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Abstract

The SRF photoinjector combines the advantages of
photo-assisted production of high brightness, short electron
pulses and high gradient, low-loss continuous wave (CW)
operation of a superconducting radiofrequency (SRF) cav-
ity. The paper discusses beam dynamics considerations for
ERL class applications of SRF photoinjectors. One case of
particular interest is the design of the SRF photoinjector for
BERLIinPro, an ERL test facility demanding a high bright-
ness beam with an emittance better than 1 mm mrad at 77
pC and average current of 100 mA.

MOTIVATION

The primary goal of this study is to design an electron
injector within the boundary conditions of BERLinPro [1].
For BERLinPro, the electron injector needs to deliver
an electron beam with a normalized emittance of £, =
1 mm mrad and average current of I,,;, = 100 mA. The
rms pulse length must be oy < 7 ps in order to reduce emit-
tance growth in the merger, linac and recirculation loop of
the ERL. In addition the injector design should be compat-
ible with technical boundary conditions. These translate
into rf forward power limits set up by the rf power source
and rf input coupler technology of choice. In particular the
gun forward power is limited to Py = 230 kW by the rf
input coupler.s The secondary goal is to develop guidelines
and requirements for the microwave desgin of the SRF cav-

1ty.

PRELIMINARIES

The main building blocks for the electron injector of
BERLinPro are an SRF gun with drive laser, solenoid and
booster section (see Fig. 1). The solenoid and SRF cav-
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Figure 1: Schematic overview injector system with SRF
gun and booster.
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ity are located in a gun cryomodule. The beam exits the
cryomodule and is guided through a short warm section
with laser input and diagnostics ports before it enters the
booster cryomodule. In this study beam parameters are first
evaluated after the gun section at the location of the first
booster cavity and finally after the booster section, before
the beam enters the merger section. All beam dynamics
simulations for this study have been carried out with the
ASTRA code [2].

EMITTANCE CONTRIBUTIONS

The initial emittance for a beam from a photocathode RF
gun is given by the product of initial spot size and the mean
transverse energy distribution (MTE = (hv — ¢esr)/3) of
the electron distribution after photoemission from the cath-
ode with effective workfunction ¢g and single-photon en-
ergy hv of the drive laser [3]. Low emittance requires
a cathode material with a workfunction near the single-
photon energy of the drive laser and small initial spot size.
The lower limit for the initial spot size is given by the equi-
librium between the forces of the image-charge and the ac-
celerating field. This space-charge limited (scl) emission
radius is a function of the ratio of bunch charge ¢, and
launch field E; the bunch experiences during emission. The
resulting thermal (or cathode) emittance and the lower limit
for the emission spot size can be expressed by

MTE ‘th | ')
— wi Oinlecl =
myc? in scl 4meoRE);

€th = Oin (1)
It is clear from Eq. (1) that a high launch field is required
to achieve low thermal emittance for a given target bunch
charge. The upper limit for the launch field is given by
the cathode-to-peak field ratio (given by cavity design)
and the achievable peak field in SRF gun cavity structures
of Epr, = 45 MV/m [4]. For BERLinPro we assume a
drive laser running at A = 532 nm illuminated a pho-
tocathode made of CsK5Sb (¢pegr = 1.9 eV) resulting in
a divergence term of \/MTE/m,c? = 0.51 mrad. The
goal for the BERLinPro injector is to deliver a projected
emittance of €,r0; < 1 mm mrad and slice emittance of
Eslice < 0.6 mm mrad. To allow for some degradation due
to non-linear processes, the target for the thermal emittance
is ¢, = 0.3 mm mrad. This can be achieved with initial
spot size of 0j,, = 0.6 mm, resulting in a space-charge lim-
ited launch field of Ej|sc; = 5 MV/m. The gun should be
operated at least a factor of two away from this limit to al-
low for acceleration of the complete bunch including the
tail particles. Therefore the launch field the cavity has to
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supply is E; > 10 MV/m. The ratio of launch-to-peak field
in the cavity also wants to be high to reduce the propability
of dark current production due to field emission.

The final state of the emittance is the result of a dynamic
evolution under the influence of various forces. These
forces can be electro-magnetic fields of the solenoid and
SRF cavity as well as space-fields due to Coulomb repul-
sion. The normalized emittance at the injector exit can be
summarized as the root-square sum of the individual con-
tributions.

— 2 2 2 2 2
€n = /& + €50l +E5 + 8rf,” + 6rf,J_ 2)

For now, we neglect the interaction between the beam and
the cavity itself and due to higher-order modes and thus
all transverse rf contributions to €.+ |. The contribution
from space-charges forces e scales linearly with the peak
beam current and therefore inversely with the laser pulse
length. The contribution from longitudinal rf fields €.¢ |,
mainly the slope and curvature of the accelerating field,
scale quadrically or cubically with the pulse length. Con-
sequently there exists an optimum pulse length at which
the emittance is balanced between the two effects. Gener-
ally, the optimal pulse length is on the order of 10 degress
of rf phase [5]. Projected emittance growth is caused by
effects leading to mismatch of the motion in phase space
of individual slices of the bunch. This type of emittance
groth can be fixed by emittance compensation [6]. In this
process, a solenoidal lens is used to remove linear correla-
tions between the transverse and longitudinal phase space.
Slice emittance growth, caused by non-linear space-charge
forces or aberrations in optical elements, cannot be fixed by
emittance compensation and needs to be suppressed by de-
sign of the gun cavity and the solenoid. The key is to start
with a constant charge distriution, thus motivating complex
longitudinal shaping of the drive laser pulse. Emittance
growth caused by longitudinal rf effects can be mitigated
by a proper field balance and by reduction of the initial
pulse length.

Aberrations in the solenoid are a cause for slice emit-
tance growth £4,. Emittance growth by spherical aber-
rations scale quadratically with the transverse spot size.
Hence we want to keep the transverse spot size in the
solenoid small. This can be achieved by moving the
solenoid closer to the SRF gun cavity and by focusing the
beam during emission with radial electric field components
of the accelerating field. This rf focusing is achieved by
retracting the cathode out of the cavity backplane by a dis-
tance Azcain, usually by 1 to 3 mm [7]. By doing so, the
electric field has a radial focussing component, which in-
creases linearly in longitudinal direction and supplies the
low energy electrons with initial focusing. Obviously this
reduces the launch field and the launch-to-peak field ratio.

Conclusion for the cavity design

For the cavity design we can conclude from these con-
siderations that the launch field during electron emission
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should be E; > 10 MV/m with a high launch-to-peak field
ratio and that the cathode should be retractable to achieve
initial rf focusing.

SRF CAVITY OPTIONS

In this section we will evaluate several cavity options
build and under considerations against the criteria setup in
the previous section.

The purpose of the SRF gun cavity is to accelerate the
electrons from almost zero energy to an energy as high as
possible. An SRF gun cavity consits of a half cell with em-
bedded cathode plus a varying number of full cells. Due to
technical choices made in the design process, the average
power delivered to the beam cannot exceed 230 kW [1].
At 100 mA beam current this means that the exit energy
from the gun must be below 2.3 MeV. The launch field de-
pends on the maximum field on axis E,,,;, the cathode-
to-maximum field ratio Gpg and the launch phase accord-
ing to £} = FEpar - Grr - sing;. The maximum-to-
peak field ratio is for all cavity designs under consideration
Epk/Emas = 1.5. Complementary studies focused on the
RF properties indicate that a SRF gun cavity with a length
of 1.n - Ap¢/2 with 0.4 < n < 0.6 offers good perfor-
mance with regard to field flatness and peak field on the
metal surface [13]. In Table 1 launch fields and phases de-
rived from simulations of phase scans are summarized for
different design candidates. Listed are entries for the cav-

Table 1: Cavity field parameters relevant for beam dynam-
ics studies for 2 MeV target exit energy. See text for expla-
nation of the parameters.

No. Aanth GFF Ema:c ¢l El
mm MV/m degl. MV/m
Gun01.6 O 099 21 27 9.4
CDRO0.6 -1.5 0.74 44 15 8.4
Gunl 04 -1.0 0.82 48 21 14.0
Gunl 1.4 -1.5 0.79 26 41 13.4
Gunl 1.4 -2.0 0.69 26 39 11.3

ity employed at GunO [8, 9, 10] with 1.6cells, for the CDR
baseline design [11] and three candidates for Gunl (with
0.4 and 1.4cells [13]). Two entries for different values of
cathode surface retraction Az, are given for the 1.4cell
design. The short cavities with 0.4 and 0.6 cells offer only
low launch-to-peak field ratios togther with low absolute
launch field levels. Therefore we will concentrate on a cav-
ity design with 1.4 cells to study the effect of longitudinal
laser pulse shaping.

ADDING LONGITUDINAL LASER PULSE
SHAPING

The beam quality from a photoemission electron gun
is strongly dependent upon the transverse and longitudi-
nal shape of the drive laser pulse. For lowest transverse
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emittance, the BERLinPro baseline design requires a uni-
formly filled round transverse distribution and flat-top lon-
gitudinally. However since longitudinal laser pulse shap-
ing is a technical challenge, it is important to study with
simulations the effect of laser shaping on the transverse
beam emittance. Fig. 2 shows the result of optimization
runs leading to emittance compensation for Gaussian and
Plateau shaped pulses at peak current of I, = 5 A. The

Gaussian pulse scenario
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Figure 2: Transverse beam parameters for Gaussian and
Plateau shaped drive laser profiles. Results are shown for
booster on and off situations. The solenoid focal length has
been slightly adjusted to optimize the matching of the beam
into the booster.

Gaussian pulse has a rms length of o; = 6 ps, the Plateau
shaped pulse has 1.8 ps rise/fall time and 18 ps width. The
goal is to keep the rms pulse length constant from the cath-
ode to the merger section of the ERL. The initial transverse
spot size is round with 0.5 mm rms radius and the same
for the two scenarios. The target beam parameters can be
reached with both pulse shapes, the Plateau pulse setup out-
performs the Gaussian shaped pulse by 20% with respect
to projected emittance and linearity of the longitudinal and
transverse phase space distribution.

Complete injector setup

A booster linac is added to gun and solenoid. The
booster consits of three 2cell cavities of Cornell de-
sign [12]. The first cavity is located at the working point
which results from the emittance compensation process.
The goal is to effectivly freeze in the slice oscillation by
increasing the beam energy to a level where the phase
advance of the individual slices is not any more domi-
nated by space-charge forces. The proposed setup may
serve as guideline for the construction process of a real-
istic gun and booster setup. The gradient in the first cavity
is set according to the invariant envelope criterion [14] to
Eye1 = 7 MV/m increasing the beam energy from 2.25
to 3 MeV. The two subsequent cavities each are set to
Eye2,3 = 17.5 MV/m to add 2 MeV resulting in an injector
exit energy of 7 MeV. Here the emittance oscillations are
effectively damped as can be seen in Fig. 2 for Gaussian
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Figure 3: Transverse beam parameters for complete injec-
tor setup with initial Gaussian and Flat-top drive laser pro-
file.

and Plateau drive laser profiles. The minium emittance at
the end of the injector is a function of the launch phase as
can be seen in Fig. 3

SUMMARY AND OUTLOOK

The goals for the BERLinPro baseline beam parameter
set can be reached with at 1.4cell cavity with retractable
cathode design. With Plateau shaped bunches the perfor-
mance with respect to the transverse beam emittance im-
proves by more than 20% compared to Gaussian bunches.
The next step is to move towards fully 3D simulation in-
cluding all transverse rf effects from coupler kicks, higher-
order modes and wakefields.
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