas formed on
the ordered Ag(111) can act as an excellent electron source
providing nearly a factor of 2 smaller emittance and the
same QE as polycrystalline Cu cathodes often used in
photoinjectors. Ag(111) surface state emission also turns
out to be remarkably robust in ultrahigh vacuum conditions
with the effects described persisting for weeks, with a
simple annealing process for recovering the emission
properties. In addition, this work points the way to other
systems with Dirac cones such as topological insulators
and generally systems with reduced electron mass. These
systems should have the potential for an order of magnitude
reduction in electron emittance.
In practice, using such atomically ordered cathodes

should be possible in any photoinjector so long as the
electron gun is equipped with a load lock along with the
ability to switch cathodes and is capable of achieving
ultrahigh vacuum. Most of the recently developed or

FIG. 2. (a) Band structure of Ag (within the nearly free electron model) projected onto the [111] direction. (b) [111] projected band
structure zoomed in near the Fermi level. The 4 green curves are free electron parabolas corresponding to various incident photon
energies.
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planned state-of-the-art dc [32] and rf gun [33,34] based
photoinjectors already have these capabilities. Using atomi-
cally ordered surfaces in such photoinjectors should be
possible without difficulty.
The photoemission model presented here in conjunction

with electronic structure calculation techniques brings
forth the possibility of computationally screening for such
materials and surfaces that exhibit high QE along with
small transverse momentum and hence a reduced emit-
tance. Such a reduction in emittance would have a dramatic
effect on applications to x-ray FELs, where the electron
energy required for lasing could be substantially reduced,
resulting in compact coherent x-ray light sources, or in
ultrafast electron diffraction, where this advantage would
be translated into a large transverse coherence length that
would enable the observation of ultrafast dynamics in large
scale molecular assemblies and proteins.
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