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A theoretical development of prior analyses, together with our solenoid scan measurements on

eight planar metal photocathodes (Ag, Be, Cr, Cu, Mo, Sn, Ta, and W) and previous data on Mg

[X. J. Wang, M. Babzien, R. Malone, and Z. Wu, in Proceedings of LINAC2002, Gyeongju, Korea, 2002

(Pohang Accelerator Laboratory, Pohang, Korea, 2002), pp. 142–144.] indicate that the transverse

momentum (and hence intrinsic emittance) of an electron beam is fundamentally dependent on the

electron effective mass in the metal.
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Pulsed laser-driven electron guns are now becoming an
integral part of modern scientific research instrumentation
with uses ranging from ultrafast electron diffraction [1–3],
through ultrafast and dynamic transmission electron mi-
croscopy (UTEM and DTEM, respectively) [4–6], to the
front end of x-ray free electron lasers (XFELs) [7,8] and
future compact pulsed x-ray sources [9]. Metals, due to
their robustness (allowing operation at pressures of
>10�9 Torr) and near instantaneous response time, are a
preferred photocathode material, especially for subpico-
second photoelectron guns. As electron optics continue to
improve, the performance of scientific instruments with
such ultrafast electron sources will likely be limited by
the generated electron pulse quality in both the transverse
and longitudinal (i.e., temporal) directions. In the spatial
dimension orthogonal to the electron pulse propagation
direction, a high quality electron beam requires a low
normalized transverse rms emittance [10], commonly
defined as "T ¼ �x�pT=m0c, where �x is the transverse
rms electron source size, �pT is the transverse rms mo-
mentum of the electrons, and m0 is the free electron mass
in vacuum. As this quantity is conserved in propagation
through perfect electron optics [10], its value at the photo-
cathode must be minimized, where reducing �x is limited
either by the incident laser focusing conditions or Child’s
Law [11]—two properties that are relatively material in-
dependent—leaving only the emitted electrons’ �pT . For
metal photocathodes, an expression for the transverse rms

momentum has been analytically derived [12,13], �pT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

m0ð@!��Þ=3p

, where @! is the incident photon energy
and � is the work function of the metal. From this expres-
sion, which assumes electrons in a metal have the vacuum
mass, it would appear that our only control over reducing "T
is to minimize the maximum photoemission energy �E ¼
@!�� of the electrons [14]. In this Letter, we show that
this is not the case, because the prior analyses [12,13]
neglected the influence of the electron effective mass m�
in the metal on �pT . Nonetheless, a straightforward

extension of these prior analyses illustrates the inherent
dependency of �pT on m�, which is verified by our experi-
mental measurements of�pT on eight polycrystalline metal
photocathodes: Ag, Be, Cr, Cu, Mo, Sn, Ta, and W.
To describe the complex process of photoemission,

many have looked towards the works of Dowell [12] and
Jensen [13], who have derived the same result for the
transverse emittance of a photoemitted electron. In these
analyses, the three-step model is used to describe photo-
emission, whereby (i) the electron absorbs the photon’s
energy, (ii) it is transported to the surface, and (iii) it is then
transmitted outside of the metal. Dowell implies that the
absorbed photon’s energy adds to the total kinetic energy
of the electron, so that the total momentum of the electron

inside the metal ptot becomes
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2m0ðEþ @!Þp

, where E is
the total energy of the electron before its inelastic collision
with the photon. For the electron to escape the metal, it
requires a minimum momentum perpendicular to the

surface of pz ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2m0ðEF þ�Þp

, where EF is the Fermi
energy, defining a maximal internal angle �max

int for which

the electron can still escape:

cos�max
int ¼ pz

ptot

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

EF þ�

Eþ @!

s

: (1)

In the low temperature limit (T ! 0 K), the expression for
rms transverse momentum simplifies to

hp2
Ti ¼

REF

EFþ��@! dE
R
1
cos�max

int
dðcos�ÞR2�

0 d�p2
T

REF

EFþ��@! dE
R
1
cos�max

int
dðcos�ÞR2�

0 d�
; (2)

where pT ¼ ptot sin� cos� ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2m0ðEþ @!Þp

sin� cos�.
After integration, Eq. (2) reduces analytically to [12,13]

�pT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

m0ð@!��Þ=3
q

; (3)

a strikingly simple result for a complex process.
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In our approach, we assume that the absorbed photon
energy @! excites the electron to a virtual state where it
conserves its original momentum after the inelastic colli-
sion (the absorption); that is, the photon’s momentum is
negligible compared to that of the electron (@!=c � ptot).
Further, in our adaptation of Dowell’s analysis [12], we
consider an isotropic electron effective mass in the metal
associated with the curvature of the electronic band in the
vicinity of the Fermi energy

1

m� ¼
d2E

dp2

�
�
�
�
�
�
�
�E¼EF

;

which then modifies the expression for ptot. This means
that this virtual excited state maintains the energy-
momentum dispersion of the energy band from which
the electrons were photoexcited. These two adaptations

to the analysis have the following effect: cos�max
int ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðEF þ�� @!Þ=Ep

and pT ¼ ffiffiffiffiffiffiffiffiffiffiffiffi

2m�E
p

sin� cos�. As a
result, for m� <m0, Eq. (3) becomes

�pT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

m�ð@!��Þ
3

s

; (4)

a similarly striking result, as remarkably, the two new
assumptions analytically simplify to the same result with
m� in place of m0. This is, of course, a direct consequence
of the conservation of momentum parallel to the
photocathode-vacuum interface, which limits the maxi-

mum external emission angle to sin�1ð ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

m�=m0

p Þ [15],
simply because for a given excess photoemission energy

�E, pmax
T ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2m��E
p

so that pmax
z;ext ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2ðm0 �m�Þ�Ep

by energy conservation, and hence tan�max
ext ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

m�=ðm0 �m�Þp

. On the other hand, for m� >m0, p
max
z;ext

becomes imaginary for the maximum possible value of pT ,
resulting in the reflection of the excited electron wave
function back into the photocathode—in analogy to total

internal reflection in optics. Only for pT � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2m0�E
p

can
the electrons now be emitted, giving �max

ext ¼ 90� and
returning Eq. (4) as the valid expression for �pT .

In reality, electrons may have different effective masses
along different crystal directions. However, the above
approach should hold for the polycrystalline metal photo-
cathodes employed in our experimental studies as they
are effectively isotropic materials with an average m� or,
more specifically, an average effective mass parallel to the
metal-vacuum interface.

In our studies, the transverse rms momentum �pT of
electron pulses generated using a 20 kV laser-driven dc
photoelectron gun has been determined for eight planar
bulk polycrystalline elemental metal photocathodes at
300 K: Ag, Be, Cr, Cu, Mo, Sn, Ta, and W. The solenoid
scan technique [10] is employed to measure the propaga-
tion properties of electron pulses and thereby extract their
transverse rms momentum through simulation of the

experiment using an extended analytical Gaussian (AG)
electron pulse propagation model [16,17]. The 261 nm
(@! ¼ 4:75 eV), p-polarized, �4 ps duration, UV laser
pulses incident on the metal photocathodes are produced
by harmonic conversion of a diode-pumped, femtosecond
Yb:KGW laser [18,19]. As shown in Fig. 1, after genera-
tion and acceleration in the dc gun, the electron pulses are
directed down the axis of a pair of coupled large-aperture
(6.35 mm-diameter) magnetic lenses to a YAG scintillator
screen, which enables their integrated transverse pulse
profile to be captured using a CCD camera as a function
of the current in the magnetic lens coils. Armed with the
knowledge that a magnetic lens current of 2.03 A focuses the
electron beam onto the YAG scintillator, the experimental
geometry (i.e., distances between column elements), and the
fact that the strength of the magnetic lenses is proportional
to the square of the current running through their coils [10],
allows one to simulate quite accurately the measurement
technique using our extended AG model, which now also
includes relativistic corrections—although, in this case, the
relativistic � factor is only 1.04.
Figure 2 displays the results obtained using the solenoid

scan technique for the polished planar Mo photocathode—
a metal that does not readily oxidize and has a well
characterized photoelectric work function [20,21]. The
measured half width at 1=emaximum (HWe�1M) electron
beam spot size on the YAG scintillator clearly has the
expected linear focusing (and defocusing) dependence on
the square of the applied magnetic lens current (i.e., lens
strength) with a focus at around 2.03 A. The observed
variation of the HWe�1M beam size with lens strength is
readily simulated using the extended AG model of the
experiment with just two free parameters: (i) the transverse
rms momentum �pT of the beam, which determines its
convergence (divergence), and (ii) the focal spot size. As
the minimum focal spot size of �150 �m is significantly
greater than the �50 �m ‘‘point spread function’’ of the
YAG scintillator, the latter plays little role in the measure-

ments. The fitted value of 0:20ð�0:01Þðm0 eVÞ1=2 for �pT

extracted using the simulation may be determined with an
accuracy of typically better than 5%, provided sufficient

FIG. 1 (color online). The 20 kV dc electron gun and coupled
magnetic lens geometry for �pT measurements.
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care is taken to ensure that (i) the electron beam propagates
down the axis of the lens system to avoid astigmatism, and
(ii) the intrapulse space charge effects are insignificant
to ensure negligible beam degradation while the pulse
propagates through the system. The latter condition is
well satisfied since the experiment is run at low UV laser
power and hence low electron pulse charge; we generate
less than 1000 electrons=pulse from a �100 �m spot size
on the photocathode using our �4 ps 261 nm UV laser
pulse. This translates to a factor of�100 below the ‘‘short-
pulse’’ Child’s law limit [11] for our dc photogun, and
simulations with the AG model indicate that the maximum
�104 C=m3 accelerated pulse charge density is also 2
orders of magnitude below that required for space-charge
effects to be observed in the experiment.

Also plotted in Fig. 2 is the expected range of the
variation of the beam size with magnetic lens current for
the value of the transverse rms momentum predicted for

Mo by Eq. (3) [12,13], i.e.,�pT ¼ 0:27ð�0:03Þðm0 eVÞ1=2
using the same 150 micron focal spot size. Here, we have
ignored the Schottky effect (only �30 meV in our case)
and so have taken the work function � of polycrystalline
Mo to be 4:53ð�0:05Þ eV [20]: � ¼ 4:53 eV for the (100)
face (likely the most favored orientation for a body-
centered cubic polycrystalline sample [21,22]) and � ¼
4:55 eV for the (111) face. The 4.95 eV work function for
the (110) face is inaccessible to our 4.75 eV photon energy.
The clear 30% disagreement between the prediction of

Eq. (3) and our measurement of �pT ¼ 0:20ð�0:01Þ�
ðm0 eVÞ1=2 for Mo can be explained by the electron effec-
tive mass analysis presented above. Specifically, cyclotron
resonance measurements on Mo indicate an electron effec-
tive mass of about 0:35ð�0:05Þm0 [23,24] in the (100)

crystal plane, which, using Eq. (4), provides a value for

�pT of between 0.13 and 0.19 ðm0 eVÞ1=2—in better
agreement with our experimental determination.
In Table I, for all eight polycrystalline metal photocath-

odes, we provide the experimentally determined values of
the transverse rms momentum �pT;expt together with lit-

erature values of both their work function � and electron
effective mass m�. In many cases, � is given for different
crystal faces, although for Be, Cr, and Sn only polycrys-
talline (P) values are available [20,26,27]. The values for
m� mainly originate from cyclotron resonance and de
Haas–van Alphen measurements [31,36,37]; however,
for both Ag and Cu reliable values have been determined
by optical techniques [38]. For several of the metal

TABLE I. Results from experiment and other relevant data.
The work functions are given by Ref. [20] unless otherwise
indicated or are photoelectric measurements unless otherwise
indicated.

Metal �pT;expt (
ffiffiffiffiffiffiffiffiffiffiffiffi

m0eV
p

) � (eV) m�=m0

Ag 0.235 4.64 (100) 0.95–1.01a,b

4.52 (110)

4.74 (111)

Be 0.225 3.92 (P)c 0.16–0.18d

Cr 0.155 4.5 (P) 0.20–0.40e

Cu 0.130 4.59 (100) 1.35–1.50b,f

4.48 (110)

4.98 (111)

Mo 0.200 4.53 (100) 0.30–0.40g

4.95 (110)

4.55 (111)

Sn 0.248 4.3 (P)h 0.23–0.42i

Ta 0.185 4.15 (100)j 0.70–0.90k

4.80 (110)j

4.00 (111)j

4.55 (P)l

W 0.150 4.63 (100)m 0.25–0.40n

5.25 (110)m

4.47 (111)m

4.6 (P)
Mg 0.330o 3.66 (P)o 0.16–0.36p

aReference [25].
bReference [26].
cReference [27].
dReference [28].
eReference [29].
fReference [30].
gReferences [23,24].
hReference [31].
iReference [32].
jThermionic emission measurement.
kReference [33].
lReference [34].
mField emission measurement.
nReference [35].
oReference [36].
pReference [37].

FIG. 2. The measured HWe�1M spot size of the electron beam
generated by a Mo photocathode at different lens strengths fitted
using our AG model (solid curve). Also shown is the theoretical
result based on Eq. (3) (shaded region) and two images of the
electron beam spot captured by our CCD array at 1.45 and
2.05 A.
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photocathodes, specifically Ag, Cu, and Ta, care was taken
to reduce the effect of surface oxidation in the solenoid
scan measurements of�pT by polishing under propan-2-ol
(to exclude oxygen) prior to rapid (> 5 min) insertion in
to the dc gun. Also provided in Table I is the value of
�pT;expt determined by X. J. Wang et al. [39] for a poly-

crystalline Mg photocathode irradiated by 266 nm UV
radiation, for which � 	 3:66 eV and m� 	 0:26m0 [40].

All of these measurements are plotted in Fig. 3

in a normalized form, �pT;expt=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

m0ð@!��Þ=3p

against
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

m�=m0

p

, in order to allow for a comparison with the
analysis presented above, which is depicted by the solid
line in the figure. Immediately evident is that the experi-
mental results are in accord with our electron effective
mass analysis, even though the analytical result of
Eq. (3) was obtained in the low temperature (T ! 0 K)
limit. This is consistent with the interpretation that a 300 K
photocathode temperature should only affect �pT when
the excess energy of photoemission @! is comparable to
kBT [12,13], which is not the case for any of the studied
metals. The exception to the agreement between �pT;expt

and our effective mass analysis is Ta, for which complete
agreement would require either � 	 4:6 eV or m� 	
0:15m0. The latter appears much more likely; an accurate
band structure calculation should then provide the reason
for this surprisingly small value of �pT for Ta.

The uncertainties in Fig. 3 are determined primarily by
those for m� in the abscissa and � in the ordinate, the error
in determining �pT from the coil scans being negligible
compared to that in the literature values of�. This suggests
that the use of a tunable UV laser system, for an in situ

measurement of �, would provide a reduced experimental
uncertainty. However, � is also a function of crystal orien-
tation, which implies that an electron pulse from a polycrys-
talline photocathode is initially generated with a discrete set
of transverse rms momenta—one for each different micro-
crystalline emission face. Further studies on the influence of
m� on �pT should, therefore, be performed using single-
crystal metal photocathodes. Such future investigations can
then also be compared to band structure calculations to
determine, for example, the influence of anisotropy in the
electron effective mass near the Fermi level.
In summary, our experimental investigations on planar

polycrystalline metal photocathodes indicate that �pT is
dependent upon the electron effective mass m� near the
Fermi level in the metal. In fact, an extension of prior
analyses [12,13] shows that the transverse rms momentum

should be written as �pT ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Mð@!��Þ=3p

for an iso-
tropic material in the low temperature limit (kBT � @!�
�), where M ¼ m� for m� <m0 and M ¼ m0 for
m� 
 m0. This theoretical formulation is shown to be
consistent with our solenoid scan measurements of
�pT . Through the use of suitable robust single-crystal
metal photocathodes, this realization should lead to the
future generation of electron pulses with significantly
lower transverse rms emittance "T (i.e., higher brightness)
to improve the performance of UTEMs, DTEMs, XFELs,
and other next generation pulsed x-ray sources [41,42].
This work was supported by the Department of Energy
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