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Abstract REGULATION LIMITING
, ) . FUNDAMENTAL CAVITY MODES
The European XFEL requires a high precision control

of the electron beam, generating a specific pulsed laserThe Tesla type cavities used for the XFEL linear accel-
light demanded by user experiments. The low level radirator are operated in the so callednode. Next to the
frequency (LLRF) control system is certainly one of th@cceleratlon. mode there exist further fundamgntal modes
key players for the regulation of accelerating RF fields. Aosted by this resonator. Respnance frequencies have been
uTCA standard LLRF system was developed and is cufneasured and further theoretical background can be found
rently under test at DESY. Its first experimental resultd [?]- A sketch of the on axis electrical field distribution
showed the system performance capabilities. Investighl b@am direction for these modes can be found in Fig. 1.
tion of regulation limiting factors evidenced the need for

control over fundamental cavity modes, which is done 719 T-mode

using complex controller structures and filter techniques. W
The improvement in measurement accuracy and detection "NNNNNNNNS
bandwidth increased the regulation performance and con-

tributed to integration of further control subsystems. mmmmm

INTRODUCTION e
The European Free Electron Laser XFEL is a free elec- e e e — — —»

tron laser generating X-Ray laser light of tunable wave- ~ \_N\_N_N_N_N_N NN

length by the SASE process, using an electron beam accel-

erated to about7.5 GeV, in a pulsed operation mode. Pro-_.

viding its users stable and reproducible photons, requirg§gure. 1: Sketch of elec_trlcal field’. distribution along

a very precise control of acceleration fields. Developin%-‘e axis for the accelera_tlpn and the two next fundamental
and studying LLRF hardware and control strategies for th odes of Tesla type cavitieg][

XFEL benefits from implementing and testing concepts at . _ .

the Free electron LASer Hamburg FLASH. The latest ren- Exciting this resonance modes |ead to a degradation of

ovation of the LLRF system is a change of the controlle"he regulation performance up to an unstable loop. Fur-

hardware to an uTCA based technology standard. One n{g_ermore it is limiting the _parameter area W,hiCh can b,e
jor impact for the LLRF regulation is the change of fielduse,d for the controller design. So far only aliased contr_|—
detection, sampling frequency and precision of signal pr utions have been measurable due to the lower sampling

: . - : ffs = 1 MHz, and actively suppressed us-
cessing. Especially the higher sampling frequency a”o\;\;equency 0 o :
for direct measure of further dynamics in the feedbac g a complex feedback controller. Identifying the locatio
loop. as been done by bandwidth sweeping techniques in itera-

; ] tive processes?]. With the upgrade of the LLRF system
!t is well known that next to the.acceleratlon mode,.therg,]e sampling frequency of the LLRF digital processing has
exist further fundamental modes in a resonator effectieg thyoen increased MHz to meet the given intra train bunch
closed loop systen®?]. Especially the so callegir /9-mode  rgnetition frequency of XFEL. This allows to measure di-
generating a significant limitation on the maximum |°°prect|y the next two fundamental modes; /9 and 7 /9
gain. In this paper a control concept is preseqted_ Whic\ﬂhich are located abow00 kHz and3 MHz below the
has been implemented and tested at FLASH. Filtering ap- yode carrier frequency df3 GHz. Excitation measure-

proaches and measurements for the next fundamental mqgigns have been tested at FLASH to identify there exact
are outlined. This allows to keep the relative amplitudg,ation.

and absolute phase error below the XFEL requirements of
0.01 % (rms) and 0.01 degrees (rms). MEASUREMENT RESULTS

Defining the necessary system control parameters re-
* christian.schmidt@desy.de quires knowledge of the particular system dynamics. Be-




side deriving the model from physical consideration ther Excitation frequency response

exist methods to treat the system as unknown and deri F Cavity 1
knowledge by exciting it and measuring the response. | "1 Cavie >
addition, when considering a closed loop system, it is ne odr 8 s
essary to estimate its performance and stability in terms 03¢ oy
changing system parameters. The results displayed in t 03 X Cavitys

following have been done at the FLASH facility with the
UTCA based control system at the first acceleration mot 02}
ule. 0.15¢

0.25F
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Resonant mode excitation scans 01
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For the following presented measurement a very simpl
fied approach has been chosen for identifying the locatic
of resonance modes for all cavities within one cryomodule
Since it is known that th&r/9-mode is located at about

800 kHz, a sinusoidal excitation signal, which is modulateid:i ure 3- Individual cavity response to a sweenind Sinu-
during the RF pulse flattop, is applied on the drive signal, 9 ) y resp ping

Within one step of this scan, a specific excitation frequencsyoIdal excitation arounsl MHz, comp. Fig??
is taken and a couple of pulses are recorded for each cav-

ity. Taking the amplitude response allows to scan througbmodule location of resonance modes is one of the initial
a defined frequency range and record a system frequenidyRF characterization measurement done in the module

response plot, as shown in Figf. test stand before installation in the XFEL tunnel.
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xcitation requency response Characterization of feedback loop parameters
+ Cavity1 From control theory it is known that within digital con-

Cavity 2

% Cavier3 trol loops the processing delay introduces phase lags in the
avity

0 Coveys system which reduces the gain margin of the closed loop
Cavity 7 system. Having additional resonance peaks in the system
et this effect even leads to stability regions as function ef th
delay, [?]. To study this effect an additional loop delay
has been introduced by shifting the output signal in steps
of 81 MHz clock cycles. For each measurement point the
proportional gain has been increased and the VS error has

been recorded, this is shown in Fizg.
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Amplitude stability o,
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Figure 2: Individual cavity response to a sweeping sint -
soidal excitation modulated to drive signal : 02
It can be observed that there exists a spread of res 015
nance frequencies for individual cavities of ab60tkHz, A
whereas3 cavities have almost the same resonance fr¢ 01
guency. This derives the question which distribution wouli
be more feasible from controls perspective? Assuming & 005
cavities within the vector sum have identical mode frequer 5
cies, suppression can be done using a narrow band no - .

filter. Whereas all modes are equally distributed their cor
tribution would be suppressed By N, where N defines
the number of cavities within this vector sum. Since botlffigure 4: Stability diagram for scanning the amplitude er-
cases are hard to realize, individual filtering each cawity iror as function of feedback gain and additional loop delay
combining both approaches.

Next also the77/9-mode can be identified using the It is clearly visible that for the initial system delay this
same approach which is presented in Pg. leads to instabilities already for small feedback gains. In

One can observe comparable results in terms of spreadafdition one can see that the distance between two unsta-
resonance frequencies for this scan. Identifying each criple regions is about.25 us which corresponds &00 kHz
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resonance frequency. Once applying a notch filter for thi
particular mode, further instability regions are visibie i
Fig. ?2.

Amplitude stability o,
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Figure 6: Zoomed flattop region of regulation with propor-
tional feedback, with and witho@tr /9-mode filter
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Figure 5: Stability diagram compare Fig? with applied
band-stop filters fluctuations are visible. A higher feedback gain can be

achieved without adjusting the loop delay of the system.
Comparable to the previous plot one can observe stabil-

ity regions, which are separated by ab80® ns, fitting to CONCLUSION AND OUTLOOK

the7m/9-mode location. With the change of the LLRF control system a strategy

REGULATION STRATEGY for regulation of fundamental mode§ h_ad tlo be developed.
Recent measurements show the distribution of resonance
The spread of resonance frequencies within one crynodes within one cryomodule demanding active suppres-
omodule requires a broad band notch filter to sufficientlgion strategies to fulfill performance specifications of the
suppress all individual cavity contributions. First onfiet XFEL. Implementation of individual narrow band notch
87/9-mode is considered. With the change of the LLRFilters in the preprocessing stage for each cavity allows to
system and increased hardware capabilities it turned outji@prove the regulation performance of the closed loop sys-
be preferable to introduce individual filters in a prepraees tem. Suppression of ther /9-mode is intended to be done
ing stage before computing the vector sum. This allowgsing a complex multiple input/output (MIMO) controller.
to reduce the bandwidth of the notch filter and individuagince the mode location, measured at al3oMHz, is far
tuning. Realization is done by a second order lIRfilter:  outside the closed loop bandwidth allows to use a broad
band notch filter at the output stage of the controller. Fur-
~ ther measurements are planned to study the interaction of
(ul(k)) = {F(Z) 0 } (ul(k)> ) these modes with the electron beam.

uq (k) 0 F(z)] \uq(k)
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It can be easily observed how ti8e/9-mode oscilla-
tions on the signals are filtered such that only pulse to pulse



