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Overview of R&D activities

• High-performance cavities


• as part of the large-scale industrial production for the European XFEL and  
ILC-HiGrade and CRISP (DESY) and bmbf for U Hamburg (U Göttingen)


• fundamental surface studies and shape optimization (U Wuppertal, U 
Darmstadt). Generic studies, which will not be further detailed today


• Cost studies for cavities, couplers and cryomodules (DESY)


• following initial attempts during the TDR programme


• Positron yield and polarization studies


• joint effort with CLIC for high yield and efficiency 


• ILC-like beam tests at FLASH (DESY and international collaborators)


• long-pulse, high current, maximum gradient operation: 9 mA experiments



Towards high-performance cavities

• Industrial production recipe of cavities for the European XFEL yields 
gradients well above the required 23.6 MV/m.
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• Yield for high-gradient cavities is limited by local defects in individual cells, 
by quench of cavity or eventually field emission at large gradients


• ILC-HiGrade tries to localize and eliminate such local defects



High performance cavities

• 800 cavities for the European XFEL will provide 
unique statistical sample for the properties of 
mass-produced cavities


• 24 ILC-HiGrade cavities added to the mass 
production will allow for detailed studies of the 
performance limitations of these cavities and allow 
for post-processing


• thorough optical inspection of defects


• quench localization via 2nd sound technique


• analysis and removal of local defects


• development of additional and optimized post-
processing methods to improve maximum field


• Eventually provide 3 cryomodules of maximum 
performance

~150 m2 
2 laboratory rooms 

1 storage/technical  room

ILC-HiGrade 
Lab



OBACHT – Optical inspection tool of cavities

• Optical inspection of bare and dressed 
cavities


• Cavity camera with 10 µm and 0.01° 
resolution


• Automated cavity inspection with Kyoto 
Camera System


• Collision free movements assured by 
optical tests (planned)


• Fully automatic cavity positioning, 
illumination, and image recording


• Automatic image processing and 
possibly defect recognition  

Welding 
seam



Quench localization using 2nd sound

Schematic drawing of 
determination of the 
intersecting volume

OST signals

Calculation result

x ~20 m/s



Example of quench localization

Z161, Cell 2 
π-mode test

Consistent result of 2nd sound, OBACHT and T-map



Surface replica

• Silicon replica of surface structure can be used to resolve effects down to 
~1 µm size without affecting cavity performance (after HPR)


!

• Helps to resolve ambiguities of surface inspection


• Example shows the detailed surface structure on the welding seam, which 
appears to be particular exposed from the surface analysis

0

520 µm

3032 µm



Local defect removal (planned)

• Local grinder is a mechanical polishing technique used for local defects 
removal (K. Watanabe et.al, WEPEC033 , IPAC2010)


• Similar tool is being developed by University Hamburg / DESY and used at 
the ILC-HiGrade Lab for

• serial tests of the repair procedure (partially with ILC-HiGrade cavities) as 

feasibility study for meeting the ILC performance goal

• further optimization of the process

[1] K. Watanabe et.al, 
WEPEC033 , IPAC2010



Centrifugal Barrel Polishing (CBP)

•  CBP: purely mechanical polishing technique using abrasive media


• no or only light electropolishing (EP) (~10 µm) required


• ~10x smaller roughness (mirror-like surface) 
possibly yielding better Q0 and Eacc


•  CBP machine has been purchased 
by University of Hamburg and will be  
used in ILC-HiGrade Lab for:


• serial tests of the polishing proc.  
(partially with ILC-HiGrade cavities)


• further optimizations/understanding 
of the process (time, polishing recipes,etc.)


• Study of CBP as cavity repair and 
standalone preparation technique



Positron yield and polarization
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• e− Beam Energy: 150 ÷ 250 GeV

• Helical Undulator: 11.5 mm period, 

max 0.86 T ⇒ max K = 0.92


• Target: solid Ti6Al4V, 0.4 X0 ⇒ 1.4 cm


• Pulsed Flux Concentrator: tapered solenoid, 12 cm long, max 3.2 T on axis, 
0.5 T at end


• Capture RF: 1.3 GHz cavities embedded into 0.5 T solenoid
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Simulations of Undulator-Based Positron Source 
with Tungsten-Alloy Target

• 5 Hz e+ production scheme well conceivable with 150 GeV e- beam 


• alternative 10 Hz scheme is not required


• Baseline source with solid tungsten target shows preferred e+ yield:  
Y(W)/Y(Ti) = 1.34 at 150 GeV. Issues with target cooling and thermal stress 
have to be solved:


• Can a target cooled by liquid Li (W25Re as an entry window of thin Li lens) 
be alternative to the fast rotating Ti-alloy target + pulsed Flux 
Concentrator?


• Radiative cooling? 
Thin (pure) Li lens has approximately the same efficiency as pulsed


• The heat load in the windows of the Flux Concentrator has to be studied. 
Energy of generated positrons in baseline source is too low for thick Li or 
W-doped Li lenses (low capture efficiency).

A Ushakov at LCWS 13



Continuation of 9 mA runs at FLASH

• FLASH operating parameters very 
similar to those required for the ILC


• First beam test facility – soon to be 
complemented by STF (KEK) and NML 
test facility (Fermilab)


• Test of high-performance 
cryomodules?

3.2. FLASH 9 mA experiment

3.2.2 FLASH Main Linac

The main elements of the FLASH linac are shown in Fig. 3.1 before and after the energy upgrade in
2009/2010, when the number of accelerating cavities was increased from 48 to 56, increasing the
maximum operating energy to 1.25 GeV. The injector comprises a 5 MeV laser-driven photo-cathode
RF gun and a two-stage bunch compressor. The RF system of the first-stage compressor has eight
cavities in a single cryomodule (module ACC1), while that of the second bunch compressor has 16
cavities in two cryomodules (modules ACC2 and ACC3). The main linac comprises modules ACC4
onwards. Prior to 2010, the main linac comprised modules ACC4, ACC5, ACC6 (24 cavities), all fed
from a single klystron and regulated using vector-sum control.
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Figure 3.1. Layout of the FLASH linac

The FLASH high-level RF systems are the basis of the HLRF system design for both the ILC and
the European XFEL. The RF power is distributed from individual multi-beam klystrons of either 5
or 10 MW through a series of power-dividing elements to either one, two, or three groups of eight
cavities. The relative power to each cryomodule (group of eight cavities) can be adjusted remotely.
Pairs of adjacent cavities receive some fraction of the total RF power, with the power ratios having
been set during fabrication based on measured quench limits of the cavities. These power-dividing
ratios are not adjustable. Prior to 2010, the RF unit comprising the 24 cavities in ACC4,5,6 was
of most interest for the 9 mA studies. In 2010, an additional cryomodule (ACC7) was added and
the HLRF systems were reconfigured into two groups of 16 cavities each fed from it’s own klystron
(ACC4+5 and ACC6+7). Subsequent studies were focused on operation of ACC6 + 7. At the end of
the linac, the beam is directed through a series of undulators for SASE FEL operation, or alternatively
to a bypass line and then to the beam dump.

Figure 3.2
Measured cavity-
gradient limits for the
cavities in the FLASH
Accelerator cryomod-
ules for the 9 mA stud-
ies

(a) Modules ACC4,5,6 (2008-2009) (b) Modules ACC6,7 (2010-2012)
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Chapter 3. Beam Test Facilities

complementary skills and resources of large accelerator laboratories and smaller university groups
alike.

Beam tests done during the Technical Design Phase at other facilities are also important. For
example, beam-coupling corrections applied at the Australian Synchrotron [117], have demonstrated
beam emittance of 1.2 pm-rad, well below that needed for ILC.

3.2 FLASH 9 mA experiment
3.2.1 Introduction

The TESLA Test Facility (TTF) was constructed by the TESLA collaboration [118] to demonstrate
that a linear collider based on superconducting accelerating cavities would be feasible and cost
competitive with one based on conventional copper structures. Technical feasibility of ILC-type
superconducting accelerating cavities was demonstrated in 2000 when an 800 microsecond-long 8-mA
beam was accelerated through a single cryomodule to 168 MeV. The TTF was renamed FLASH
(Free electron LASer in Hamburg) and became a user facility operating as a soft X-ray free-electron
laser in 2005. The FLASH linac is a 1.25 GeV linac based on Tesla-type technology and operates
5000 hours per year on average. The ‘9-mA’ program was proposed by the GDE in 2008 with the
goals of demonstrating reliable operation of the TTF/FLASH linac with ILC-like bunch-trains and to
characterise the limits of operation of gradient and RF power. Typical beam properties for FEL user
operation (charge, number of bunches, average beam power) are far lower than those required for the
9mA studies. For DESY, however, these studies have been important for integration and operational
issues associated with running long bunch trains and high bunch charge, both for FLASH itself and
for the European XFEL (see Section 2.5).

The ILC main linac will accelerate a 5.8 mA (upgradeable to 9 mA) 726 microsecond beam pulse
to 250 GeV with 0.1 % rms energy stability at a pulse-repetition rate of 5 Hz. The beam energy must
be stabilised over two timescales: long-term pulse-to-pulse stability over minutes and hours; and
energy stability within a bunch train.The ILC main linac also requires precision control of high-gradient
SRF in the presence of heavy beam loading. Since gradient performance has the greatest cost impact,
each cavity in the ILC will be set to a stable voltage near its gradient quench-limit. To leverage
the most cost-e�ective performance, low-level RF controls are used to push the cavities to achieve
the maximum practical gradient, expected to be within 5 % of the nominal maximum. E�ects such
as beam loss, beam turn-on, beam-current fluctuation, Lorentz-force detuning and errors in power
input coupling should be properly managed and disturbances minimised in order to maintain stable
operation. In addition, studies were made of the required high-level RF-power overhead needed for
reliable operation.

The above scientific programme attracted strong interest and participation of low-level RF
and machine experts from DESY and also internationally, from Argonne, Fermilab and KEK. The
studies were performed over a total of about 5 separate week-long runs between September 2008 and
September 2012.

Table 3.2 compares beam parameters for the 9 mA Studies with the ILC Main Linac design
parameters, and those of the European XFEL.

Table 3.2
Parameters for the
9 mA Experiment in
context

TDR TDR European FLASH
units Baseline Upgrade XFEL 9 mA Expt.

Number of bunches per pulse 1312 2625 3250 2400
Bunch repetition rate MHz 1.8 2.73 5 3
Beam pulse length µs 727 960 650 800
Bunch Charge nC 1.9 3 1 3
Beam current mA 5.8 9 5 9
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The strong similarity of the ILC HLRF design to that at FLASH is a very important motivation
for the 9 mA experiment. The most significant functional di�erence between the FLASH and ILC
power distribution systems is the absence of remote adjustability of the power-divider ratios at FLASH,
the impact of which will be discussed in Section 3.2.8.

Maximum operating gradients for the FLASH cavities for the two linac configurations are shown
in Fig. 3.2.

3.2.3 Low-Level RF Control

DESY has been a pioneer in the field of digital LLRF control for pulsed superconducting linacs. The
LLRF systems currently implemented at FLASH use the third generation of digital LLRF controllers
developed by DESY (”Simcon-DSP”), and will shortly be upgraded to a fourth-generation system
that has been developed with the European XFEL in mind. The main elements of the FLASH LLRF
system are shown in Fig. 3.3 [119].
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Figure 3.3. Block diagram of the FLASH digital LLRF control system [119]

The LLRF controller output to the klystron comprises two components, a feed-forward term to
generate the cavity-field profile and handle the repetitive pulse-to- pulse artefacts while a dynamical
intra-pulse feedback controller compensates for unpredictable pulse-to-pulse variations. A learning
feedforward algorithm iteratively updates the shape of the feed-forward waveform in order to minimise
the repetitive pulse-to-pulse errors and reduce the e�ort demanded of the feedback regulator.

Over the course of the 9 mA studies program, DESY has implemented many performance and
functionality improvements on the LLRF systems: hardware and firmware upgrades and incremental
development and refinement of high-level applications. Improvements in pulse-to-pulse jitter, intra-
train regulation, repeatability, robustness, and long-term drift have all significantly improved over
the course of the studies. Beam-based feedback has been incorporated into the RF systems of the
two bunch compressors in order stabilise bunch-arrival time and bunch compression; beam-loading
compensation is based on measured bunch charge. There have also been substantial benefits from
the increasing degree of automation. FLASH FEL operations has also seen significant benefit from
the improved performance of the LLRF systems.

82 ILC Technical Design Report: Volume 3, Part I

FLASH digital LLRF 
control system



Experience from construction of European XFEL

• European XFEL linac is a ~5% prototype of the ILC


• Electronic Data Management System (EDMS) has been used from the start 
and now accompanies all manufacturing and installation processes


• EDMS will also be used for inventory of components and tracking of 
component integrity


• Such a system could be a good start to conceive an internationally dispersed 
construction of ILC accelerator components that is interfaced to a Japanese 
based EDMS for explicit construction (Japanese companies)



Summary

• DESY profits from the synergy with the European XFEL


• Cavity mass production


• R&D towards improving yield of high performance cavities jointly with 
Hamburg University and others


• e+ yield studies (DESY and UHH)


• DESY ready to engage further into R&D as the Japanese project gains 
momentum: ILC is a vital element of the next 5 year plan just submitted to 
Helmholtz Association


