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Abstract

Future x-ray sources, such as FELs and ERLS, impose
very demanding requirements on the emittance and bunch
repetition rate of the electron source. Even if perfect com-
pensation of space-charge effects could be attained, the
fundamental physics of cathode emission sets a lower
bound on achievable source emittance. Development of
ultra-low-emittance sources is a rapidly evolving area of
R&D with exciting new results achieved at low bunch
charge. However, it is very difficult to compare different
results and to quantify what works. The study and optimi-
zation of low-emittance photocathodes is still limited in
scope. In this paper, we describe an R&D effort to sys
tematically design optimized photocathodes that are suit-
able for an FEL or ERL, and to measure their fundamental
properties. The status and results to date are reported.

MOTIVATION

High-brightness electron sources are critical in meeting
the demanding requirements of future x-ray energy recov-
ery linac (XERL) [1-3] and free-electron laser (XFEL) [4-
7] sources. State-of-the-art FEL electron injectors give
about 1 nC bunch charge with 1 mm-mr emittance nor-
malized to the beam energy, and operate at 120 Hz or less.
The goal for future XFEL s (high-coherence mode [1]) and
the XFEL oscillator (XFELO) [7] is about 0.1 mm-mr
normalized emittance with lower bunch charge but with
repetition rates of 1 MHz or more (see Fig. 1). High-
brightness sources are, therefore, a rapidly evolving area
of R&D for ERL/FEL applications. There are promising
designs using aternative cathodes, VHF rf cavities, and
pulsed DC [6,9] as well as important advances in beam
dynamics and photocathode gun design. Exciting new
results were recently reported by PSI [10], SLAC/LCLS
[4], Cornell, and U. Maryland on injectors at low charge
with ultra-low emittance. The majority of the effort is on
injectors using conventional photocathodes: metal or
semiconductors.

Even in the case of large bunch charge and perfect
emittance compensation, the fundamental cathode emit-
tance is an important contribution to the ultimate beam
brightness; this is supported by simulations [11,12]. In
more recent work, the maximum achievable brightness
depends only on the applied field and the intrinsic (also
called “thermal”) emittance, independent of bunch charge
[13]. The intrinsic emittance depends on the emitted mo-
mentum distribution, the surface roughness, nonuni-
formity, and impurities (e.g., oxide layers), grain
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Figure 1: ERL and FEL injector performance or goals [1-8].

boundaries, and the laser energy and polarization. The
challenge isto combine all of the relevant phenomena into
a complete and useful physical model [14]. It is difficult
to compare the results from different labs and quantify
what works. The study of fundamental emission proper-
tiesislimited in scope, with work at Naval Research Lab—
U. of Maryland; Tsinghua U.—POSTECH-BNL; INFN
Milan; LBNL-Brescia; SLAC; and JLab.

We plan to systematically measure the fundamental ma-
terial properties of suitable candidate photocathodes and
then design materials with photoemission properties op-
timized for ultra-low emittance. The effort is divided into
two parts. Experimentally, we will apply surface analysis
techniques in the lab to characterize photocathode sur-
faces and then correlate material properties with emit-
tance. Theoretically, we will calculate electron band
structures for crystal surfaces using density functional
theory (DFT) analysis [15] and then estimate the trans-
verse momentum distribution using the three-step photo-
emission model [16]. Material designs that predict small
emittance will be investigated experimentally.

EXPERIMENT

Angleresolved photoemission spectroscopy (ARPES)
is an important tool in the study of electronic structure of
crystals [17]. In the photoemission process, the surface-
paralel momentum is conserved which, in accelerator
terminology, corresponds to the transverse momentum.
For initial investigations, we assume the simplest case
where there is no electron-electron scattering [18]; there-
fore, the angular energy distribution of electrons photo-
emitted from a sample surface is correlated with the
momentum distribution of electronic states in the crystal.
In conventional ARPES, the photon energies are in the
20- to 100-eV range. We are planning to use UV photons
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in the 4- to 6-eV range, close to the work function of
many typical cathode materials, to measure the momen-
tum distribution of photoelectrons at emission.

The apparatus being assembled for the ARPES meas-
urementsis shown in Fig. 2. The samples under study will
be located in an ultra-high vacuum (UHV) chamber made
with mu-metal to shield external magnetic fields (marked
“A” in the figure). Samples are loaded into the sample
introduction chamber (marked “B”) and introduced into
the analysis chamber using a transfer arm (not shown).
Samples are mounted on holders and can be heated to
~1000 C or cooled to ~140 K. A laser will illuminate the
sample through a port indicated with an arrow in Fig. 2. A
UV flashlamp (broad spectrum) and UV laser (Nd:YAG,
266 nm) will be used for calibration and quantitative
measurements, respectively. Energy is measured by a
time-of-flight (TOF) electron detector based on a pair of
microchannel plates (MCPs). The detector is mounted on
a flange inside the chamber on a mechanical assembly
that allows it to rotate with respect to the sample. By ro-
tating both the sample and the detector, the angular distri-
bution of emitted electrons can be measured. The chamber
also has an x-ray photoemission spectroscopy (XPS) sys-
tem alowing the sample surface chemistry to be meas-
ured. The chamber layout and ProE CAD model are
presently being optimized. Final drawings will be used to
support detailed physics simulations of the electron trans-
port and for component assembly.

F|gure 2 UHV analyss chamber (A) and sample intro-
duction chamber (B). The laser and TOF detector assem-
bly will be mounted on the flange indicated by the arrow.

The threshold angular resolution required for the photo-
emission experiments is derived from a normalized trans-
verse emittance goal of 0.1 mm-mrad. In practice the
photocathode intrinsic emittance must be smaller than
this, since it adds in quadrature to other sources of error.
The normalized emittance is defined as

enin = By(X*)(X?) = Bo,o )

The position and momentum are assumed to be uncorre-
lated and y=1 at emission; B is the relative velocity. Note

that o2 :<x2> is taken to be the size of the laser spot on
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the cathode surface. The angle of a photoelectron is

X =arcsin(p,/p) and p=.2mE, =mjc is the total
momentum (Ey is the kinetic energy). Then, the photo-
electron digtribution must be measured to determine

o2 = <x’2> = arcs n(apx/ p).
An important goal of the experimental study is to verify

theoretical predictions of the beam emittance based on
Op, obtained from electronic band structure calculations.

Well-studied metallic crystals will be characterized first,
including Cu(111) and Cu(001), followed by other crys-
tals with favorable calculated properties (work function
and emission momentum distribution).

THEORY

We plan to calculate electronic band structures for crys-
tal surfaces and then estimate the transverse momentum
using the three-step photoemission model [16]. For a sur-
face model, a surface dab of 4, 8, or 16 layers (L) with
2D periodic boundary conditions (along the surface lattice
vectors) is constructed and the band structure and work
functions ¢ computed using the plane-waves DFT code
PWSCF [19]. For such a model, the electronic bands rep-
resent the dispersion relation of the electronic energy of
single-electron states over the surface-parallel momenta.
The bands are periodic with the surface periodicity, thus
only their representation in the Brillouin zone is given.
Calculated dispersion relations for the energy bands of
silver (001) are shown on the left side of Fig. 3.

The surface bands are the highest-energy partially oc-
cupied bands that fall below the Fermi level E; only for
limited regions of the momentum-space. The electronic
states of these surface bands are usually well localized in
the vicinity of the surface. The electrons occupying such a
region of alowed k-space require the least energy to
overcome the work function and escape the material as
photoelectrons. If the laser energy is high enough to liber-
ate these electrons, but cannot reach the next energy band,
no other electrons will be emitted. The right side of Fig. 3
shows the range in ky-space of electrons in the surface
band. The dark blue region represents the occupied states
below E;. The required value of Op, =K for anin-

trinsic emittance calculation may thus be obtained from
the computed band structure.

The band structure and ¢ were computed for severa
crystals: Cu(001), Cu(111), Ag(001), and Ag(111). Table
1 gives ¢, Kmax, @nd corresponding intrinsic emittances
(using Eq. 1). For ¢, the agreement between the calculated
and experimental [20,21] values is 9-13%. This accuracy
is consistent with other DFT ¢ calculations for various
metals [22]. For kna, the agreement with other calcula-
tions [23] is within 8-13%. This gives us confidence in
applying this method to other candidate photocathodes.

It is convenient to describe the intrinsic emittance in

terms of a “thermal” energy, En: &,y = 04y 2Ey/3mc?
[24]. We can compute the effective thermal energy for the
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crystals in Table 1 using the intrinsic emittance from Eq.
(1) and assuming o, is 0.3 mm. Table 1 lists the resullts.

Initial investigations were made of MgO monolayers on
Ag, awell-studied material in catalysis [25]. DFT compu-
tations suggest that the surface-parallel momenta in the
surface band for this system are well limited. Comparison
of Figs. 3 and 4 shows the significant changes in Ky
when two MgO monolayers (2L) are added on Ag (4L).
The >1-eV reduction in the computed work function (see
Table 1) is suggestive of negative electron affinity cath-
odes (others have also applied thin layers to control ¢
[26]). The analysis suggests a design method for other
thin-layered photocathodes. Estimation of the photoelec-
tron yield is under development.
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Figure 3: Ag(001)16L; DFT(PBE). Left: k, vs. energy bands
relative to E;. Right: Lowest surface band in k, vs. k, space.
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Figure 4: MgO(100)2L-Ag(100)4L-MgO(100)2L; DFT (PW91).
Computed work function reduced by >1 eV relativeto Fig. 3.
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Table 1: Computed Properties of Various Crystals

Surface* |Computed| Experi- Kmax Koffset Ewn Enjint* ¥ *
o(ev) | mental ¢ | (VA) (VA) (&V) | (mm-mr)
(ev) * %k
Cu(001) 4.18 4.59 0.15 0 0.27 0.18
Cu(001) 4.18 4.59 0.03 1.229 - >9.92 eV
needed
Cu(111) 4.36 4.94 0.25 0 1.09 0.36
Ag(001) 4.06 464 0.10 0 0.12 0.12
Ag(001) 4.06 4.64 0.07 1.087 - > 8.55eV
needed
Ag(111) 4.17 4.74 0.11 0 0.14 0.13
Thin film 2.92 2.92 0.05 0 0.029 0.06
Thin film 2.92 2.92 0.05 1.087 - >7.41eV
needed

* Metal (16L) and thin-film (MgO(100)2L-Ag(100)4L-MgO(100)2L) slabs
** Photoemission experimental values for Cu, Ag [20,21]; independent calcula-
tion for layered structure [25].
**x Eq. (1); 6,=0.3 mm, hv = 4.66 eV (266 nm) Nd:YAG

We have implemented a simple method of calculating
ARPES spectra on the basis of DFT band structures fol-
lowing the recipe of Smith [21, Chapter 6.3] that is based
on the three-step model. The code provides relative emis-

460

Proceedings of PAC09, Vancouver, BC, Canada

sion probabilities as a function of emission angles and
emitted electron kinetic energy for input values of photon
energy, polarization, ¢, and band structure. The effect of
the electron-electron scattering is included. Preliminary
results on moderately discretized (8x8x3) k-space qualita
tively give the same emission pattern (for Cu(001) and
MgO2L-Ag4L-MgO2L) obtainable by simple analysis of
surface bands. Higher k-space resolution is needed to ob-
tain finer (<1 deg) angular resolution.
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