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Radio-frequency (rf) photoinjectors are used to generate high-brightness electron beams for a wide range
of applications. Because of their outstanding beam quality, they are particularly well-suited as sources for
X-ray free-electron lasers (FELs). The beam emittance, which is significantly influenced by the intrinsic
emittance of the cathode, is fundamental for FELs, since it has a strong impact on the lasing performance
and it defines the length and cost of the facility. In this paper we present measurements of the intrinsic
emittance as a function of the rf field for a copper photocathode. Our measurements match with the
theoretical expectations, showing that the intrinsic emittance can be reduced by decreasing the rf field at the
cathode. We obtained normalized intrinsic emittances down to 350 nm/mm, the lowest values ever

measured in a rf photoinjector.
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I. INTRODUCTION

Radio-frequency (rf) photoinjectors [1] are the most
adequate instruments to produce high brightness electron
beams of energies up to several MeV. Rf photoinjectors
have various applications, mainly as drivers for future
linear colliders and especially X-ray free-electron laser
(FEL) facilities, but also as direct sources for electron
diffraction experiments [2,3] or in compact gamma-ray or
X-ray sources based on inverse Compton scattering [4,5].

X-ray FELs are modern research tools in multiple fields
of science such as biology, physics, chemistry, medicine,
and material science. Most of the current and future
planned FELs, including SwissFEL presently under con-
struction at the Paul Scherrer Institute [6], employ laser-
driven rf injectors.

The electron beam emittance is a key parameter for
FELs. To produce diffraction-limited transverse-coherent
radiation, the electron transverse emittance should be
e,/y ~ A/4r for an efficient electron-radiation interaction,
where ¢,, is the normalized beam emittance, y is the Lorentz
factor and 4 is the FEL radiation wavelength. This con-
dition indicates that by reducing the normalized emittance
the required final beam energy can be decreased, which
allows a shorter and more economical accelerator.
Moreover, for a given beam energy, if the bunch has a
smaller emittance, the FEL radiation power will be larger
and the undulator beam line to achieve saturation will be
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shorter. For instance, for the 200 pC charge operation mode
of SwissFEL, if the emittance is reduced from the nominal
value of 0.43 ym to 0.25 ym, the FEL power increases
about three times [7].

The emittance of the cathode or intrinsic emittance has a
strong influence on the final emittance of the electron
beam: for example, numerical simulations done for the
200 pC case of SwissFEL show that the contribution of the
intrinsic emittance to the final emittance is around 70% [8].
The intrinsic emittance depends on the initial kinetic energy
of the electron beam emitted from the surface of the
cathode and it can be formulated as [9]

¢ - ¢e
e =01\ [ — 3 (1)

where o, is the rms laser beam size, ¢, is the laser photon
energy, ¢ is the effective work function of the photo-
cathode material, and m,c? is the electron’s rest mass
energy. We call ¢;,,/0; the normalized intrinsic emittance,
since it is independent of the laser beam size. We note that
the above expression is correct if tilted-surface effects
related to the surface roughness of the cathode are
negligible [10].

The effective work function of a metal photocathode ¢
is obtained by subtracting the Schottky effect ¢bg, from the
material work function ¢,, [11]:

e3
——PE(9). (2)
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where e is the charge of the electron, ¢, is the vacuum
permittivity, /8 is the local field enhancement factor, which
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includes the effects related to the cathode surface proper-
ties, and E.(¢) is the applied field on the cathode at the
extraction phase ¢. For a given photocathode, the normal-
ized intrinsic emittance can be reduced either by decreasing
the laser photon energy or by reducing the rf field at the
cathode.

When E_.(p) varies in a small range, the quantum
efficiency (QE) of a metal photocathode depends quad-
ratically on the difference between the laser photon energy
and the effective work function [9,12]:

QE o (¢ — dherr)’. (3)

From Egs. (2) and (3) the effective work function can be
obtained from a so-called Schottky scan, i.e., by measuring
the emitted charge as a function of the extraction phase ¢.

In the recent past significant efforts have been put into
measuring the intrinsic emittance in rf photoinjectors, see
for example Refs. [12—15]. The intrinsic emittance depend-
ence on the laser wavelength has been verified in a diode
gun [16] and recently also in a rf gun [15]. In Ref. [12] the
dependence on the rf field at the cathode was investigated,
but normalized intrinsic emittances in the upper range of
what is expected from theory were obtained (in the order
of 900 nm/mm). Here we present measurements of the
intrinsic emittance as a function of the field at the cathode
that confirm the theoretical expectations expressed in
Egs. (1)-(2). This has been possible thanks to our accurate
and high-resolution method to determine the emittance of
very low charge density beams, which are not affected by
space-charge effects—a precondition to measure the intrin-
sic emittance. In addition to the emittance measurements,
we have reconstructed the normalized intrinsic emittance
by performing Schottky scans.

The measurements have been done at the SwissFEL
Injector Test Facility [17], which is introduced in Sec. II.
After outlining our measurement procedures in Sec. III, we
present the measured intrinsic emittance values in Sec. IV,
discuss the results in Sec. V and give our conclusions in
Sec. VL.

II. THE SWISSFEL INJECTOR TEST FACILITY

The SwissFEL Injector Test Facility [17] was the main
test bed and demonstration plant for the SwissFEL project
[6]. SwissFEL is presently under construction with first
hard-X-ray FEL radiation expected by 2017. The
SwissFEL Injector Test Facility was in operation between
2010 and 2014.

The electron bunches were generated in an S-band rf
photoinjector gun operated at 10 Hz repetition rate. The
measurements were done with a compact turn-key Nd:YLF
laser with a fixed wavelength of 262 nm and a Gaussian
temporal profile with a rms pulse length of 2.5 ps. The 2.6-
cells rf gun, originally developed for high-current operation
at the CLIC Test Facility at CERN [18], gives a nominal

field at the cathode at the injection phase of 49.9 MV/m,
which corresponds to a total beam energy at the gun exit
of 7.1 MeV.

Four S-band accelerating structures accelerated the beam
up to its design energy of 250 MeV. After that an X-band
linearizing cavity and a magnetic chicane were used to
compress the beam longitudinally. For the measurements
presented here, the gun phase was set to minimize the
energy spread of the beam by using a spectrometer after the
gun, the S-band structures were operated at on-crest
acceleration, and the X-band cavity was switched off.
Further downstream of the chicane a dedicated diagnostics
section allowed us to characterize the accelerated beam: an
S-band transverse deflecting cavity, several quadrupole
magnets and beam screens measuring the transverse beam
profile were available for projected and slice emittance
measurements. More detailed information on the SwissFEL
Injector Test Facility can be found in Ref. [17].

The measurements presented here were performed with a
cathode made of pure copper. The cathode surface was
diamond turned to an average roughness of a few nano-
meters [19]. We applied a careful cleaning of the cathode
which consists of ultrasound treatment and an annealing
cycle under vacuum at 250 °C for 10 hours.

III. MEASUREMENT PROCEDURES

The final emittance of the rf photoinjector is determined
by the intrinsic emittance and by the contributions from
space-charge and rf-field effects.' The rf gun phase is
normally set to minimize the energy spread of the electron
beam and therefore its final emittance. Even in this case,
however, the focusing and thus the optics varies for
different individual slices along the bunch because of the
rf field variation seen by the beam (in the SwissFEL case
the bunch can cover up to about 10 degrees of the gun rf
period). Due to the optics mismatch along the bunch the
emittance of the whole beam, i.e., the projected emittance,
is larger than the emittance of a single slice of the bunch
with approximately constant energy and optics. The meas-
urement of the slice emittance gives direct access to the
intrinsic emittance, provided that the influences of space
charge forces and rf field inhomogeneities (e.g., quadru-
polar field components as discussed below) on individual
slices are negligible. In our measurements we divide the
beam into ten slices per rms bunch length and average the
emittance over seven slices around the longitudinal beam
center to obtain the so-called core slice emittance. The
errors of our core slice emittance measurement take into
account the variation of the emittance along the slices
and the statistical fluctuations between individual emittance
measurements.

1By rf-field effects we mean all rf contributions to the final
emittance except the Schottky effect, which is included in the
definition of the intrinsic emittance [see Eq. (2)].
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A reliable and high-resolution method is crucial for the
precise measurement of the slice emittance. We determine
the core slice emittance at the high energy section of the
accelerator by streaking the bunch vertically with the rf
transverse deflector and measuring it on a high-resolution
and high-sensitivity  yttrium-aluminum-garnet (YAG)
screen. The YAG screen is observed under an innovative
imaging geometry that fulfills the Snell-Descartes law of
refraction and the Scheimpflug condition at the same time
[20]. This is achieved by placing the scintillator at an angle
of 8.1 degrees with respect to the electron beam, which
allows reaching a measured beam size resolution of
15 yum—much smaller than the crystal thickness of
100 um. The pixel size of the profile monitor was calibrated
with an ISO12233 resolution target of known dimensions.
To determine the slice emittance we measure the slice beam
size for different optics transformations. The slice beam sizes
are obtained from Gauss fits to the full horizontal profiles of
the longitudinal slices of the bunch. For our beams the
application of Gauss fits gives equivalent results as the rms
method, while being faster and more robust [7].

Five quadrupole magnets are used to vary the optics for
the horizontal slice emittance measurements. This is done
in a systematic way to scan the phase advance in the
horizontal plane, to set a fixed vertical phase advance
between the deflector and the profile monitor close to
90 degrees for an optimal longitudinal resolution, to have a
large horizontal S-function (between 35 m and 40 m) at the
screen for better emittance resolution, and to keep a small
vertical f-function (smaller than 10 m) to limit the streaked
beam size on the profile monitor. For a final beam energy
of 250 MeV, the normalized emittance resolution is about
2-3 nm, and the longitudinal resolution is about 13 fs. The
statistical and systematic errors of the emittance are quanti-
fied to be below 5%. A more detailed description of the slice
emittance measurements can be found in Ref. [7].

The YAG screen allows us to reliably measure beam
sizes for bunch charges as low as 1 pC and below, where
space-charge effects are insignificant for our laser beam
sizes. The space-charge limit has been determined by
decreasing the bunch charge at fixed laser beam size until
the emittance was not further reduced, as shown in Fig. 1.

The normalized intrinsic emittance &, /o, is determined
by measuring the core slice emittance as a function of the
transverse laser beam size, which is varied by changing the
laser aperture. After the space-charge threshold is found,
we keep the surface charge density constant during the
aperture scan to avoid space-charge effects.

Our gun has noncoaxial rf feeds from opposing sides
which generate a quadrupole field. Due to this effect, the
dependence of the emittance on the laser beam size is not
purely linear, as expected from Eq. (1), but has a quadratic
contribution. Taking the quadratic component into account
the normalized intrinsic emittance is determined as the
linear coefficient in a quadratic fit to the measurement data.
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FIG. 1. Example of space-charge limit determination. The field

at the cathode was at its nominal value (49.9 MV/m) and the
laser beam size was around 60 ym. For bunch charges equal or
below 1.0 pC the slice emittance is not affected by space charge.
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FIG. 2. Example of a Schottky scan: extracted charge (blue
points) as a function of the rf phase. The effective work function
¢eir 1s obtained by fitting the charge data according to Egs. (2)
and (3). The fit is indicated with the blue line. The red dashed line
shows the field at the cathode for the different phases. For this
example the cathode field at the extraction phase was at its
nominal value (49.9 MV/m) and the rms laser beam size was
around 60 pm.

For the Schottky scans, the charge is measured at a
calibrated beam position monitor 2.6 m downstream of the
rf gun. The uncertainties of the charge measurement are
below the few-percent level. Figure 2 shows an example of
a Schottky-scan measurement.

IV. MEASUREMENT RESULTS

We have measured the normalized intrinsic emittance for
three different gun gradients, corresponding to the follow-
ing fields on the cathode E.(¢): 49.9 MV/m (nominal
value), 34.8 MV/m and 16.4 MV/m. The total beam
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FIG.3. Core slice emittance as a function of beam size for three ~ bunch charge measured, at the lowest gradient and at the

different fields on the cathode. The nonlinear effect was reduced
for lower fields and the normalized intrinsic emittance varied as
expected from theory.

energy after the gun for the different gradients was
7.1 MeV, 5.1 MeV, and 3.7 MeV, respectively. The
measurements with the two larger fields were done during
the same day and the measurement at the lowest gradient
was performed two days later. The laser and accelerator
conditions were the same for all measurements, apart from
the rf phase adjustments described above.

Figure 3 shows the aperture scan measurements for the
three fields at the cathode. The expected beam size along
the gun varies between =50 ym and ~80 ym for the
smallest laser aperture, and between =300 ym and
~400 um for the largest aperture. To avoid space-charge
effects, the beam charge density was kept constant at a
value below the space-charge limit. The latter was deter-
mined individually for each aperture scan as explained

35 : : : . : 1.75
30} 1.50
E 25} 125 _
8 Q
g °
£ 20r 1.00 g
5 5
c
B 15 1075 S
N £
g ko)
w
s 10} 10.50
b4
5 10.25
0 0
-10 -5 0 5 10
Slice index

FIG. 4. Normalized slice emittance (cyan, left axes) for a total
bunch charge of 30 fC. The error bars are obtained by error
propagation of the statistical beam-size errors. The longitudinal
bunch charge profile is shown as gray bars (right axes).

smallest laser aperture, corresponding to about 60 pm rms
laser beam size at the cathode, was just 30 fC. A slice
emittance measurement at this ultralow charge was possible
thanks to the high sensitivity of our profile monitor and due
to the smaller amount of dark current produced by the gun
with the lowest rf gradient. The measurement is shown in
Fig. 4. The core slice emittance was below 25 nm.

Table I displays the rf quadratic component and the
normalized intrinsic emittance (linear term) for each
aperture scan. For the lowest gradient the normalized
intrinsic emittance is about 20% smaller than for the
nominal gradient. As expected from the rf-induced effect,
the quadratic component decreases approximately linearly
with the cathode field. For the nominal gradient, the
measured quadratic component can be reproduced with
numerical simulations using ASTRA [21] assuming a total
quadrupole field in the gun of 0.07 T. This value is
consistent with preliminary estimations obtained from
the field map of the gun.”

We performed Schottky scans for the highest and lowest rf
gradients used in the direct emittance measurements
(49.9 MV/m and 16.4 MV/m). For each case, the scan
was done for different laser apertures (see Fig. 2 for an
example). The Schottky scans were done on the same
respective days and under the same conditions as the
emittance measurements. The resulting effective work func-
tions are 4.46 +0.08 eV for the nominal gradient and
4.48 £0.12 eV for the reduced gradient. This corresponds
[see Eq. (1)] to a normalized intrinsic emittance of
421 £ 62 nm/mm and 406 + 96 nm/mm for a gradient
of 499 MV/m and 164 MV/m, respectively. The
reconstruction of the intrinsic emittance from the Schottky
scans matches with the direct emittance measurements

*More recently we performed measurements of the normalized
intrinsic emittance with a newer rf gun developed at the Paul
Scherrer Institute [22], which does not have noncoaxial rf feeds
and thus is expected to have a smaller rf quadrupole field.
As expected the aperture scans showed that the second-order
effects were much less pronounced.
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shown in Table I, but such scans are not precise enough to
verify the variation of the intrinsic emittance in our range of
cathode fields. Schottky scans can be used, however, as a
straightforward method to obtain a rough estimate of the
normalized intrinsic emittance of a photocathode.

We have fitted the measured normalized intrinsic emit-
tances as a function of the rf gradient using Egs. (1) and (2).
The best fit is obtained for an enhancement factor 8 =
0.79 £ 0.52 and a work function ¢,, = 4.70 = 0.07 eV. An
enhancement factor f around 1 corresponds to excellent
cathode surface properties, and a work function of around
4.7 eV matches with the expected values for copper—from
the different published values in the literature, the average
work function for copper is estimated to be 4.66 + 0.51 [23].

The QE at nominal gradient and extraction phase was
around 1074, Unfortunately, measurements of the QE for
reduced gradients could not be performed. According to
Egs. (2) and (3) with our fitted parameters, the QE is
expected to decrease by about 30% for a gradient of
34.8 MV/m and about 60% for the lowest gradient of
16.4 MV /m, while the reduction in emittance is about 10%
and 20%, respectively.

V. DISCUSSION

For the range of cathode fields explored here the
normalized intrinsic emittance is reduced by about 20%.
Reducing the rf field has, however, two disadvantages: (i) A
lower rf field implies a smaller QE—in our case the QE
degradation is estimated to be about 60% for an emittance
improvement of 20%. This can be compensated with a
more powerful laser system. (ii) For a reduced rf field the
total energy of the beam at the exit of the photoinjector will
also be reduced—in our case the energy drops from
7.1 MeV to 3.7 MeV. This will cause an increase of the
final emittance due to stronger space-charge effects. This
problem could be addressed by an appropriate reoptimiza-
tion of the gun design aiming at maintaining the exit energy
despite the reduced field at the cathode.

An optimization that takes into account the contributions
of the intrinsic emittance, the space charge and the rf field is
needed to choose the best configuration in a rf photo-
injector. Such an optimization must consider the depend-
ence of the intrinsic emittance on the field at the cathode
predicted by theory and demonstrated experimentally in
our measurements.

VI. CONCLUSION

We have measured the dependence of intrinsic emittance
on the cathode field for copper in a rf photoinjector. The
emittance measurements agree well with theoretical expect-
ations, showing that the intrinsic emittance can be reduced
by lowering the rf field. We attribute this agreement to a
reliable measurement procedure and to an excellent cathode
surface quality.

We have measured normalized intrinsic emittances down
to about 350 nm/mm. This is, to the best of our knowledge,
the lowest normalized intrinsic emittance ever measured in
a rf photoinjector. The empirical validation of these small
values was possible through the combination of our high-
sensitivity profile monitor and our reliable high-resolution
measurement procedure.
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