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Some	  
Considera-on	  on	  
Cavity	  Turn	  on	  and	  

Cavity	  Test	  
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Introduc-on	  

ü  How to deal with the new challenges: longer pulse, higher beam intensity, higher 
beam power, higher gradient, spoke cavities and high demands for energy efficiency 
and availability. 

ü  How to deal with wide spread of cavity parameters: maximum operable gradient, 
QL, Lorentz force detuning coefficients, major mechanical modes, etc. 

ü  How to learn as much as possible from a variety of RF tests carried out at different 
test stands and final accelerator tunnel, in order to better understand the cavity 
system and know its limitations, thereby operating the cavity system efficiently and 
effectively. 
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This	  talk	  is	  focusing	  on	  and	  trying	  to	  find	  suitable	  solu-ons	  for	  the	  issues	  and	  tough	  facts	  
expected	  to	  face	  for	  cavity	  opera-on	  and	  maintenance.	  	  



Facing	  Up	  to	  New	  Challenges	  at	  ESS	  

ª  Long pulse(~3.5ms RF pulses) 
–  Much longer Lorentz force detuning dynamics during pulse, might not be able to get compensated by traditional way driving the 

piezo with a simple half-cycle sinusoid impulse  
–  Klystron output droop and ripple might be bigger due to long RF pulse 

 
ª  High intensity   

–  Heavy beam beam loading in cavities, require careful feedforward compensation for each beam mode during pulses, and 
appropriate adaptive feedforward to reduce the repetitive feedback transient response  from pulse to pulse     

ª  High gradient  
–  High Lorentz force detuning; Work close to the quench limitation 

 
ª  High beam power 

–  The same situation of RF setting errors (up to 2° in phase and 2% in amplitude) might not be acceptable at ESS due to probably 
higher beam loss at high power linac of 5MW  

 
ª  Spoke cavity 

–  Uncertainties;  
 
ª  Energy Efficient 

–  Klystron Linearization;  
–  Minimize RF power overhead for RF control(25%à10%) 

 
ª  High availability 

–  Fast recovery from quench;  
–  Fast recovery from single/multiple LLRF, klystron, modulator, cavity, cryomodule failures 
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54% below 
saturation 

45%	  below	  
satura-on	  



Advantage	  at	  ESS	  
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ª  One Cavity per power amplifier(klystron, Tetrod, IOT…) 

ª   most are cold linac 

ª  cavity field stability not high (1%, 1 deg.) 

ª  high cavity bandwidth 

ª  powerful new technology: 10 input channel (2.5 times as SNS ), 

~1000 times bigger memory in FPGA, and faster CPU, 

communication… 



Possible	  solu-ons	  
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The	  way	  to	  go…	  

ª  Have adequate and high quality data (high resolution, data 
completeness, get data as we required ) 

ª  Carry out elaborate experimentation and make accurate 
measurement to obtain required data for particular purpose 

ª  Develop sophisticated models to identify system mechanism, 
predict system behaviors and find out system limitation 
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Higher	  Resolu-on:	  What	  happen	  during	  1us	  

ü  52.7kV (0.29% of operating voltage 18MV) for the 1µs-long 
     beam pulse induced voltage 
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Worse	  at	  normal	  conduc-ng	  cavity	  
ü  Normal conducting cavities (RFQ, DTL) have much lower Ql, ~ factor of 30. 
ü  Control is much more difficult due to low loop gain (~2, compared to 50 in 

superconducting cavity) 
ü  Beam loading is a very high frequency perturbations, and cannot be well 

compensated by integral controller 
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from	  presenta-on	  of	  J.	  Galambos	  
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Higher	  resolu-on	  

ü  Feed forward table adjustable resolution (better 
performance  when resolution <100ns.  

ü  Exp. If designed beam arriving time for high beta 
relative to RF pulse is 243.6 us, for 1us resolution, 
FF table can only adjust with 243us or 244us ) 
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Without	  FF	  compensa-on	  
Error:	  ±7%	  

resolu-on:	  1us	  
Field	  error:	  ±1.6%	  

resolu-on:	  100ns	  
Field	  error:	  ±0.18%	  
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Beam	  loading	  

FF	  compensa-on	  



Data	  Completeness:	  Beam	  based	  calibra-on	  
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Data	  completeness:	  RF	  based	  calibra-on	  

11	  



Get	  data	  as	  we	  required	  

12	  

The measured average gradient of field emission (FE) 
thresholds is 10 MV/m±3MV/m. The operating gradients 
are somewhere between the FE threshold and 90% of the 
limiting gradients. One interesting observation is that 
radiation patterns from some cavities do not show cavity 
field shape (Fig. 4). It has spikes at the end of RF pulses 
and/or during the cavity filling as shown in Fig. 5. At 
those moments when radiation waveforms are showing 
spikes, the power flowing through the fundamental power 
coupler has full standing wave pattern that is very 
consistent with the onset moments of electron probe 
signal (Fig. 3), and at the same moments we observed 
spikes from signals of HOM couplers in some cavities. 

 
Figure 4. Radiation signal with cavity field shape. 

 

 
Figure 5. Radiation signal with double spikes shape 

(top) and schematics of electron activities that could 
generate both radiations and electron probe signals (Fig. 
3) with double spike.  

The FE is the major limiting factor especially in high 
beta cavities, which leads lower operating gradients in 
most of high beta cavities (average operating 
gradient~12.5 MV/m) than the design one (15.8 MV/m). 
The effects of FE on the achievable gradients and the safe 
operating gradients are clearer at higher repetition rates 
including collective behaviors. It is observed in many 
cryomodules that the landing place of electrons depends 
on not only the field strength but also relative phases and 
amplitudes between neighboring cavities as shown in Fig. 
6. Also when electrons hit any intermediate temperature 
region (<20 K) in the cavity string, big bursts of gas are 
observed, which makes vacuum trips and redistributions 
gas and changes in cavity and/or coupler conditions.  
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Figure 6. Excursions of the beam pipe temperature of a 
cavity by changing its own RF phase and the neighboring 
one’s RF phase. 

Lorentz Force Detuning 
Observed detuning agrees with expectations in a good 

fraction of cavities. The detuning coefficients are about 
3~4 Hz/(MV/m)2 and 1-2 Hz/(MV/m)2 in medium and 
high beta cavities respectively. Some cavities show higher 
detuning coefficients at higher repetition rates as shown in 
Fig. 7, implying dynamic resonance condition. 
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Figure 7. Lorentz force detuning at various repetition rates 
observed in some of the SNS high beta cavities. In this 
example the accelerating gradient is 12.7 MV/m. 

Field Emission and Collective Behaviors 
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1-4244-0917-9/07/$25.00 c�2007 IEEEwhere no direct liquid helium cooling is applied, so that
helium super-fluid offers little help. And BCS resistance is
only one of the few mechanisms of RF power dissipations,
especially in the presence of field emissions which are
counted for a factor of 1–4 to the SNS cavities [2].

The stability of cavity phase and field amplitude is a
concern for short pulse mode, as the RF field generated
pressure on the thin walls of a SC cavity may deform the
cavity and excite its intrinsic mechanical modes, a phenom-
enon known as dynamic Lorentz Force Detuning (LFD).
The design LFD coefficient of the SNS cavity is 2 ± 1
(Hz m2/MV2), but in measurements, the dynamic LFD
depends on cavity gradient as the RF pulse is too short,
so that the properties of all mechanical modes also matters.
In measurements, stability of cavity phase and field ampli-
tude is within the design of 0.5! and 0.5%, and most med-
ium beta cavities need an extra of 20–30% RF power due to
the LFD, which is acceptable. Running at 4 K, the dynamic
LFD coefficient of medium beta cavity averages to 1.5, and
that of high beta cavity is 1.1 – reduced by approximately
30% from 2 K, while liquid helium pressure increased from
0.04 bar to 1.05 bar, and the cavity average gradient
remains at !14 MV/m. Fig. 1 shows measured LFD coef-
ficient for the SC cavities at 2.1 K.

3. SC linac tune-up algorithms

The setup of cavity synchronous phase and field ampli-
tude in the linac is one of the most important tasks in the
beam commissioning. A phase scan signature matching
technique [3] is applied in the warm linac. It measures par-
ticle time-of-flight and fits for beam energy, as well as cav-
ity phase and amplitude based on the cavity model. More
work is needed to apply the technique to SC linac, as beam
energy increases and beam loading in unpowered SC cavi-
ties are non-neglectable [4]. Fig. 2 shows simulation of
beam loading in unpowered cavities to phase measurement
versus pulse length, with and without cavity detuning.

Because beam-cavity interactions in a SC cavity are so
strong, they are utilized in the linac tune-up, called drifting
beam algorithm [5]. It measures beam current and beam
induced field in an unpowered cavity, and precisely deter-
mines the synchronous phase and calibrates cavity field
probe with a beam-cavity model. When beam velocity is
highly relativistic, signature matching will become inflexi-
ble, but drifting beam applies at high energy, including
electron SC linacs. However, in a low or medium energy
proton and heavy ion linac, such as SNS, beam accelera-
tions must be considered in drifting beam technique, in
addition to noise in the RF system and other passband
modes of the cavity [6].

Adjusting the focusing magnets after each cavity is
turned on could be a painful task and may not be neces-
sary. But a few steps are needed during the linac tune-up
as beam energy ramps up from 187 MeV to 1 GeV between
the entrance of the SC linac and a downstream beam
dump. From simulations with the TRACE3D code [7],
about seven steps in the focusing magnets are sufficient
to the SC linac: 187, 200, 235, 295, 354, 391 and 611–
1000 MeV. Fig. 3 shows beam envelopes in the linac at
187 MeV and at 1 GeV from TRACE3D simulations.
Beam size should be minimized in the linac to reduce beam
losses, but defocusing near the beam dump is necessary to
avoid damaging of the vacuum window. Twiss parameters
of the injection beams are of critical importance in the
transverse matching, so it is determined from computer
simulations and from actual measurements.

To prevent potential contamination of the SC cavity
from beam interceptive devices under high current beam
bombardments, no beam stop or other beam interceptive
device is installed in the superconducting linac. However,
none-destructive beam diagnostics instruments are neces-
sary to tune-up the SC linac and to establish both of trans-
verse and longitudinal phase space matching, so that beam
emittance is preserved in the linac and the beam losses in
the accelerator system maintained a moderate level. To
accomplish this, the essential beam diagnostics in the
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Get	  data	  as	  we	  required	  

ü  Example: Lorentz Force Detuning Compensation 
–  Static LFD coefficients 
–  Dynamic LFD spectrum 
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ü  Time	  domain	  piezo	  tuner	  transfer	  func-on(pulse	  mode,	  impulse	  response)	  



Cavity	  Turn	  on/	  without	  beam	  
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Cavity	  Turn	  on/	  with	  beam	  
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Cavity	  tests	  
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Thanks! 
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