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Reducing the mean transverse energy (MTE) of electrons emitted from photocathodes will improve
the performance of linear accelerator applications like x-ray free electrons lasers (XFELs) and ultrafast
electron diffraction (UED) and microscopy (UEM) experiments. Metallic photocathodes are popular
for these applications due to their convenience of use. However, they typically have a very low
quantum efficiency and require a large laser fluence in order to extract the desired charge density for
applications like XFELs and single-shot UED/UEM experiments. Recent theoretical investigations
have shown that nonlinear photoemission effects of multiphoton emission and electron heating
increase the MTE dramatically at these large laser fluences. In this paper, we report on measurements
of nonlinear near-threshold photoemission from a graphene-coated Cu(110) photocathode at laser
pulse lengths of 130 fs, 1 ps, and 10 ps. We extrapolate our measured data to find the ideal irradiating
photon energy that results in a minimum MTE from such metallic photocathodes for charge densities
relevant to photoinjectors and specify quantum efficiency requirements to obtain the thermally limited
MTE at these charge densities.
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I. INTRODUCTION

The brightness of ultrafast electron pulses generated
by photoinjectors is crucial to the performance of linear
accelerator applications like x-ray free electron lasers
(XFELs) and single-shot ultrafast electron diffraction
(UED) and microscopy (UEM) experiments. For XFELs,
a brighter electron beam will increase both the x-ray pulse
energy and the maximum lasing energies [1]. In addition, a
brighter beam will enable the construction of smaller,
university-scale XFELs which will significantly increase
the accessibility of these experiments to the scientific
community [2]. For single-shot UED/UEM experiments,
a brighter electron beam will increase the transverse
coherence length and thus the spatial-temporal resolution
[3]. This will enable the study of larger lattice sizes like

proteins and macromolecular assemblies increasing the
scientific capability of UED/UEM experiments.
For the above applications, the maximum beam bright-

ness occurs at the photoemission source, or photocathode,
and is given by the following relation:

B ∝
En

MTE
; ð1Þ

where E is the accelerating electric field; n is a real number
between 1 and 2 which depends on the design of the
photoinjector; and MTE is the mean transverse energy of
the photocathode [4]. The MTE is also related to the
normalized transverse emittance εn;x at the photocathode
via the following relationship:

εn;x=σx ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MTE=mec2

q
; ð2Þ

where σx is the rms laser spot size; me is the mass of the
electron; and c is the speed of light. The MTE is the key
figure of merit in determining the brightness of the electron
beam and it is equivalent to the temperature of the electrons
in vacuum [4]. Hence, understanding and minimizing the
MTE are necessary to achieve the brightest possible
electron beams for linear accelerator applications.
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Using Spicer’s three-step model of photoemission,
Dowell and Schmerge demonstrated that for typical met-
allic photocathodes, the MTE roughly obeys

MTE ¼ Eexcess

3
; ð3Þ

where Eexcess is the excess energy and is defined as the
difference between the photon energy (ℏω) and the work
function (ϕ) [5,6]. For small or negative excess energies,
the electrons are emitted from the tail of the Fermi-Dirac
distribution and the MTE approaches the thermal limit kBT
where kB is the Boltzmann constant and T is the temper-
ature of the electron distribution in the lattice [6,7]. At room
temperature, the thermal limit is 25 meV, a result that has
been experimentally verified from several systems like thin
Sb films [8], Cu(100) [9], and graphene coated Cu(110)
[10]. For small laser fluences, the electron distribution is
essentially in equilibrium with the lattice and therefore the
temperature of the electron distribution is equivalent to the
temperature of the photocathode. Hence, the thermal limit
can be reduced below 25 meV by cooling the photocathode
to cryogenic temperatures. By cryogenically cooling the
photocathode below liquid nitrogen temperatures (77 K),
sub-10 meV MTEs have been measured from well-ordered
single crystalline surfaces of Cu and graphene coated Cu
when operating near zero excess energy [9,10]. In order to
achieve these low MTEs, it is necessary that the photo-
cathode is a well-ordered single crystal, as such surfaces
minimize the MTE-degrading surface nonuniformities
of physical and chemical roughness [11–13]. While these
low MTEs represent a significant improvement on the
100–500 meV MTEs typically found in photoinjectors
today, they come at the expense of an extremely low
quantum efficiency or QE. For example, the QE of Cu in
the near-zero-excess-energy regime is 10−7 at room temper-
ature [14] and as low as 10−9 at liquid nitrogen temper-
atures [10]. In order to extract the large current densities
necessary for XFELs and UED, a high laser fluence >
10 mJ=cm2 is required at room temperature for such
photocathodes. However, at these high laser fluences, the
nonlinear photoemission effects of multiphoton emission
and electron heating begin to dominate the photoemission
process and limit the minimum achievable MTE [15,16].
When considering photon energies close to the work

function, two regimes related to the multiphoton emission
phenomenon exist. The first is at negative excess energies
where the energy of the photon is less than the work
function and therefore an electron typically requires at least
two photons to overcome the photoemission threshold.
At negative excess energies near the photoemission thresh-
old, it is still possible for single-photon emission to occur
from the tail of the Fermi-Dirac distribution. However,
this process represents only a small fraction of the total
electron emission and most electrons are emitted via the

multiphoton process. The second regime occurs at positive,
but small, excess energies under a large laser fluence. In
this regime, at laser fluences higher than 10−3 mJ=cm2,
linear photoemission is the dominant process. However, a
small amount of multiphoton emission also occurs. Despite
being only a small fraction of the total number of emitted
electrons, the electrons emitted via the multiphoton emis-
sion process dominate the MTE due to their large emission
energies [15]. It is this second regime that is relevant to
photoinjectors as there is a tradeoff between extracting
large current densities and achieving a small MTE.
Electron heating occurs when high laser fluences around

10 mJ=cm2 are delivered to a sample by ps or sub-ps pulses
and heat the electrons to several thousand Kelvin. At sub-ps
timescales, the electron distribution is essentially thermally
isolated from the lattice due to small electron-phonon
coupling. The difference in heat capacities between the
electron distribution and lattice leads to a heating effect of
the electrons. The electron distribution and the lattice then
reach an equilibrium on ps-timescales due to electron-
phonon scattering [17,18]. A recent theoretical investigation
looked at the impact that electron heating has on the MTE
and showed that at high laser fluences and small excess
energies, the minimum achievable MTE is limited by
electron heating [16]. It was also shown that partial
mitigation of electron heating can be achieved by irradiating
the photocathode with pulse lengths on the order of 10 ps.
While the nonlinear processes of multiphoton emission

and electron heating have been the focus of their own
individual theoretical investigations [15,16], their relative
strengths are not well understood. Experimentally, non-
linear effects have been briefly investigated, although many
of these investigations were performed under certain
experimental conditions that did not allow for a thorough
characterization of the nonlinear effects. One such experi-
ment measured multiphoton photoemission from polycrys-
talline copper [19]. However, these measurements only
investigated multiphoton emission at negative excess ener-
gies and did not investigate the nonlinear effects above the
threshold that emerge at high laser fluences. Another
experiment measured the emittance of two-photon photo-
emission from polycrystalline copper in a UED beamline
using the waist scan technique [20]. In this work, mea-
surements were taken at a single positive excess energy and
across a large range of laser fluences. By varying the laser
fluence, they observed a transition from single- to two-
photon photoemission with increasing fluence. However,
these higher laser fluences led to large extracted charge
densities causing space charge effects. It was not possible
to clearly distinguish what portion of the emittance growth
was due to two-photon emission or due to space charge
effects. Recently, effects of MTE from Cu cathodes excited
using a 130-fs tunable wavelength laser were measured at
near-threshold negative excess energies using the time-of-
flight technique [21]. All the above measurements were
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performed for short 100 fs scale laser pulses. Photoinjectors
often use longer 10 ps scale laser pulses followed by
bunch compression to mitigate the effects of space charge.
Theoretically, longer pulse lengths are expected to reduce
the probability of nonlinear emission and mitigate its
effects on MTE. However, this regime has never been
studied experimentally with regard to its effects on MTE.
In this paper, we experimentally investigate the contri-

bution that nonlinear photoemission effects have on the
MTE of a graphene coated Cu(110) single crystal over a
wide range of laser fluences, excess energies, and laser
pulse lengths. We use these data to extrapolate the results to
realistic photoinjector fluence and charge density condi-
tions for a range of laser pulse lengths from 130 fs to 10 ps.
In Sec. II, we describe the experimental setup. In Sec. III,
we present detailed measurements that were performed. In
particular, we present measurements of MTE at positive
and negative excess energies, at a variety of laser fluences,
and at laser pulse lengths of 130, 1, and 10 ps to investigate
the impact that these various parameters have on nonlinear
photoemission. In addition, we measured the total energy
and transverse momentum distributions to provide deeper
insights into the photoemission process. Finally, in Sec. IV,
we discuss an extrapolation technique that allows us to
obtain the effects of nonlinear photoemission on MTE at
charge densities relevant to photoinjectors. Our results
show that nonlinear effects play a dominant role when
trying to reduce the MTE by lowering the excess energy
and that high QE photocathodes will be essential for
mitigating these effects.

II. EXPERIMENTAL SETUP

For this work, a graphene layer was grown on a
commercially purchased Cu(110) single crystal according
to the recipe found in Ref. [10]. After growth, the cathode
was transported in air into our UHV analysis chamber
for surface and photoemission measurements. The UHV
chamber has a base pressure of 2 × 10−10 torr. The sample
was annealed to 345°C for 2 h to produce a well-ordered
atomically clean surface of graphene coated Cu(110) as
evidenced by low-energy-electron-diffraction [10].
The energy and transverse momentum distributions were

measured using a time-of-flight based analyzer [22]. It
consists of the photocathode and a delay-line detector
arranged in a parallel plate configuration and separated
by ∼4 cm. A short laser pulse is focused down to a sub-
50 μm spot size on the photocathode and the emitted
electrons are accelerated toward the detector by a voltage of
72 V. The relatively large accelerating voltage of 72 V
compared to the 4 V used for previous high resolution
studies is essential to measure the large MTE contributions
from multiphoton effects. However, this causes the
energy resolution of the measurement to be worse than
100 meV [22]. The delay-line detector measures the time of
flight of the electrons as well as their x and y positions on

the detector. From that, the transverse and longitudinal
energies and momenta can be calculated. The delay-line
detector can detect at most one electron per pulse, and so
neutral density filters are used to reduce the incident laser
power and ensure that we are operating within that regime.
While this step is necessary for the correct operation of the
delay-line detector, it also ensures that our measurements
are free of any space charge effects.
Tunable wavelength UV light was generated using an

optical parametric amplifier (LightConversion ORPHEUS)
pumped by a 130-fs pulse width 500-kHz repetition rate
laser (LightConversion PHAROS). The sample was irra-
diated with photon energies ranging from 4.35 to 3.70 eV.
The laser is p polarized and is incident at an angle of 50°
with respect to the normal, and it was focused down to a
spot size between 30 and 40 μm. While the spot size
changed slightly, the location of the electron emission
on the sample remained the same. The spot size was
measured using a beam profiler used as a virtual cathode
for all pulse lengths and photon energies. This spot size
along with the pulse energy was used to calculate the
fluence. All spot sizes quoted in this paper are measured as
full width half max.
MTE measurements were performed at 130 fs, which

is the natural pulse width of the laser, as well as at the
stretched pulse lengths of 1 and 10 ps. The pulse was
stretched from 130 fs to 1 ps and 10 ps using a pair of
transmission diffraction gratings as shown in the schematic
in Fig. 1. The diffraction gratings are made from fused
silica and have an efficiency between 70% and 90% in our
operating photon energy range [23]. This gives the pulse
stretcher an overall efficiency of 15% to 39% in our photon
energy range. From the schematic in Fig. 1, it can be seen
that the laser is diverted from its original path and sent to
the pulse stretcher where it passes through the first
diffraction grating whose position is fixed. After it passes
through the first diffraction grating, it is directed toward the
second grating which is mounted to a 50-cm linear trans-
lator stage. The linear translator sets the distance between

FIG. 1. The schematic of an in-house pulse stretcher that was
built using a pair of transmission diffraction gratings. The
schematic shows the pulse stretcher in relation to the optical
parametric amplifier (OPA) output. By fixing one diffraction
grating and moving the other, we can set the correct distance
according to Eq. (4) and stretch the pulse to lengths ranging from
1 and 10 ps for photon energies between 3.70 and 4.77 eV.
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the two diffraction gratings so that the desired pulse
length can be achieved for a wide range of photon
energies according to

L ¼ τ ·
c½1 − ð10−6dλ − sin αÞ2�3=2

2ð10−6dÞ2λΔλ ; ð4Þ

where L is the distance between diffraction gratings, τ is
the pulse length of the stretched pulse, d is the line density,
λ is the center wavelength of the laser, Δλ is the
bandwidth, α is the angle of incidence, and c is the speed
of light [24]. After passing through the second diffraction
grating, the beam hits a roof mirror that sends the beam
back through both diffraction gratings at a slightly lower
height. At this lower height, the beam hits the pickoff
mirror, exits the pulse stretcher, and continues on its
original path. The pulse duration was measured with a
commercial autocorrelator [25] and the measured pulse
length matched the expected pulse length calculated
from Eq. (4).

III. EXPERIMENTAL RESULTS

The data were collected with photon energies ranging
from 3.70 to 4.35 eV for 130 fs, 1 ps, and 10 ps pulse
lengths. The QE and MTE measurements in the linear
regime show the experimental work function of this
photocathode to be 3.88 eV. With this work function,
the photon energy range of 3.70–4.35 eV corresponds to
−0.18 to 0.47 eV of excess energy. In this section, we
present the MTE, QE, and energy distribution measure-
ments at various photon energies and fluences for the three
pulse lengths.

A. Mean transverse energy

Figure 2 shows MTE measurements taken between
−0.18 eV excess energy and 0.47 eV excess energy for
a 130-fs pulse length at a small enough fluence to keep the
emission above the threshold fully linear. From this plot,
we see that the minimumMTE occurs at zero excess energy
which corresponds to the photoemission threshold of
3.88 eV. For excess energies between 0.2 and 0.476 eV,
the MTE is approximately equal to one third of the excess
energy as predicted by Eq. (3). As the positive excess
energy approaches 0 eV, the MTE begins to deviate from
Eq. (3) as it gets limited by the thermal limit to 25 meV.
Below the photoemission threshold, the MTE increases
dramatically as the nonlinear photoemission effects begin
to dominate the MTE.
In order to investigate the impact that a changing laser

fluence has on nonlinear photoemission effects, detailed
measurements were performed right below the photoemis-
sion threshold for various laser fluences. At −0.06 eV
excess energy, we can observe a transition between
photoemission dominated by single-photon emission from

the tail of the Fermi-Dirac distribution to photoemission
dominated by nonlinear effects. Figure 3 shows our
measured data for the three pulse lengths at laser fluences
between 10−4 mJ=cm2 and 10−1 mJ=cm2. For the 130-fs
pulse length, we see that the MTE begins to increase at
10−4 mJ=cm2 due to nonlinear effects, and that it increases
by an order of magnitude at 10−2 mJ=cm2 laser fluences.
For the 1-ps data, the nonlinear effects begin to impact the

FIG. 2. Measured MTE as a function of excess energy for a
130-fs pulse length. The line joining the points is a guide for the
eye. The laser fluence was kept small enough to ensure linear
photoemission at 0 and positive excess energies. At large excess
energies, the emission process is dominated by single-photon
emission and the MTE is roughly equal to Eexcess=3. At negative
excess energies, the MTE increases significantly due to nonlinear
photoemission effects. The error in the measurement was
estimated to be 10%.

FIG. 3. Measured data points at −0.06 eV excess energy for
130 fs, 1 ps, and 10 ps pulse lengths as a function of laser fluence.
At this excess energy, a significant increase in MTE is observed
for the shorter pulse lengths due to nonlinear effects as the laser
fluence increases. At the longer 10 ps pulse length, the increase in
MTE is only a few meV for the highest laser fluence. The solid
lines are obtained from the extrapolation technique described in
Sec. IV. From this plot, we see that our extrapolation technique
provides a lower limit on the MTE.
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MTE at 10−3 mJ=cm2, and at 10−2 mJ=cm2, the MTE is
roughly a factor of 2 smaller than the 130-fs data. At 10-ps
pulse lengths, the MTE only begins increasing slightly at
10−2 mJ=cm2. As the delay-line detector cannot measure
more than one electron per shot, we are unable to perform
any direct measurements beyond this laser fluence.

B. Quantum efficiency

Figure 4 shows the measured QE that corresponds to the
data points from Fig. 2. For this experiment, the QE is
determined by treating each count measured by the detector
as one electron. The detector efficiency may be less than
one and hence this is only a lower estimate of the QE. From
previous calibrations, we expect the detector efficiency to
be a large fraction and hence the QE measurement is still
accurate within the order of magnitude. From Fig. 4, we see
that the QE is 10−9 at zero excess energy. This QE is
very low compared to other metal photocathodes like bare
polycrystalline copper which often exhibit a QE of 10−7 at
zero excess energies [14]. All values presented in Fig. 4 are
measured keeping the fluence small enough to be in the
linear range.

C. Total energy distribution

Figure 5 shows the normalized total energy distribution
for the three different pulse lengths at a photon energy
of 3.82 eV (excess energy of −0.06 eV). These total
energy curves correspond to the largest fluence
measurements from Fig. 3 for each pulse length. This
corresponds to a fluence of 6.4 × 10−3 mJ=cm2 for the
130-fs curve, 9.1 × 10−3 mJ=cm2 for the 1-ps curve, and
1.6 × 10−2 mJ=cm2 for the 10-ps curve. The initial drop
from 0 to ∼100 meV corresponds to single-photon
emission from the Fermi tail. As expected, this initial
drop is largest for the 10-ps data which indicates that the

fraction of electrons emitted via single-photon emission
is largest for 10 ps. From 100 to 4000 meV, we see two-
photon emission for all three pulse lengths. Around
2000 meV, we see a similar feature in all three curves.
Looking at the density of states of Cu, there is an
increased number of electrons at −2000 meV corre-
sponding to the d band [26]. Hence, it is possible that
this feature at 2000 meV can be attributed to the d band.
Beyond 4000 meV, we see the presence of three-photon
emission for the 130-fs and 1-ps data while the 10 ps
shows mostly noise. Comparing the three curves we see
that the drop between 130 fs and 1 ps is significantly
smaller than the drop between 1 and 10 ps suggesting
a significant change in the photoemission process at the
10-ps time scales.

FIG. 4. Linear quantum efficiency as a function of excess
energy for 130 fs. The current was measured from electron counts
on the detector and therefore represents only a fraction of the
actual current emitted. Hence the measured QE is some unknown
factor on the order of unity lower than the actual QE.

FIG. 5. Total energy distribution at 325 nm (−0.06 eV excess
energy) for 130 fs, 1 ps, and 10 ps. We see that multiphoton
emission is significantly reduced and the number of electrons
emitted from a single photon is increased for the 10-ps data.
This shows that multiphoton can be significantly mitigated by
operating at 10 ps pulse lengths.

FIG. 6. The kx ¼ 0 slice of the energy integrated transverse
momentum distribution on a log scale for 130 fs, 1 ps, and 10 ps
under the same photoemission conditions as shown in Fig. 5. The
small wiggles are an artifact of a mesh grid placed at the entrance
of the detector.
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D. Transverse momentum distribution

Figure 6 shows the kx ¼ 0 slice of the energy integrated
transverse momentum distribution on a log scale for the
same photoemission conditions shown in Fig. 5. All three
curves fall sharply till 0.25 1=Å, beyond which the
emission is dominated by the two-photon process. The
sharp drops beyond 0.25 1=Å correspond to the emission of
d-band electrons and the three-photon process, respectively,
just like in Fig. 5.

IV. EXTRAPOLATION TO LARGER FLUENCES

While the data presented in the previous section gives
a much needed starting point for the contribution of
nonlinear photoemission on the MTE, it does not provide
us measurements at laser fluences between 0.1 mJ=cm2

and 4 mJ=cm2 and excess energies in the range of 0–1 eV
which are typically used in photoinjectors. For the smallest
laser spot size achievable in the energy analyzer, this range
of fluence and excess energies leads to more than one
electron being emitted per shot and hence cannot be
measured by the delay-line detector. In order to estimate
the MTE in the fluence and excess energy range typically
used in photoinjectors, we have used the measurements
presented in Sec. III and devised an extrapolation scheme
based on the extended Fowler-Dubridge theory.
From the extended Fowler-Dubridge theory for nonlinear

photoemission, the total photocurrent density can be
expressed as a sum of the partial current densities for
n-photon emission (Jn) according to the following relation:

J ¼
X∞
n¼0

Jn ¼
X∞
n¼0

βnIn; ð5Þ

where J is the total photocurrent density, βn is the
expansion coefficient, I is the intensity of the irradiating
laser, and n is an integer corresponding to n-photon
emission [27]. For our extrapolation, we have considered
only single- and two-photon emission and represented the
MTE as a sum of partial MTEs. With such an extrapolation,
the MTE can be given as a function of the fluence F as

MTE ¼ 1

N

�
NL · MTEL

FL=F
þ NNL · MTENL

ðFNL=FÞ2
�
; ð6Þ

where NL;NL is the number of electron counts per second,
MTEL;NL is the MTE, FL;NL is the laser fluence, and the
subscripts L and NL represent the linear and nonlinear
contributions, respectively. N is calculated according to

N ¼ NL

FL=F
þ NNL

ðFNL=FÞ2
. ð7Þ

Since the linear emission does not change significantly
across the three pulse lengths, we have taken one dataset

that was collected at 130 fs and used it as the linear
contribution for all three pulse lengths. For the nonlinear
contribution, we have taken measurements at −0.18 eV
excess energy for each pulse length. The specific linear and
nonlinear datasets used are shown in Table I.
This extrapolation technique assumes that the contribu-

tion of nonlinear effects to the MTE does not change
significantly from −0.18 eV to other excess energies and
does not change significantly at laser fluences larger than
10−2 mJ=cm2. Our technique also assumes only second
order photoemission effects and ignores any high order
effects as well as the effects of electron heating. Due to
these assumptions, our extrapolation technique only pro-
vides a lower limit for the MTE.

A. Mean transverse energy and laser fluence

In order to check the accuracy of our extrapolation,
we have compared it with our measured data as shown in
Fig. 3 for excess energy of −0.06 eV. We can see that the
extrapolation curves are in good agreement with the
measured data for all the pulse lengths. In addition, we
see that all extrapolated values are smaller than the
measured data. This is expected because the extrapolation
only gives a lower limit for the MTE.
Figure 7 shows the extrapolation over the 10−4 to

100 mJ=cm2 fluence range. The curves are identical to
those presented in Fig. 3, except at higher laser fluences.
We see that nonlinear effects begin to contribute to the
MTE at laser fluences as low as 10−4 mJ=cm2 for 130-fs
pulse lengths and at 10−2 mJ=cm2 for 10-ps pulse lengths.
This is as expected since the 2 orders of magnitude
difference between pulse lengths is compensated by the
2 orders of magnitude difference in laser fluence. Finally,
we see in Fig. 7 that at higher fluences, the curves begin to
plateau. This is a limitation of the extrapolation technique
and occurs because of not considering the effects of third
order and higher photoemission. In reality, we do not
expect these curves to plateau, but we expect them to
continue increasing as the laser fluence increases.

TABLE I. A table showing the data used in the extrapolation
technique. The dataset titled “Linear” is used in the extrapolation
for all three pulse lengths as the linear contribution. While the
nonlinear contributions are titled “130 fs,” “1 ps,” and “10 ps” for
the respective pulse lengths. The linear data are at an excess
energy of −0.06 eV while the nonlinear data are at an excess
energy of −0.18 eV.

Data MTE (meV) N (counts=s) F (mJ=cm2)

Linear 29 850 1.9 × 10−4

130 fs 463.12 6700 4.6 × 10−3

1 ps 394.87 14 000 1.2 × 10−2

10 ps 306.55 2000 7.3 × 10−3
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B. Mean transverse energy and charge density

While Fig. 7 provides us with some insight into the
fluence range where nonlinear effects begin to impact the
MTE for a particular excess energy, we are more interested
in the MTE we can expect at various charge densities that
are relevant to photoinjectors. In particular, we want to
identify the ideal operating excess energy that results in the
minimum MTE for a given charge density per bunch. For
that, we have calculated the charge density as a function of
the fluence (F) and excess energy as

CD ¼ Nq
Af

; ð8Þ

where N is the number of electrons calculated from Eq. (7),
q is the charge of the electron, A is the emission spot area,
and f is the repetition rate of our laser (500 kHz). In this
case, we used the data from Fig. 2 for positive excess
energies as the linear contribution to Eq. (6). Then we
calculated the extracted charge density and MTE as a
function of the fluence for various excess energies. By
checking over all of the measured excess energies, we were
able to identify the minimum MTE that we can expect for a
given charge density and the excess energy where this
minimum occurs.
Figure 8 shows the minimum MTEs at various charge

densities for the three pulse lengths along with the excess
energy at which this minimum occurs on the right y axis.
Figure 8 also shows curves for this minimum MTE
obtained by scaling the measured linear QE presented in
Fig. 4 by various factors ranging from 10 to 105. We plot
this for charge density ranges that are often used in dc and rf
photoinjectors.
From Fig. 8, we see that for for all three pulse lengths,

the 10−9 threshold QE dataset has an MTE that increases
significantly with increasing charge density. We also see
that for all charge densities the minimum MTE occurs at
excess energies greater than 0.19 eV. This shows that for
very low QE photocathodes, there needs to be a balance
between contributions to the MTE from excess energy and
from nonlinear effects in order to achieve the minimum
MTE at these charge densities. Furthermore, we see that the
minimum MTE is approximately a factor of 2 larger than
the thermal limit at 10−1 pC=mm2 for all three pulse
lengths. This shows that cathodes with very low QE of
10−9 at threshold are not suitable for operating at these high
charge densities and are really only suitable for applications
that require a single-to-few electron per pulse.
For the 10−8 QE dataset, we see that at larger pulse

lengths, the minimum MTE does occur right near the
threshold for the smaller charge densities. However, at
the large charge densities, we see a behavior similar to the

FIG. 7. MTE vs fluence curves for 130 fs, 1 ps, and 10 ps pulse
lengths calculated from Eq. (6). Although the curves plateau at
higher fluences, this is an artifact of not including beyond second
order photoemission in the extrapolation technique. In practice,
we would expect the curves to continue rising with fluence due to
third and higher order photoemission effects. The curves are
identical to those presented in Fig. 3, except at higher laser
fluences.

FIG. 8. Minimum contribution to the MTE from nonlinear effects as calculated from Eq. (8) for charge densities ranging from 10−1

and 104 pC=mm2 for (a) 130 fs, (b) 1 ps, and (c) 10 ps pulse widths. The calculation was performed for the measured QE data as well as
for higher QEs. It shows that a nearly full mitigation of nonlinear effects can be achieved by using photocathodes with QEs on the order
of 10−4 at the threshold.
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“measured QE” dataset with the minimumMTEs occurring
at large excess energies. For charge densities in the 10−1 to
101 pC=mm2, sub-100 meV MTEs can be achieved for all
three pulse lengths. However, for higher charge densities,
10-ps pulse lengths must be used to achieve MTEs near
100 meV.
In general, the 10−9 QE, 10−8 QE, and 10−7 QE datasets

correspond to QEs of metallic photocathodes. While the
10−9 QE and 10−8 QE datasets show a significant increase
in MTE at high charge densities, at 10−7 QE, we see that it
is possible to obtain sub-100 meVs even at these high
charge densities for all three pulse lengths. However, at
high charge densities, there still needs to be a balance
between excess energy and nonlinear effects in order to
achieve the smallest MTE.
Looking at the 10−4 QE data in all three plots, we see

that for the entire range of charge densities, the minimum
MTE is at or near the thermal limit of 25 meV and the
excess energy is near zero. This indicates that there is no
contribution to the MTE from nonlinear photoemission
effects. Such high threshold QEs are possible from low-
electron-affinity semiconductor cathodes. Therefore, to
achieve MTEs near the thermal limit at charge densities
as high as 104 pC=mm2, it is essential to use high QE
photocathodes like low-electron affinity semiconductors.

V. CONCLUSION

We have presented MTE measurements of nonlinear
photoemission from a graphene coated Cu(110) photo-
cathode above and below the photoemission threshold for
pulse lengths of 130 fs, 1 ps, and 10 ps. Our results show
that for a given laser fluence, the contribution to the MTE
from nonlinear effects can be significantly reduced by
using longer pulse lengths. At longer pulse lengths, the
total energy and transverse momentum distributions show
that the fraction of electrons emitted via single-photon
emission is significantly larger in comparison to the shorter
pulse lengths. In addition, we extrapolate our data to
identify the minimum MTE that can be achieved at charge
densities ranging from 10−1 to 104 pC=mm2 for threshold
QEs ranging from 10−9 to 10−4. We show that when using
lower QE photocathodes to obtain high charge densities, a
balance between nonlinear effects and excess energy is
necessary in order to achieve the minimum MTE. In
addition, we show that for high charge densities, low
MTEs near the thermal limit are not attainable for photo-
cathodes with QEs less than 10−8 at threshold and hence
such photocathodes are only practical for single-to-few
electron per pulse applications. For photocathodes with
QEs greater than 10−7 at threshold, we show that sub-
100 meV MTEs can be attained at all relevant charge
densities by tuning the excess energy appropriately. Finally,
for photocathodes with QEs greater than 10−4 at threshold,
we see no significant contribution to the MTE from

nonlinear effects for all pulse lengths and charge densities.
Hence, it is essential that high QE photocathodes like low-
electron affinity semiconductors are used for high charge
density applications.
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