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a b s t r a c t

R&D activity on Cu photocathodes is under development at the SPARC_LAB test facility to fully characterize
each stage of the photocathode ‘‘life’’ and to have a complete overview of the photoemission properties in
high brightness photo-injectors. The nano(n)-machining process presented here consists in diamond milling, and
blowing with dry nitrogen. This procedure reduces the roughness of the cathode surface and prevents surface
contamination introduced by other techniques, such as polishing with diamond paste or the machining with
oil. Both high roughness and surface contamination cause an increase of intrinsic emittance and consequently
a reduction of the overall electron beam brightness. To quantify these effects, we have characterized the
photocathode surface in terms of roughness measurement, and morphology and chemical composition analysis
by means of Scanning Electron Microscopy (SEM), Energy Dispersive Spectroscopy (EDS), and Atomic Force
Microscopy (AFM) techniques. The effects of 𝑛-machining on the electron beam quality have been also
investigated through emittance measurements before and after the surface processing technique. Finally, we
present preliminary emittance studies of yttrium thin film on Cu photocathodes.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Most accelerator physics applications such as FEL (Free Electron
Laser) and PWFA (Plasma Wake Field Acceleration), require high peak
current and low emittance. A low emittance and high charge electron
beam is needed for Inverse Compton Scattering sources, while, for the
generation of THz signal high charge and high current electron beam
are necessary. All these requirements are specified in terms of high
brightness of electron beam. The improvement of brightness consists
in an enhancement of the quantum efficiency, defined as the ratio of
number of emitted electrons to the number of incident photons, and
in a minimization of intrinsic emittance, that realizes the transverse
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momentum of the electrons emitted from the photocathode, in terms
of their thermal energy [1]. The source brightness is the highest
brightness that beam can have. It cannot be improved but only spoiled
along the downstream accelerator. A photoinjector is the most popular
among many and various types of schemes for high brightness electron
beams generation and the performance of the photocathode is essential
increasing the beam brightness [2]. In the RF gun the photocathode
is subject to surface modification and contamination due to laser, RF
fields and low vacuum pressure. A R&D activity on photocathodes is
under development at the SPARC_LAB test facility [3] to understand and
characterize each stage of the photocathode’s life cycle of production,
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Fig. 1. Photocathode’s surface. Left: surface before 𝑛-machining. Right: surface after 𝑛-machining. The machining removed about 100 μm of surface.

Fig. 2. Left: SEM analysis before 𝑛-machining. Right: SEM analysis after 𝑛-machining at same resolution (20 μm/div).

installation and use and to improve photocathode performance of
quantum efficiency and electron beam intrinsic emittance.

2. Morphological and chemical analysis

The Cu photocathode surface has been machined by a German
company, LT-ULTRA, 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. This procedure is
useful to reduce roughness and to avoid surface contamination com-
pared to other procedures for example the polishing with diamond paste
or the machining with oil. Before machining and after approximately
6 years of operation in the SPARC gun, the photocathodes surface
appeared opaque due to surface oxidation, as shown on the left in Fig. 1.

Before and after machining the photocathode’s surface has been
analyzed by Scanning Electron Microscopy (SEM), Energy Dispersive
Spectroscopy (EDS) to measure the chemical composition of surface [4]
and by Atomic Force Microscopy (AFM) [5].

The SEM analysis (on the left in Fig. 2) shows a surface with
many craters typical of RF field breakdowns and contaminants. On the
right is the photocathode surface after 𝑛-machining. The 𝑛-machining
has removed craters and any other impurities. In Fig. 3 we see other
craters at two different resolutions. In addition to the craters, there are
scratches: given the dimensions we can assume that they are due to the
diamond paste used previously to polish the photocathode’s surface.

Before 𝑛-machining, we have analyzed different areas of the surface
with the EDS technique to determine the chemical composition. In
the area shown in (Fig. 4) we found traces of silicon in addition to

copper, carbon and oxygen. Carbon and oxygen are due, respectively,
to contamination and oxidation. We did not expect to find silicon but
that was likely coming from diamond paste used for former polishing.

After machining, the analysis with the EDS shows a clean surface
and purity about 99%. The other elements are likely due to the contact
with air before SEM and EDS analyses (Fig. 5).

3. Surface roughness induced emittance estimate

The AFM images has been analyzed to estimate the photocathode
surface roughness and its contribution to the emittance. The photocath-
ode surface roughness plays an important role on the beam emittance
because it increases the transverse momentum of the emitted electron
bunch. The surface roughness is represented by the rms roughness (𝑅𝑞)
that is defined as the root mean square of the profile height deviations
from the mean line, recorded within the evaluation length 𝐿:

𝑅𝑞 =

√

1
𝐿 ∫

𝐿

0
𝑍(𝑥)2𝑑𝑥 (1)

where 𝑍(𝑥) is the profile height function. If we consider a sinusoidal
surface, its shape can be modeled as 𝑧 = 𝑎𝑐𝑜𝑠((2𝜋∕𝜆)𝑥), where 𝑎 is
the amplitude of the uneven surface and 𝜆 is the wavelength of the
surface fluctuation. The contribution to the emittance due to the surface
roughness is then given by: [6,7]:

𝜀𝑟𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 = 𝜎𝑥

√

𝑒𝜋2𝑎2𝐸𝑟𝑓 𝑠𝑖𝑛𝛷𝑟𝑓

2𝑚0𝑐2𝜆
(2)

where 𝜎𝑥 is the rms laser spot size, 𝑒 is the electron charge, 𝐸𝑟𝑓 is the
peak field applied, 𝛷𝑟𝑓 is the laser launch rf phase, 𝑚0 is the electron
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Fig. 3. SEM analysis before 𝑛-machining: on right a detail of the left picture is shown.

Fig. 4. EDS analysis of the area before 𝑛-machining. Top:SEM image and mapping of presence of marked chemical elements of the area. Bottom: table of semiquantitative analysis of
surface composition. The third column shows the atomic shell of the element. The fourth, fifth and sixth columns show respectively the weight normalized percentage of the element,
the atomic number normalized percentage of the element and its error. (Color on line).

invariant mass and 𝑐 is the speed of light. We feel this evaluation is
insufficient to give an accurate value for the surface roughness emittance
because it does not account for the asymmetric details and range of
spatial frequency of the photocathode’s surface roughness. Therefore,
the surface has been modeled using a Fourier series:

𝜀2𝑟𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 =
𝑁−1
∑

𝑛=0
𝜀2(𝑎𝑛, 𝜆𝑛) = 𝜎2𝑥

𝑒𝜋2𝐸𝑟𝑓 𝑠𝑖𝑛𝛷𝑟𝑓

2𝑚0𝑐2

𝑁−1
∑

𝑛=0

𝑎2𝑛
𝜆𝑛

. (3)

This model assumes a 1D Fourier transform analysis of a line-out across
the cathode, where the cathode surface is cosine-like and given by 𝑧(𝑥) =
∑𝑁−1

𝑛=0 𝑎𝑛𝑐𝑜𝑠((2𝜋∕𝜆𝑛)𝑥). Applying Euler’s formula, 𝑒𝑗𝜙 = 𝑐𝑜𝑠𝜙+ 𝑗𝑠𝑖𝑛𝜙, the
1D Fourier transform is:

𝑅𝑒[𝐹 (𝑙)] = 1
𝑁

𝑁−1
∑

𝑛=0
𝑅𝑒[𝑓 (𝑛)]𝑐𝑜𝑠2𝜋 𝑛

𝑁
𝑙. (4)

Assuming the line-out length is the photocathode length 𝐿𝑐𝑎𝑡ℎ𝑜𝑑𝑒, and
comparing Eq. (4) with the equation for 𝑧(𝑥), it is possible to write
the following connections between the 1D Fourier transform and the
emittance theory coefficients and wavelengths as: 𝑧(𝑥) ↔ 𝑅𝑒[𝐹 (𝑙)],

𝑎𝑛 = 𝑅𝑒[𝑓 (𝑛)], 𝑘𝑛 = 2𝜋 𝑛
𝐿𝑐𝑎𝑡ℎ𝑜𝑑𝑒

, 𝜆𝑛 = 𝐿𝑐𝑎𝑡ℎ𝑜𝑑𝑒
𝑛 . Since the Fourier series is

orthonormal, there are no cross terms between different spatial frequen-
cies. This allows us to write the surface roughness induced emittance as
the quadratic sum of the emittance at each frequency (3). The Fourier
transforms have been calculated using ten 1D-line profiles [8] from the
AFM images before and after 𝑛-machining. The final surface roughness
induced emittance is evaluated at the experimental parameters: 𝐸𝑟𝑓 =
97 MV∕m, 𝛷𝑟𝑓 = 30◦ and 𝜎𝑥 = 0.3 mm. Before 𝑛-machining the
estimate is 𝜀𝑟𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 ≈ 0.04 mm mrad whereas after 𝑛-machining it is
𝜀𝑟𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 ≈ 0.004 mm mrad. From the AFM analysis (Fig. 6) we have
found a rms roughness 𝑅𝑞 = 5.7 nm for the photocathode’s surface
before 𝑛-machining and 𝑅𝑞 = 1.5 nm after 𝑛-machining.

4. Beam emittance measurements

4.1. Cu photocathode

The experimental beam emittance has been measured using the
solenoid scan technique. Measurements of beam size on a YAG screen,
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Fig. 5. EDS analysis after 𝑛-machining. Left: mapping of presence of marked chemical elements of the area. Bottom: table of semiquantitative analysis of surface composition. The third
column shows the atomic shell of the element. The fourth, fifth and sixth columns show respectively the weight normalized percentage of the element, the atomic number normalized
percentage of the element and its error.

Fig. 6. AFM 3D images before (left) and after (right) the 𝑛-machining.

Fig. 7. Typical example of a solenoid scan performed. 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 ∼7 pC. The other relevant parameters are reported in
Table 2.

placed 1.181 m downstream from the solenoid, have been acquired for
different solenoid fields. 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 (⟨𝑥20⟩, ⟨𝑥0𝑥

′
0⟩ and ⟨𝑥′20 ⟩).

Such a system is overdetermined and it can be solved by the standard
technique of the 𝜒2 minimization [9,10]:

⟨𝑥(𝑖)⟩
2 = 𝑅(𝑖)2

11 ⟨𝑥20⟩ + 2𝑅(𝑖)
11𝑅

(𝑖)
12⟨𝑥0𝑥

′
0⟩ + 𝑅(𝑖)2

12 ⟨𝑥′20 ⟩ (5)

where (𝑖) is the measurements number and the coefficients 𝑅11 and 𝑅12
are the elements of the beam line transfer matrix.

The normalized emittance (RF emittance, space charge emittance,
intrinsic emittance and surface roughness induced emittance combined
in quadrature) has been computed at the entrance of the gun solenoid:

𝜀𝑛𝑥,𝑟𝑚𝑠 = 𝛾𝛽
√

⟨𝑥20⟩⟨𝑥
′2
0 ⟩ − ⟨𝑥0𝑥′0⟩

2. (6)

Before and after 𝑛-machining we have performed measurements
by varying beam parameters (see Fig. 7). At the same fixed beam
parameters, bunch charge ∼6 pC, laser pulse length = 5 ps (FWHM),
laser spot size (rms) ∼0.3 mm, 𝐸𝑟𝑓 = 84 MV/m and working rf phase =
30◦ we have retrieved the beam emittance before and after 𝑛-machining
and compared the results, as shown in Table 1.

After 𝑛-machining we have performed measurements by varying
bunch charge. The parameters are reported in Table 2.
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Fig. 8. Plot of total horizontal (line) and vertical (red line) normalized beam emittance vs. bunch charge for Cu photocathode. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 9. Plot of normalized beam emittance vs. bunch charge for Y thin film on Cu substrate photocathode (Color on line).

Table 1
Beam emittance values before and after 𝑛-machining. The used parameters are: bunch
charge ∼6pC, laser pulse length = 5 ps (FWHM), 𝐸𝑟𝑓 = 84 MV/m.

Before 𝑛-machining After 𝑛-machining

𝜀𝑛𝑥,𝑟𝑚𝑠 = 0.37 ± 0.07 mm-mrad 𝜀𝑛𝑥,𝑟𝑚𝑠 = 0.21 ± 0.02 mm-mrad
𝜀𝑛𝑦,𝑟𝑚𝑠 = 0.43 ± 0.05 mm-mrad 𝜀𝑛𝑦,𝑟𝑚𝑠 = 0.22 ± 0.03 mm-mrad

Table 2
Beam parameters of the emittance measurements corresponding to Fig. 8.

Parameters Value

𝐸𝑟𝑓 97 MV/m
Working rf phase 30◦

Laser pulse length 5 ps-FWHM (Gaussian profile)
Energy at the gun exit 4.53 ± 0.05 MeV
Laser spot size (rms) ∼0.3 mm (Flat top profile)

4.2. Preliminary emittance studies of yttrium thin film on Cu photocathodes

In this section we outline the findings of the beam emittance
preliminary study for a yttrium thin film (the thickness of yttrium film is
1.2 μm) on Cu photocathode [11–13]. We have performed measurements
by varying bunch charge, at Cavity Test Facility (CTF) at Elettra-
Sincrotrone Trieste [14], using the solenoid scan technique. The used
parameters are reported in Table 3.

The results in Fig. 9 show that above ∼12 pC the emittance growth
(0.76 ± 0.05) mmmrad due to the space charge becomes significant.
We note that for the yttrium photocathode the beam emittance is
approximately 3-times larger than Cu photocathode. The high emittance
value is probably due to the high value of (ℎ𝜈 − 𝛷𝑦) in the intrinsic
emittance formula [1,15]. The yttrium work function is indeed 𝛷𝑦 =
3 eV but the measurements have been performed with 𝜆𝑙𝑎𝑠𝑒𝑟 = 262 nm

Table 3
Beam parameters of emittance measurements corresponding to Fig. 9.

Parameters Value

𝐸𝑟𝑓 110 MV/m
Working rf phase 30◦

Laser pulse length 5.3 ps-FWHM (Gaussian profile)
Energy at the gun exit 4.66 MeV
Laser spot size (rms) ∼0.11 mm (Gaussian profile)

(ℎ𝜈 = 4.73 eV). For the yttrium ℎ𝜈 − 𝛷𝑦 = (4.73 − 3) eV = 1.73 eV
(with this value the theoretical normalized emittance is about 𝜀𝑁 = 1
mm-mrad/mm) which is about 10 times larger than for the copper. The
copper work function is 𝛷𝑦 ∼ 4.59 eV and consequently ℎ𝜈 − 𝛷𝑦 =
(4.73 − 4.59) eV ∼ 0.2 eV.

5. Conclusions

To produce high brightness electron beam the dry machining is a
better procedure with respect the use of diamond paste or oil. With this
kind of machining a roughness of about 2 nm has been achieved, typical
of monocrystalline Cu photocathode. In addition the analysis of the
Fourier transforms showed a surface roughness induced emittance es-
timate after 𝑛-machining a factor 10 smaller than the surface roughness
induced emittance estimate before 𝑛-machining . The preliminary results
about yttrium photocathode show us that, among others hypotheses, the
difference in emittance compared with copper is due to the opportunity
to have linear electron photoemission with visible radiation (𝜆𝑙𝑎𝑠𝑒𝑟 ∼
400 nm) instead UV radiation (𝜆𝑙𝑎𝑠𝑒𝑟 = 266 nm). Further studies are
foreseen with visible light.
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