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XFEL hnac

Injector Injector linac Booster linac Main linac
Gun AlAH1 A2 A3 A4 A5 A6 A7 A24 A25
\ 4 Vv \ 4 \ 4 \ 4 \ 4 \ 4 \ 4 \ 4
130MeV 500MeV 2GeV 17.5GeV
- 1700 m >
* RF Gun * VS regulation (beem calibration
* 2 RF stations with 8 cavities needed)

* 24 RF stations with 1.3GHz 32 ) XtFltz)_Il__tre.qOui(;tlegpefnts . ];'fk(jj q
TESLA type cavity each Stabllity. ©.5170 Tor amplitude an

0.01 deg. for phase
* in total 784 cavities and 26 RF
sources (only SC cavities)
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Cavity probs siganl amp lituds

Traditional VS calibration - ' ' '
2000 F- =
Standard method at XFE (requires interruption of the normal
operation) coeai ) l
* Run station in FF only mode e
* Allow short bunch train beam (usually we use up to 200 e | i
bunches, more charge is better) — !
* Record and analyze probe transients caused to beam gl |
* Document results in a report form ool |
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Implemented algorithm

RF calibration

Initialize b (e.g. b_=0) Simplified
The goal is to obtain b_ - complex factor scaling the beam cal =9 Meal d_bIOCk
c lagram
induced voltage in the cavity equation s
. 5 Get V, for currentb_
ca -
b.,=ke'"=V,=b_*2w,,qR, and for current Aw, w, ,
|
dV Solve cavity equation
c . to obtain new
=—(W,—IA®)V +0,,5( 2V +2V
dt ( 1/2 ) C 1/2( f b) Ao, W, , Adjust bca/
w,, — halfbandwidth Aw - detuning (Nelder-Mead)
V — cavity voltage V. — forward voltage Compute errors
X . ' (w,, and Aw)
V, — beam induced voltage /L
« The beam induced voltage component V, is a series of \\
. L errors < € _ >
steps corresponding to the individual charge bunches,
V. ? (response to single bunch) as a voltage step (¢, is a v
-
beam phase) Gotb_
* Relies on iterative signal fitting and error minimization !
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Software architecture and functionality

* LLRF application (Python), uses DOOCS Api (pydoocs) for communication with LLRF server

* Uses standard scientific python libraries (numpy, scipy) and C++ compiled functions to boost the
performance (ctype library)

» Uses multiprocessing for parallel computation, process communication through pipes and shared
memory

« Command line application, no GUI

GUI can be connected as an external application communicating through pipes and shared memory

* Running on Fujitsu server (72 processing cores, 64GB RAM memory)

* Processing data from single RF station at a time
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Taking data from LLRF controller for all 32 cavities simultaneously
Processing (due to hardware limitations must be serialized, maximum 5 cavities at the moment)
Store output (computed beam calibration)

Computes the on-crest phase for the module base on the beam calibration for all cavities and store the output



Results
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Results

As a proof of principle we have measured the beam calibration in one cavity while intentionally have changed the
control system calibration settings (only in narrow range and only in one of 32 cavities, so the impact for machine
operation was negligible).

« Calibration of the C5.M1.A15.L3 was changed in amplitude and in phase. The scan range was +20 deg. in
phase and +4% in amplitude respectively.

* For each scan point 500 pulses were recorded and processed after averaging every group of 10 pulses, in total
giving 50 measurements for each scan point
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Results

As a proof of principle we have measured the beam calibration in one cavity while intentionally have changed the
control system calibration settings (only in narrow range and only in one of 32 cavities, so the impact for machine
operation was negligible).

« Calibration of the C5.M1.A15.L3 was changed in amplitude and in phase. The scan range was +20 deg. in
phase and +4% in amplitude respectively.

* For each scan point 500 pulses were recorded and processed after averaging every group of 10 pulses, in total
giving 50 measurements for each scan point
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Limitations

Presented results has shown relatively good performance, however not sufficient for beam calibration (the
traditional method gives more accurate data). Investigating the possible sources of incorrectness the folowing has
been found:

* The cavity detuning always shows ~9kHz oscillations o few Hz amplitude. We discovered these oscillations in
all cavities at XFEL and FLASH independently on operating conditions (they are present both in FF and FB).
Most probably the reason is a real cavity vibration after beeing pinged with RF.

Sometimes the RF signal calibration is not fully correct, that generates non-physical jumps in computed
detuning waveforms.

detuning

12.54

10.0+

5.0-

2.5

2 5=
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Limitations
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Energy Server Beam Position Monitor

Traditional On-crest phase
measurements

14080.0 -

14077.5 A

=
'S
o
<
w
o

Standard method at XFEL and FLASH

Chanée scan direction finished.
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Scan finished.
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Results

On-crest phase computation basing
computed on beam calibration

* Al5 measured transparently during
normal machine operation

* Vector sum of all the cavity voltage

* On-crest phase: ~2 deg.

This mode of operation is challenging
since all the cavities in single station
should be processed simultaneously
Unfortunately, even the Fujitsu server
has not enough memory to run.

The computations have to be serialized
and only ~5 cavities can be processed
at a time.
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Conclusion

The beam calibration algorithm was implemented in the multiprocessing python program.

The currently achieved accuracy is still not high enough to use it to setup machine but it seems
adequate to monitor LLRF system state and notify operators when beam phase jumps or drifts
away.

Identified error sources are:

— Presence of ~9kHz oscillations at detuning during beam time. Probably the cavity is not stiff
enough and it vibrates when pingeg by RF. It prevents the optimization algorithm from full
convergence.

— Wrong RF signal calibration in some cases.

— There are possible also other problems: cross-talks between RF signals and nonlinear effects.

There are still areas for further improvements that possibly increase the accuracy (e.g. better
modeling of beam induced voltage, better detuning approximation).

Further optimization may focus on reduction of memory consumption. It may also benefit rewriting
the program witch C++. Python memory management is not available for the user.
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Thank you
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LLRF system architecture

wector

closed loop including cavity Lo Local modulator rf switch
° cabling RF power waveguide
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+ digital processing (FPGA) [Exlezr [Exlezr
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* RF modulation (VM) (' qQ (q cav.l  AAAA (O cav.32
* preamplifier e < Sisslle <
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.
N

The digital control is implemented in

Digital feedback TJ
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\\7

MTCA crate, the processing power is Control panel f— \
- e AMC CPU 4 —b — [Clij]CZICaV1
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jumps in the machine . e _ | *
° VS Calibration SIOWIy dl’iftS to other systems ;en?vird gﬁ:g 'Zebtliomt [C32ij]<:|C3V 32
* “on-crest” phase slowly fluctuates % FPGA computational algorithm
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