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The present work reports on Yttrium based photocathodes. A Yttrium (Y) thin film is deposited via
pulsed laser deposition (PLD) on the copper (Cu) back flange of a radio frequency (rf) gun for
photocathode application. Because of a lower work function with respect to Cu, Y photocathodes are
particularly appealing for the possibility to illuminate them with visible laser pulses, with the advantage of a
higher energy per pulse, paving the way to high repetition rate photoinjectors, driven by conventional laser
sources. In addition, working at λ ∼ 400 nm the small energy difference between the Y work function
(about 3 eV) and the laser photon energy reduces the contribution of the intrinsic emittance of the material.
Photoelectrons, emitted by the thin film Y photocathode driven by the second harmonic of a Ti:Sapphire
laser, have been characterized in terms of quantum efficiency and transverse emittance. Results have been
compared with the theoretical ones obtained by the three-step model of Spicer for metallic photocathodes.
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I. INTRODUCTION

A high peak current and low emittance electron beam is
required by several applications in the accelerator physics
field, e.g., free electron laser (FEL) radiation sources [1],
plasma wake field acceleration (PWFA) experiments [2],
generation of THz radiation [3,4] and inverse Compton
scattering sources [5]. This requirement results in a large
number of quasimonochromatic electrons, concentrated in
very short bunches, with small transverse size and diver-
gence, that is a high particle density 6D phase space. The
6D brightness, B, is defined as:

B½A=m2� ¼ Q
εnxεnyσtσγ

ð1Þ

where Q is the beam charge, εnx and εny are respectively the
normalized xx0 and yy0 transverse emittances, σt is the

bunch length and σγ is the energy spread. The choice and
the performance of the photocathode play a fundamental
role for the increase of the electron beam final brightness,
since the ultimate transverse emittance strongly depends on
the electron source. In addition, several applications, in
particular high quality gamma ray sources, high energy
physics, positrons generation, demand high charge and
small emittance electron beams [6–8], therefore, for the
above reasons, in the present paper we will concentrate on
the quantum efficiency (QE) of the photocathode and on
the intrinsic emittance of the photoemitted electrons. In this
regard, R&D activity of the photocathode materials used in
photoinjectors is compulsory to improve the quality of
electron beams driving new generation of FEL [9,10].
Among the metallic photocathodes in use, copper is the
most used material due to its chemical resistant against
surface degradation as well as for the more relaxed
requirements on the vacuum level. However, without
appropriate design and treatment [10,11], its QE is rela-
tively low (of the order of ∼10−5 for λ ¼ 266 nm laser
driven-photoemission) [11–13] with respect to other met-
allic photocathodes (3 × 10−4 for Y and 7.6 × 10−4 for Mg
at λ ¼ 266 nm) [14,15]. Many solutions have been pro-
posed by the scientific accelerator community to increase
the photoemissive properties of photocathodes based on
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copper material. Wang et al. proposed, in 1995, to insert by
friction welding process a high QE material disc (Mg) in a
Cu bulk disc [16], while Qian and collaborators inserted the
Mg disc in a Cu bulk disc by press fitting process [17].
However, Mg discs inserted in the Cu back plate (10 cm in
diameter and 5 mm in thickness) of the rf gun cavity have
shown problems with rf breakdown at the Mg–Cu interface
[16]. Metallic thin films deposited directly on the Cu back
plate could avoid such problems. Photocathodes based on
metallic thin films deposited by different methods have
been prepared by several groups [18–20]. Cultrera et al., in
2007, proposed the pulsed laser deposition (PLD) as a
versatile technique for the synthesis of very adherent Mg
thin film for photocathode applications [21,22]. Here after,
the PLD has been utilised for the deposition of other metals
with interesting claim in the field of photocathode for
photoinjectors [23–28]. In particular, Y is a transition metal
with a work function of about 3 eV giving the possibility to
drive the photoemission with an incidence radiation in the
visible range, i.e., λ ∼ 400 nm. This wavelength can be
obtained as the second harmonic of Ti:Sa laser, often used
in photoinjector facilities, thus avoiding the use of higher
harmonic conversions and, with the advantage of an
available higher laser energy per pulse and a more stable
laser system. In our previous work, Y thin film was
deposited on a Cu polycrystalline substrate for its first
testing as a photocathode at the Cavity Test Facility (CTF)
of Elettra-Sincrotrone Trieste [29]. The study has been
performed using λ ¼ 262 nm laser wavelength showing
that the QE of Y thin film was higher than the Cu bulk
photocathode. The current article presents for the first time
the results concerning on the QE and the total emittance of
the electron beam obtained from a Y photocathode based
on thin film by using the second harmonic of Ti:Sa.
Experimental results have been compared with both theo-
retical ones, as obtained by the three-step theory [30], and
simulated ones, by code ASTRA [31], giving the possibility
of deriving for the first time the Y intrinsic emittance value.

II. EXPERIMENTAL SETUP

A. Deposition and characterization
of the Y thin film

The Y thin film was grown on a Cu bulk disc of about
10 cm in diameter in a typical PLD system whose details
are described in [29]. The substrate was a polycrystalline
Cu bulk disc of 10 cm in diameter according to the
dimension of the back-flange of the CTF photoinjector.
The oxygen-free polycrystalline Cu substrate surface has
been machined by a German company, LT-ULTRA [32], by
means of single crystal milling and clean with dry nitrogen.
The machining has been done without the use of any oil or
cooling fluid (dry machining). Such a process has been
defined as n-machining [12]. This procedure is useful to
reduce roughness and to avoid surface contamination

compared to other procedures for example the polishing
with diamond paste or the machining with oil. Ex situ
characterization of the morphology and the structure of the
Y thin film was performed whose thickness was about
1 μm with a diameter of 3 mm. The film was well adherent
to the substrate, very uniform with a low droplet density
[25,29]. The structure and crystal orientation of the film
were studied by x-ray diffraction (XRD) measurements
performed by a XRD 3003 Seifert θ=2θ Diffractometer.
This instrument is a 2200W Power System with a CuKα
anode target, 1x12 mm beam dimension and angular
resolution of 0.001°. The XRD pattern of Fig. 1 (obtained
with tension 40 kV, current 30 mA, time acquisition
1 sec =step and angular scan 0.02°/step) shows the struc-
ture of the Y film which is textured along the (100) plane at
28.23°. The peak at 58.37° corresponds to Y (200) plane
and the weak peak at 94.04° Y (300), being the second and
the third orders of interference of Y (100) lattice plane [33].
The other peaks at 43.29°, 50.43°, 74.13° and 89.93° are
associated, with Cu (111), Cu (100), Cu (220) and Cu (311)
planes of the Cu polycrystalline substrate, respectively
[33]. After the deposition, the photocathode (on the left of
Fig. 2) was placed in a vacuum chamber (on the right of
Fig. 2) (0.4 l volume) filled with Argon at 110 kPa to
prevent contamination of the cathode surface during trans-
port to the CTF.

B. Cavity Test Facility (CTF)

The CTF is located at Elettra-Sincrotrone Trieste. The
gun has been installed in the linac tunnel behind the FERMI
photoinjector, as is shown in the Fig. 3. The FERMI at
Elettra-Sincrotrone Trieste project is a seeded free electron
laser (FEL) source, based on the high gain harmonic

FIG. 1. XRD pattern of the Y film deposited on the Cu
polycrystalline substrate.
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generation (HGHG) scheme [34–37]. It is designed to
supply photons in a spectral range from 65 to 20 nm with
the first undulator line (FEL-1) and from 20 nm to 4 nm
with the second undulator line (FEL-2) [38]. The CTF
photoinjector consists of a 1.6 cell electron rf gun cavity
developed at BNL/SLAC/UCLA operating at the European
S-band (2.998 GHz) with an high peak field (120 MV=m)
and powered by a spare klystron. The photocathode is
centered on the wall of the flange that terminates the half
cell, as shown in Fig. 4.
At the exit of rf gun an emittance compensation solenoid

is installed. In Fig. 5 the rf and solenoid field maps of CTF

beam line are given to ASTRA simulation. AYAG screen is
placed downstream from the solenoid, at a distance of
1.177 m from the photocathode. An integrating current
transformer (ICT) is installed before the screen to detect the
photoemitted current. Once the electron beam hits the
YAG:Ce screen, an optical system directs the emitted light
to the CCD camera (Basler SCA 64070), equipped with a
Sigma105 macrolens objective, where the beam image is
acquired. The FERMI Photoinjector Laser (PIL) is a Ti:
Sapphire based laser system containing a regenerative and
two two-pass amplifiers delivering 150 fs long infrared
pulses with energy of up to 15 mJ. The system has been
deliberately designed with excess in IR energy to allow
a large margin in the generated UV energy sufficient
to compensate the large losses in the pulse and beam
shaping systems as well as decrease of the cathode quantum
efficiency after prolonged use [39,40]. A common-path
third-harmonic generation setup consisting of type-1 BBO
crystals is used to generate the 260 nm range pulse
generating the FERMI electron bunch (a bunch charge
in the 500–650 pC is typically used depending on the
FEL configuration). The unused portion of the second
harmonic pulse was extracted through a dichroic mirror
and utilized for the CTF facility. The beam transport
from the PIL table to the CTF insertion breadboard is
made by HR mirrors for all three possible irradiation
wavelengths. For the tests described here, only the second
harmonic at 392 nm was transported to the insertion
breadboard and then stretched to about 1.5 ps by a pair
of high efficiency transmission gratings. The beam size on
the cathode was adjusted by the use a fussed silica lens,
a fraction of this beam obtained by an uncoated fused
silica sampler was used to provide a virtual image for
spot size measurement and a real time pulse energy
measurement.

FIG. 2. Left: image of the Y thin film deposited on Cu center
flange. Right: the flange inside the vacuum chamber used for the
transport to CTF.

FIG. 3. New test stand in CTF.

FIG. 4. Drawing of the section of rf gun. The blue line is the
laser trajectory, whereas the light blue line is the electron beam.

FIG. 5. rf (blue dashed line) and solenoid (green line) fields as
seen by the central slice of the electron beam used for the ASTRA
simulation. The beam emittance is calculated at the entrance of
solenoid, at Z ¼ 0.13 m where the electron beam has a constant
value of Lorentz factor.
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III. RESULTS AND DISCUSSION

A. QE measurements

In the photoemission process, the quantum efficiency,
QE, is defined as the ratio of the number of photoemitted
electrons (Ne) to the number of incident photons (Nϕ), as
expressed in the following equation:

QE ¼ Ne

Nϕ
¼

�
q
e

���
EL

hν

�
; ð2Þ

where q is the emitted charge, e is the electron charge, EL is
the incident radiation energy on the photocathode, and hν is
the photon energy.
Table I reports the CTF and laser working parameters

used to perform the QE and total beam emittance mea-
surements of Y photocathode. Figure 6 reports the data of
the emitted beam charge as a function of the laser energy of
the Y photocathode with a linear trend, which indicates the
one-photon electron emission. It has to be noticed that
during the measurements only the 10% of the total energy
laser available at CTF was sent to the photocathode limiting
us in the observation of the space charge effects on the
charge emission [41]. The continuous line is the curve
fitting. From its slope the QE ¼ ð1.3� 0.3Þ × 10−5 value is
extrapolated, using Eq. (2), and compared with the theo-
retical one by the Spicer’s three-step model [42] as
discussed in our previous article [29]. The yttrium optical
and physical parameters at λ ¼ 392 nm, used to compute
the QE, are reported in Table II. k is the complex refraction
index of the material, R is the reflectivity of the metal, λph is
the photon’s optical depth, the λe−e is the electron mean free
path, EF is the Fermi energy, and ϕwork is the work
function. The theoretical QE results to be 1.4 × 10−5 which
is comparable with the experimental result within the
error. Table III highlights the comparable QE values as
expected (and measured) for Y and Cu photocathodes,
with the only difference of the incident laser wavelength.
The result is comparable to the experimental data described
in [43].

B. Beam emittance measurements as function
of bunch charge

Beam emittance measurements have been performed
using the solenoid scan technique for different bunch
charges [44,45]. The parameters used for the solenoid scan
measurements are reported in Table I.
In a solenoid scan beam size measurements for at least

three different solenoid settings are required in order to
solve for the three independent unknown parameters (hx02i,
hx0x00i, and hx020i). The experimental layout is indicated
in Fig. 7.
Such a system is overdetermined if more than three

measurements are done and it can be solved by the standard
technique of the χ2 minimization [44]:

TABLE I. Photoinjector settings and laser parameters for QE
and beam emittance measurements.

Parameters Value

Erf 91 MV=m
Working rf phase 30°
Energy at the gun exit 4.15 MeV
Laser pulse length 1.5 ps - FWHM(Gaussian)
Laser wavelength λ ¼ 392 nm
Photon energy 3.16 eV
Laser spot size σx ¼ 0.19� 0.02 mm,
(Gaussian profile) σy ¼ 0.21� 0.02 mm

FIG. 6. Collected charge as a function of the laser energy. The
solid red line is the linear fit curve. QE ¼ ð1.3� 0.3Þ × 10−5.

TABLE II. Yttrium optical and physical parameters at λ ¼
392 nm used to compute the QE [25].

Parameters Value

k 0.89
R 0.54
λph 154 Å
λe−e 10 Å
EF 6.3 eV
ϕwork 3.1 eV

TABLE III. Comparison of Yan Cu theoretical QE value [42] at
the same experimental condition reported in Table I.

λlaser (nm) ϕwork (eV) QE

Yexperimental 392 3.1 ð1.3� 0.3Þ × 10−5

Y theoretical 392 3.1 1.4 × 10−5

Cutheoretical 266 4.6 2.3 × 10−5
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hxðiÞi2 ¼ RðiÞ2
11 hx20i þ 2RðiÞ

11R
ðiÞ
12hx0x00i þ RðiÞ2

12 hx020i ð3Þ

where (i) is the number of measurements and the coef-
ficients R11 and R12 are the elements of the beam line. The
normalized emittance formula has been computed at the
entrance of the gun solenoid:

εnx;rms ¼ hγβi
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hx20ihx020 i − hx0x00i2

q
: ð4Þ

Measurements of beam size on a YAG:Ce screen, placed
1.177 m downstream from the solenoid, have been acquired
for different solenoid fields. The MATLAB® software
environment is used to perform image and data analysis.
The images analysis includes subtraction of background
(dark current) images and a 95% charge cut. The results of
MATLAB® custom scripts, written for the data analysis,
give a plot that represents the data of solenoid scan,
the resulting fit (Fig. 8) and the total beam emittance at
the solenoid entrance (black dots in Fig. 9 and Fig. 10). The
experimental results have been reproduced by means of

ASTRA simulations for both x and y plane, respectively
Fig. 9 and Fig. 10. ASTRA is a multi-particle code that
includes space charge and intrinsic emittance calculations.
Moreover, by using ASTRA is possible to model the photo-
emission process from a metallic cathode at room temper-
ature when a Fermi-Dirac beam distribution impinges on
the cathode.
An extensive simulation campaign has been performed

to take into account as much as possible the uncertain on
the laser parameter measurements. In Fig. 9 and Fig. 10 is
reported the behaviour of the horizontal and vertical beam
emittance versus its charge for three spot size configura-
tions, each representing the best (violet line) and worst (red
line) case scenario if one considers as extremes for the laser
spot size the ones reported in Table I. A good agreement

FIG. 7. The solenoid is installed at z ¼ 0.13 m from the
photocathode. The solenoid configuration has the four coils with
same fields. After the solenoid and a drift space a YAG:Ce screen
is placed perpendicular to the electron beam at z ¼ 1.177 m
(image not in scale).

FIG. 8. Typical example of a solenoid scan. The plot shows the
beam size versus the solenoid current. Experimental data are
reported with blue dots, fit is reported with a solid red line. The
bunch charge is ∼22 pC. Other relevant parameters are reported
in Tab. I.

FIG. 9. Total normalized beam emittance as function of bunch
charge for Y thin film on Cu substrate photocathode (x-plane):
measurements (black dots) and ASTRA simulations at different
laser spot size (dashed line).

FIG. 10. Total normalized beam emittance as function of bunch
charge for Y thin film on Cu substrate photocathode (y-plane):
measurements (black dots) and ASTRA simulations at different
laser spot size (dashed line).
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between measurements and simulations was achieved
considering a 95% emittance.
The intrinsic emittance value has been extrapolated from

the measurements with a cross-check procedure using
ASTRA simulations. The theoretical intrinsic emittance
value is given by the following formula [Eq. (5)] [46]:

εn;int ¼ σxσpx
¼ σx

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏω − ϕeff

3mc2

r
: ð5Þ

where σx is the laser spot size, ℏω is the photon energy, ϕeff
(2.84 eV) is the effective work function defined as the
difference between the work function for the emission,
ϕwork, and the ϕSchottky that is the reduction in the potential
barrier due to the external applied field, Erf, m is the
electron mass and c is the speed of light. The intrinsic
emittance value has been extrapolated from the ASTRA
simulation turning off the space charge field at beam charge
near to zero (Q ∼ 0 pC). In this way we are confident that
the total beam normalized emittance near the cathode,
at z ¼ 0.008 m, is only due to the intrinsic emittance. In
this condition the 100% emittance results to be εnx;int ¼
0.094 μm and εny;int¼0.108μm in the worst case scenario
and εnx;int ¼ 0.083 μm and εny;int ¼ 0.092 μm in the best
case scenario. These values turn in an intrinsic emittance
per unit laser spot size of εn;int=mm¼0.46�0.02μm=mm.
This value is in good agreement with the intrinsic emittance
εtheoretical;n;int=mm ¼ 0.45 μm=mm calculated from the
theoretical equation [Eq. (5)], with residual discrepancies
related to uncertain on the laser beam parameters as
suggested in Fig. 9 and Fig. 10.
Following a summarizing table (Tab. IV) shows the

experimental and theoretical intrinsic emittance value per
unit laser spot size for the yttrium and the comparison
with respect to the theoretical value for the copper, at the
standard UV wavelength, λ ¼ 266 nm, using the exper-
imental parameters reported in Table I.
Also for the intrinsic emittance value, the result is

comparible to the experimental data reported in [43].

IV. CONCLUSIONS

First detailed photoemission studies of Y thin film on Cu
photo-cathodes using visible incident radiation have been
presented. QE and normalized beam emittance measure-
ments have been performed using the solenoid scan

technique for different bunch charges. The QE measure-
ment of the Y thin film on Cu photocathode showed that
the experimental value is QE ¼ ð1.3� 0.3Þ × 10−5. This
value is comparable with the theoretical value that is
QE ¼ 1.4 × 10−5, computed by the three-step model of
Spicer. The experimental data follow a linear trend, which
indicates the one-photon electron emission. The space
charge effects are not visible.
Regarding the beam emittance measurements the exper-

imental data show a good agreement with ASTRA simu-
lations data. Indeed, the intrinsic emittance per unit laser
beam size is εn;int=mm ¼ 0.46� 0.02 μm=mm, that is
close to the intrinsic emittance calculated from the theo-
retical equation [Eq. (5)], that is εtheoretical;n;int=mm ¼
0.45 μm=mm. The results obtained in this work are very
promising for using Y as photocathode instead of the
conventional Cu which is the most commonly used metals
in the rf gun. Although the QE and the emittance values of
Y are comparable with that ones of Cu, the possibility to
drive the photoemission with a radiation in the visible
range avoids the conversion to higher laser harmonics.
This solution increases the laser energy per pulse, getting
electron bunches with more available charge.
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