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Abstract
For BERLinPro, a 100 mA CW-driven SRF energy re-

covery linac (ERL) demonstrator facility, HZB needs to de-

velop a photo-injector superconducting cavity which deliv-

ers a at least 1mm·mr emittance beam at high average cur-

rent. To address these challenges of producing a high peak

brightness beam at high repetition rate, at first HZB tested

a fully superconducting injector with a lead cathode [1, 2],

followed now by the design of a SC cavity for operation

up to 4 mA. It uses CW-modified TTF-III couplers and a

normal conducting high quantum efficiency (QE) cathode

using the HZDR-style insert scheme. This talk will present

the latest results and an overview of the measurements with

the lead cathode cavity, we also describe the design and

optimization process, the first production results of the cur-

rent design and an outlook to the further development steps

towards the full power version.

INTRODUCTION
For BERLinPro HZB needs to develop a SRF photoinjec-

tor cavity which has to fulfill demanding requirements with

respect to beam properties and SRF systems. BERLinPro is

a high current 100 mA 50 MeV energy recovery linac aim-

ing to combine high peak brightness, small emittance and

short pulse electron bunches with an average current com-

parable with the storage ring regime of hundreds of mA [3].

Therefore the injector cavity has to produce a small emit-

tance beam at high peak brightness, which demands a high

QE cathode with prompt response time and a low work

function for operation with state of the art laser systems

at high repetition rate. Further the cavity needs to handle

beam power of 230 kW to accelerate the 100 mA beam to

at least 2 MeV kinetic energy. To compensate for space

charge driven beam expansion, the emission process has to

take place at field levels as high as possible. The latter re-

quirement as well as the low work function is competing

with the demand, that the level of dark current needs to be
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Figure 1: Pictures of cavity 0.1 with lead cathode plasma

arc deposited on the back wall (top row) and cavity 0.2 with

a lead coated plug version simplifying the deposition.

omitted to a level as low as possible. This is mandatory to

avoid beam halo formation and loss in the ERL, especially

within the recirculator.

To account for all these diverging challenges, HZB has

started an injector cavity test programm in collaboration

with JLab, DESY, NCBJ, BNL, BINP, FZJ, HZDR and

MBI in a three stage approach. The first step was to test

and understand the beam dynamics of a one and a half cell

injector cavity, which is an interesting candidate for CW

driven low average current free electron lasers, a hybrid

lead cathode niobum 1.6 cell injector cavity designed by J.

Sekutowicz [4]. Here, the experimental results of two ver-

sions of this cavity which have been tested between 2011

and 2012 will be described.

The following step is a cavity with a new RF design [5]

allowing for improved beam dynamics properties [6] and

a high brightness beam introducing a normal conducting

high QE cathode into the SC cavity using the HZDR style

choke cell and insert system [7]. This cavity is currently

being manufactured at JLab and awaiting the welding of

the half cells and first processing and vertical testing. The
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Figure 2: Experimental set up of the cavity measurement at

the HoBiCaT horizontal test facility including cold section

and warm diagnostic beam line for beam visualization as

well as energy and current measurements.

design will be presented in the second half of this paper.

The third step will be a high power modification of the

current design using two modified KEK-style [8] funda-

mental power couplers and being more optimized with re-

spect to HOM properties and propagation.

HYBRID LEAD NIOBIUM CAVITY
Two versions of the hybrid PbNb cavity (see Figure 1)

have been fabricated at JLab and received the supercon-

ducting lead cathode at NCBJ in Swierk(Poland) [9]. After

completion of the cavity production and cathode deposi-

tion by plasma arc discharge, the cavity received its an-

cillary components and was installed within the HoBiCaT

horizontal test facility at HZB, which was extended with a

diagnostic beam line. This setup is shown in Figure 2.

For the first cavity the lead spot was deposited on the

back wall by mounting the whole structure to the deposi-

tion system. Afterwards the cavity received a final short

BCP and HPR using a protective mask for the cathode in

order to remove remnants by the plasma arc process [10].

This cavity was operated without any tuner and thus re-

ceived a strong back wall stiffening. It was equipped with

an adjustable TTF-III coupler, allowing external Qs rang-

ing from 1 · 109 down to 6 · 106 including a three-stub

tuner [11]. The second cavity features an improved back

wall stiffening, molding the stiffener bars directly out of the

back wall material, a modified Saclay-I style tuner system

and a niobium plug in the center of the back wall. The plug

system allowed for a more direct and uniform formation of

the cathode as it was installed very close to the lead source

of the deposition set up. Improvements and obstacles due

to this construction will be discussed in the following sec-

tions. Table 1 summarizes the simulated and measured RF

properties of both cavities. Note, that significant higher

field levels and thus beam energies were achieved with the

plug cavity.

Quality Factor
Given in Figures 3, 4 and 5 are the unloaded quality fac-

tors Q0 as a function of the peak on axis field E0, located

at the cathode, as measured after the final assembly in the

Table 1: Cavity figures of merit for the TM010-π mode of

the hybrid lead cathode niobium 1.6 cell cavity for E0= 27

MV/m. Note, that all parameters except the first four RF

properties are measured values. The latter were obtained

by Superfish and CST MWS simulations.

Parameter Cavity 0.1&0.2

R/Q(Ω) 190

Epeak/E0 1.2

Ecathode/E0 1.0

Bpeak/Epeak (mT/(MV/m)) 4.4

Φlaunch(Ekin,max) (deg.) 15

Elaunch (MV/m) 5&7

Ekin (MeV) 1.8&2.5

kcc (%) 1.47

Qext 6.6 · 106
f1/2(Hz) 98

Pforward (kW) ≤ 2
Δfpeak (Hz) 20-40

vertical test stand with and without lead cathode compared

to the values achieved within the horizontal beam produc-

tion set up. Note, that the vertical tests were done at 2.0

K, while the horizontal ones at 1.8 K. The bare cavities
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Figure 3: Measured unloaded quality factor Q0 of cavity

0.1 versus on axis peak electric field after cavity assem-

bly and treatment in the vertical test stand (grey squares) at

JLab, after deposition of the cathode (blue circles), the first

horizontal test after installation and beam line assembly at

HZB (black triangles) and after laser cleaning of the lead

cathode(red triangles).

achieved low field Q0s of the order of 2·1010 reaching max-

imum fields up to a quench field of 45 MV/m for cavity

0.1 and 55 MV/m for cavity 0.2. It is in common for the

back wall and plug set up, that both cavities saw an increase

by a factor of two of the surface resistance after receiving

the lead cathodes. This seems to be a general contamina-

tion problem rather than additional dissipation in the lead

film, as can be seen by RF calculations (see Figure 6), that

the peak magnetic field is only 2 mT at 20 MV/m. The

fraction of the cathode losses to the total cavity losses as-
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Figure 4: Q0 vs. E0 of cavity 0.2 in the vertical test stand

with the uncoated Nb plug installed (grey squares), after

installation of the lead coated plug (blue circles) and finally

calorimetrically measured Q0 at the horizontal test facility

at HZB including the diagnostic beamline.
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Figure 5: A comparison of the vertical and horizontal test

results of Q0(E0) for cavities 0.1 and 0.2.

suming same surface resistance is only 3.6 · 10−6% and

for the whole plug about 2 · 10−4%. Finally, after trans-
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Figure 6: Electric and magnetic surface field distribution of

the TM010-π mode on the plug surface. These calculations

were done using CST MWS [12] in order to understand

possible loss mechanisms observed at the plug location.

port to Berlin and installation in HoBiCaT, the measured

quality factor was again decreased by a factor of two for

cavity 0.2, for cavity 0.1 the Q0s were in general a factor of

two lower than for the second cavity and it further features

a much earlier onset of field emission at 12 MV/m in the

horizontal tests. After laser cleaning of the cathode it im-

proved to 18 MV/m [2, 13]. The maximum operating fields

were thus limited to 20 MV/m for cavity 0.1 due to a strong

contribution by dark current, whereas cavity 0.2 was able to

operate up to 27 MV/m. Cavity 0.1 was installed in HoBi-

CaT with two magnetic shields whereas cavity 0.2 was not

equipped with a second shielding. Cavity 0.2 had a resid-

ual resistance of 35 nΩ in the horizontal tests. This cannot

be explained by the missing shielding, as the remnant mag-

netic field in HoBiCaT is about 1-2 μT.

Findings with the plug design First RF tests in HoBi-

CaT showed a rather low achievable field and strong multi-

pacting of the plug design at field levels of 3 and 8 MV/m.

This was correlated with an increase of the cavity and beam

line vacuum to 1·10−7 [14]. Most likely this was a λ-
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Figure 7: Quench event of cavity 0.2 close to the instanta-

neous quench field level at 28 MV/m. It was operated at

E0=25 MV/m (green line), a strong increase of the dissi-

pated power into the superfluid helium was observed (red

line, 2 K flow) and an increase of the temperature measured

on the solid back wall of the Nb plug was observed.

leak between the superfluid helium bath and inner cavity

caused by the indium seal of the plug, even though special

care was taken for a proper installation. Nevertheless, by

RF processing the peak fields were increased to 27 MV/m,

the multipacting barriers can even be passed running with

an LLRF system, instead of the phase-locked loop used

for the quality factor measurements. The processing came

along with a decrease of the observed radiation level 1.5 m

downstream the cryostat by three orders of magnitude. The

first notable dark current was seen at 25 MV/m. The cav-

ity quenched instantaneously at 28 MV/m. At 25 MV/m it

took about one hour of continuous operation for the quench

to manifest itself. As depicted in Figure 7 a slow heating

and increase in helium consumption comes along with field

levels beyond 24 MV/m. The increase in temperature was

measured in the liquid at the back wall of the rather thick

Nb plug. We suspect to have a bad thermal contact between

the cooled cavity back wall and the plug system leading to
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a warming and finally quench at the cathode and even in-

dium seal location.

QE and dark current The measured field emitted

dark current originated mainly from the cathode area as was

demonstrated with tracking calculations by V. Volkov [2].

Figure 8 shows dark current of both cavities at different

field levels focussed by the SC solenoid on the first view

screen. For the plug design the dark current seems to be a

mapping of the plug’s gap area, comparable with the high

electric field distribution shown before in Figure 6.

Figure 8: Comparison of dark current for both cavities

measured at the first screen at different field levels using

the solenoid to focus the beam. The field emission onset

of cavity 0.2 was significantly higher than for cavity 0.1,

especially after additional RF processing.

It is mainly caused by irregularities in the morphology

and tip on tip like substructures of the lead coating. Es-

pecially for cavity 0.1 small droplets were observed and

areas of dark current were identified to have a rather small

QE and a strong fluorescence in the visible regime when

illuminated by the cathode laser [13, 15]. The plug cath-

ode featured a smoother and also more isotropic surface

regarding the QE distribution and therefore much less dark

current. The same appears for the fluorescence maps taken

without field illuminating the cathode with the drive laser

and taking pictures with a CCD in the visible regime.

With cavity 0.1 at areas of very low QE and strong flu-

orescence strong field emitters exploded with currents at

least ten times higher than the wanted beam when illumi-

nated with the cathode laser at specific RF field level [2].

After this procedure these field emitters seemed to be re-

moved, the fluorescence level was reduced. This shows,

that for contaminated cathodes even with the cathode laser

some cleaning of the cathodes is possible. But for an over-

all increase of the QE a laser cleaning is mandatory.

Figure 9 shows the QE obtained with the lead cathode

of cavity 0.1 before and after laser cleaning with a KrF ex-

cimer laser at 248 nm compared to values achieved with

samples [16]. The values are below the best witness sam-

ples but exceed the QE of cleaned Nb by a factor of five.

Unfortunately there was no measurement time to perform

laser cleaning with the plug cavity, but it achieved similar
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Figure 9: Comparison of measured quantum efficiency

(QE) versus laser pulse energy at BNL [7] of electro-plated,

arc-deposited lead and bulk Niobium samples with the QE

obtained for the arc-deposited lead cathode of cavity 0.1

before and after laser cleaning.

QE as the uncleaned back wall cathode, but with a much

more uniform distribution. Summing up, lead cathodes

allow only small beam currents, but they are very robust

against contaminations and processing of field emitters and

can be brought back to full performance by laser cleaning.

Operational Experience, Field Stability
Both cavities were operated with a modified version of

Cornell’s LLRF system [17]. Cavity 0.2 is even equipped

with a Saclay tuner system, whereas with cavity 0.1 the

master clock for LLRF and laser system referenced to a

lowpass filtered phase locked loop following cavity drifts.

Figure 10 depicts the piezo modulation to RF detuning
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Figure 10: Measured piezo to RF detuning transfer func-

tion of the piezo stacks installed in the adapted Saclay I

style tuner. The first mechanical eigenmode appears at 248

Hz

transfer function of the Saclay tuner installed with cav-

ity 0.2. The response is very flat until the first mechani-

cal eigenmode appearing at 248 Hz, beyond the loaded Q

Proceedings of SRF2013, Paris, France MOIOB02

07 Cavity design

D. SRF Photoinjector

ISBN 978-3-95450-143-4

45 C
op

yr
ig

ht
c ○

20
13

by
th

e
re

sp
ec

tiv
e

au
th

or
s



bandwidth of the cavity. The measured detuning spectra

(Figure 11) mainly feature external vibrations acting on the

cavity. Using a heater to simulate RF losses within the liq-

uid helium it was shown, that the spectral lines appearing

for higher losses are correlated with activity in the helium

bath (LHe). These spectral lines below 100 Hz appear to

increase with the localized losses produced by the heater.

This increase of dynamics of the LHe bath at field levels
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E0=22 MV/m
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LHe dynamics
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Figure 11: Measured microphonics detuning spectrum at

two different field levels. At about 25 MV/m strong activity

in the helium bath takes place and an increase of the excited

first mechanical eigenmode was observed.

near the quench level, where a warming of the cathode

region leads to a localized increase of the heat deposited

in the bath, comes along with an increase of the mechani-

cal eigenmode detuning contribution. More measurements

about heat transport within the helium bath, LHe heat trans-

port capacity and measured microphonics are planned for

the future.

Table 2 gives an overview of the field stability and mea-

sured detuning levels for different scenarios of both cavi-

ties. Beam energy modulation experiments using the piezo

tuner have shown, that the contribution of the phase and

amplitude stability compared to laser time jitter and laser

pulse length to the beam’s energy jitter is negligible.

Table 2: Cavity field stabilities and detuning measured at

different field levels for both cavities
Cavity 0.1

QL
E0 σf σΦ σA/A

(MV/m) (Hz) (deg)

1.4 · 107 12.0 5.02 0.02 1.5 · 10−4

6.6 · 106 20.0 7.0 0.017 1.2 · 10−4

Cavity 0.2
6.6 · 106 22.0 5.6 0.026 1.1 · 10−4

6.6 · 106 25.0 13.8 0.039 1.6 · 10−4

Beam Parameters and Quantum Efficiency Mea-
surements

Besides studying the RF parameters and achievable sur-

face resistance and field limits, the main goal was to under-

stand the beam dynamics within the injector cavity and to

measure the beam’s phase space to extract the emittance.

Table 3 gives an overview of the obtained beam and field

parameters achieved with the two versions of the PbNb hy-

brid cavity. The same UV 258 nm cathode laser was used

for both measurement runs, operating at 8 kHz. For all

emittance measurements the space charge contribution was

negligibly low with charges below 1pC and short pulses to

omit RF curvature contributions. To determine the normal-

ized emittance both the slit mask and solenoid scan meth-

ods were applied. More details about the beam measure-

ments can be found in [1, 18, 19]. In summary one could

Table 3: This table summarizes typical beam parameters

and cavity settings for both PbNb hybrid cavities illumi-

nated with 258 nm cathode laser at 8 kHz repetition rate at

the given maximum on axis fields.

Parameter 0.1 0.2

Cathode type Pb back wall Pb plug

Cathode QEmax 1 · 10−4 1 · 10−5

E0max. 20 MV/m 27 MV/m

Elaunch 5 MV/m 7 MV/m

Ekin at max. E0 1.8 MeV 2.5 MeV

Bunch charge 6 pC 187 fC

Emission time 2-4 ps 2.5-3 ps

Average current 50 nA 1.5 nA

Normalized emittance/mm 5.4 1.9

laser spot size mm mrad mm mrad

state, that due to the improved cathode deposition tech-

nique, as already discussed with the QE and dark current,

a much more smoother surface with less protrusions and

droplets was achieved. This resulted in a lower dark cur-

rent level, higher achievable fields and finally a lower beam

emittance, as the cathode morphology directly contributes

to the thermal emittance as discussed in [18].

Another hint for the cathode surface structure contribut-

ing to the overall emittance is given by the transverse phase

space measurement shown in Figure 12. This measurement

was done at E0=10 MV/m and 15 deg. emission phase, as

at that time a failure of the IOT limited the available for-

ward power. For large laser spot sizes, as given here by

0.66 mm RMS, a substructure of the transverse divergence

across the vertical bunch coordinate hints at different emis-

sion points with different thermal emittance contributions.

Figure 13 gives an overview about the phase dependance

of the kinetic beam energy for different field levels. For

higher fields, though not visible in the plot, a maximum

appears at low phases of about 15 deg.
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Figure 12: Reconstruction of vertical phase space at

E0=10.0 MV/m for cavity 0.2.
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Figure 13: Measured kinetic beam energies Ekin at differ-

ent field levels for both cavities versus emission phase with

respect to the RF field.

AN INJECTOR FOR BERLinPro
Experience gained with the measurements of the cavity

0.1 folded with the requirements of the BERLinPro project

resulted in the design of the next injector cavity towards

the full power 100 mA version. The first step, called cavity

1.1, should demonstrate the beam dynamics requirements

for the ERL with respect to emittance, energy spread, jitter

requirements, dark current studies and peak brightness at

the full charge of 77 pC and currents up to 4 mA. Thus, a

normal conducting semiconductor cathode has to be imple-

mented.

The final cavity geometry was an outcome of a combined

RF and tracking simulation to optimize parameters as e.g.

skew back wall and path length of the half cell. This pro-

cess ended up in a 1.4·λ/2 cell design, to mainly achieve

a higher launch phase compared to cavity 0.1 to have an

effective ratio of maximum surface field and field seen by

the beam.

Thus a whole new RF design [20] was created account-

ing for:

• A high launch phase for the maximum energy gain un-

der the given forward power constraint. This should

guarantee a high emission field to compensate for

space charge driven beam expansion, as the fraction

of maximum on-axis field to emission field level is

minimized. The longitudinal on-axis field for differ-

ent cathode positions is presented in Figure 14.

• Further, to account for the avoidance of dark current,

the maximum on axis field level is not located on the

cathode surface (which has a low work function) it-

self, but close after. This is achieved by a skew back

wall and the curvature of the cathode insert open-

ing. This also features transverse field components

for beam focussing.

• Finally by fine tuning the design the electric peak sur-

face field was moved from the cathode opening to the

inner iris towards the back wall. This is a less proba-

ble origin for field emitted particles to leave the struc-

ture contributing to dark current transported through

the accelerator.
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Figure 14: Longitudinal electric field component at r=0

mm and radial electric field at r=1 mm versus z for differ-

ent cathode positions.

Table 4 summarizes the cavity RF properties calculated

by Superfish [21] and CST MWS.

Ancillary Equipment
A sketch of the cavity and its ancillary components is

given in Figure 15. It shows the 1.4 cavity cell with the

cathode opening in the back wall followed by the HZDR

style insert system of choke cell and Petrov filter. The

beam tube is enlarged such to allow for propagation of the

lowest dipole mode and still coupling of two CW-modified

TTF-III coupler [22] delivering up to 10 kW each. The

coupling is optimized for low kick and a beam current of

4mA. Downstream the beam tube will be the superconduct-

ing solenoid followed by a beam tube HOM absorber. The

cavity will be equipped with a blade tuner system similar

to the Cornell version including four piezos for fine tuning.

RF Design
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Table 4: Cavity figures of merit for the TM010-π mode of

injector cavity 1.1 at E0= 30 MV/m and cathode retracted

from 0-2.5 mm. Note, that Qext is optimized for 4 mA beam

current.

Parameter Cavity 1.1

R/Q(Ω) 150-149.5

Epeak/E0 1.5-1.45

Ecathode/E0 1-0.58

Bpeak/Epeak (mT/(MV/m)) 2.2

Φlaunch(Ekin,max) (deg.) 60-50

Elaunch (MV/m) 26-13.3

Ekin (MeV) 2.6

kcc (%) 1.6

Qext 3.6 · 106
f1/2(Hz) 185

Pforward (kW) 8.4

Δf/ΔPLHe (Hz/mbar) 10 (expected)

Iavg (mA) 4

Qb (pC) 77

Figure 15: Drawing of the SRF photo-injector cavity with

the cavity, beam tube, choke cell and cathode insert in sil-

ver grey. Also shown are ancillary components such as

the helium vessel, blade tuner, stiffening ring and CW-

modified TTF-III coupler.

Combined electro-magnetic-mechanical calculations by

E. Zaplatin [23] were performed in order to find a stiff-

ening ring position and material thickness for minimum

detuning to pressure sensitivity of the cavity Δf/ΔPLHe.

The expected tuning sensitivity will be 1.6 MHz/mm and

Δf/ΔPLHe ≈10 Hz/mbar. Tuning the structure by 300

kHz will result in a maximum field flatness change of 3%,

below tolerances for beam dynamics considerations.

At the moment, this cavity is being manufactured at JLab

and will see its first vertical RF test presumably Fall of this

year. A first impression of the half cell manufacturing can

be obtained from the picture in Figure 16 showing three of

the four half cell sections and the beam tube stacked for

mechanical inspection.

Figure 16: Cavity 1.1 in production at JLab. Here the cav-

ity is only stacked and the first half of the 0.4·λ/2 cell is

missing.

Figure 17: Calculated Qext for modes up to 3 GHz for a

port at the HOM absorber location.

HOM Studies
HOM calculations of the current design have shown, that

higher order monopole modes and dipole modes are leav-

ing the structure propagating to the beam tube absorber (see

Figure 17). But some quadrupole modes seem to be trapped

within the half cell. Further it has to be taken into account,

that the R/Q depend on the evolution of β within the cavity

cells and thus on the maximum on axis field level. Calcu-

lations have shown [20], that for monopole π modes R/Q‖
increases with E0 and decreases for the zero mode. For

dipole modes R/Q⊥ behaves in the opposite manner.

OUTLOOK: CAVITY 2.1
The high power cavity version will be equipped with two

KEK-style couplers which were modified in design using a

golf tee shaped tip form for improved coupling and reduced

coupler kick. For this cavity version it has to be understood

whether the trapped quadrupole and sextupole modes play
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any role in unwanted beam cavity interaction and how to

change cell-to-cell coupling and the exit iris to allow even

those modes to escape. Further work has already started to

improve and simplify the choke cell design as well as the

cooling of the cathode plug at the expected RF losses and

laser power.
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