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The free electron laser in Hamburg, FLASH, is a superconducting linac which operates with a
typical beam current of 1-3 mA and 30 bunches The superconducting cavities of cryomodules
ACC4, 5 and 6 are calibrated to achieve a flat gradient without beam with a nominal 3e6
loaded Q. This calibration includes the settings of the loaded Q (Q_) and the wave guide power
distribution for individual cavities (Px). Most of the power distribution power ratios are fixed

leaving Q. and resonance frequency the only controllable parameters. The current

configuration of ACC4, 5 and 6 is recapitulated in the table below:

Table 1: summary of cavity loaded Q’s and power coupling settings currently used at FLASH

for ACC4, ACC5 and ACCS [5]

ACC4 218 MVim 181 MeV Max 191 Mev A 10
Pin, MW 151 | RF power OK
Qext 30 30 30 30 30 30 30 30
A, dB 95 95 95 95 95 95 95 95
A (Kiystron) 15.1 15.1 15.1 15.1 15.1 15.1 15.1 15.1
Pcav, kW 169.7 169.7 1697 1697 1697 1697 1697 1697 13579 155
Ecav, MV/m 285 2185 285 2185 2185 2185 2185 2185 218 MVim
Ecav, max 23 2 23 2 23 2 2 23 230

ACC5 226  MVim ‘ 187 MeV Max 231 Mev A 44
Pin, MW 161 | RF power oK
Qext 30 30 30 30 30 30 30 30
A, dB 967 9.64 961 953 934 9.35 9.38 939
A (Kiystron) 1487 14.84 1481 1473 1454 1455 1458 1459
Pcav, kW 1735 1747 1759 1792 1872 1868 1855 1851 14478 160
Ecav, MV/m 200 2247 224 245 295 29 2084 2281 226  MVim
Ecav, max 29 27 28 2 29 28 2 2% 279

ACCS 265  MVim ‘ 220 MeV Max 238 Mev A 18
Pin, MW 218 | RF power oK
Qext 295 297 3.00 298 3.00 298 299 298 11/21/2007
A, dB 785 754 8.16 831 1227 1203 1028 1037
A, (Klystron) 1165 1134 119 1241 1607 1583 1408 1417
Pcav, kW 376 3840 3329 3216 1292 1366 2043 2002 2066.5 13
Ecav, MV/m 318 3293 3060 3042 1906 1962 2399 2376 265  MVim
Ecav, max 34 32 34 32 21 21 29 26 28.6

9/1/2009




In this configuration, all cavities are set to the same Q. = 3 x 10° and individual powers have
been adjusted so that all cavities operate near their quench limits.

To investigate the ILC-proposed beam current, FLASH will operate with a DC beam current
higher than its present value. The objective is to reach the ILC design criteria of 9 mA over a
800 microsecond pulse length. Operating at this higher beam current and longer pulse length
will have a significant impact of the flatness of the superconducting cavities [1-3]. Simulations
results show that with the present settings, operating FLASH with 9mA of beam current will
make cavities quench. The proposed scheme to tune the cavities of FLASH differently should
help prevent cavity from quenching.

FLASH power distribution:
The power distribution at FLASH is depicted in the figure below:

Waveguide distribution for klystron #4 (status 06.08.07)
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Figure 1: klystron #4 power distribution for cryomodules ACC4, 5 and 6 [5]

The 3dB hybrid after klystron #4 is tunable and allows for redistribution of the klystron
forward power between ACC4 on one side, and ACC5&6 on the other. The second power
splitter distributing power between ACC5 and ACC6 has a fixed ratio (respectively 3.8dB and
2.4 dB) and cannot be changed. The cavities of ACC4 and ACC5 have individual 3-stub tuners
which allow for changing cavity Q.’s. Similarly, the cavities of cryomodule ACC6 have
motorized couplers and phase shifters which also allow for individual Q. calibration. There is
no circulator between the cavity and the coupling tuner so a change in Q. also results in a
change in the cavity resonance frequency, which has to be compensated for using the slow
motor tuner. Preliminary experience with FLASH proved that modifying the Q. for the cavities
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of ACC6 is easier and faster than for the cavities of ACC4 and 5. Furthermore, the

measurements of cavities loaded Q’s are calculated in real time and allow for a precise cavity
calibration.

High beam loading with the current calibration:
Using simulation, the predicted behavior of cryomodule ACC4, 5 and 6 under 9mA of beam

current was analyzed. The figures below show the simulated cavity gradients, with the present
FLASH calibration, operating without beam (a) and with 9mA of beam current (b).
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Figure 2: simulated gradients under the present calibration scheme without beam (a) and with
9mA DC current beam loading (b).

As illustrated in these plots, the upper cavities (cavity 1 through 4 in ACC6) will quench with
the existing coupling settings when operating with high beam current. Without changing the
existing calibration, the only way to avoid quenching is to lower the klystron power. This will
deteriorate the accelerating gradient. Using simulation, the gradient at which cavity quenches
are avoided by lowering the forward power is found to be 18.65 MV/m (compared to 23 MV/m
without beam). The plot of this simulation is shown below.
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Proposed calibration scheme for 9mA beam current:

In previous simulation reports [1-5] several solutions were offered to redistribute the power
among cavities and modify the loaded Q’s to optimize the accelerating gradients while
avoiding quenching under high beam loading conditions. While theoretically valid, these
simulations relied on the assumption that the power coupled to individual cavities could be
easily modified. In the real machine, the available “knobs” to modify the coupling and power
distribution are limited. One can “easily” adjust the power distributed at the 3dB hybrid level
(splitting between ACC4 on one end and ACC5&6 on the other) and “easily” modify the
loaded Q’s for the cavities of cryomodule ACC6. Modifying the Q’s for the other cryomodule
is a lengthier process as it involves changing the 3 stub tuner settings for each cavity.

Using simulation, a proposed scheme allows for avoiding cavity quench under 9mA of beam
loading solely by modifying the power distribution at the hybrid, and by changing the loaded
Q’s of cavities 1, 2 and 4 of ACC6.

Goals for the study:

The goals for the study were as follows:

Does the current simulation model reflect FLASH setup?

Validate that we can change set points and return to original settings.
Setup system to “optimized settings” and learn what we can without beam.
Return setup to original state.

The procedure to achieve these goals is detailed below:

Bring system up to normal operational state

Check model against system

Adjust Hybrid coupler and then go back to original setting. Does it return?
Record all tuner set points and read backs

Adjust loaded Q using motorized tuners on module 6 with model as target cavity
responses
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The first step consisted of validating the model. The Q. read backs at FLASH and the
measured power distribution settings (Px) were input into the simulator. The unknown power
coupling settings were adjusted so as to match the measured cavity gradients. The plot of
figure 4 shows the simulated traces with the measured Q,’s and Py’s. The parameters used for
the simulation are given in Table 2.
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Table 2: Q. and Py settings used to simulate FLASH cryomodules ACC4, 5 and 6

Vs = 18.55 MV/m ACC4
* T cav  Vguench  Vcav al Pk
30t 1 23 19.70 2.99 9.25
________ 2 23 19.80 3.11 9.10
= ///5;;_:_:_:_:_:_:_:\\ 3 23 1880  3.07  9.60
g 20 // 4 23 19.20 2.99 9.43
E 77 5 23 17.80 3.05 10.10
Ej & 5] 23 18.20 3.09 9.87
7 23 19.50 3.04 9.30
8 23 18.80 3.02 9.64
DD 260 460 EDID EDID 1DIDD 12IDD 1:'1IDD 1EIDD 18IDD 2000 ACGS
time [ws] cav Voguench  Weav al Pk
1 29 17.00 3.01 9.85
Figure 4: gradients simulated using Q. 2 27 17.80 2.98 9.50
and Py settings measured at FLASH 3 28 16.60 3.02 10.08
4 28 16.80 2.91 10.04
5 29 15.70 3.02 10.55
5] 28 15.60 3.03 10.60
7 28 15.80 3.14 10.43
8 26 15.50 3.02 10.66
ACCo
cav Vguench  Wcav al Pk
1 34 24.90 2.99 7.97
2 34 24.50 2.99 8.11
3 34 24.80 3.10 7.94
4 32 24.70 3.02 8.02
5 21 15.40 3.01 12,14
6 21 14.80 3.04 12.49
7 29 18.40 3.04 10.59
8 26 19.320 3.02 I 10.19

The fact that not all measured Py values were known prevented us from concluding on a
perfect match between simulation and measurements. However, the unknown Py values
adjusted to match experimental and simulated gradients are reasonable and within + 10 % of
their expected values.

The next step consisted of redistributing the power at the 3dB hybrid, providing more power to
ACC4 and less to ACC5&6. The existing configuration was 5.6 dB attenuation on ACC4 and
1.4 attenuation on ACC5&6. The requested change was 4.9 dB attenuation on ACC4 and 1.7
dB on ACC5&6. This change was performed at FLASH within 10-25 minutes.

The next step consisted of adjusting individual Q. settings on cavities 1, 2 and 4 of ACC6. The
existing settings were respectively 2.99, 2.99 and 3.02 x 10°. The requested optimized values
were 5 x 10° for cavities 1 and 2 and 5.5 x 10° for cavity 4. These values represent a change of
80% of the cavity coupling and caused detuning of the cavity resonance frequency. After
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retuning the cavity, the gradients of the “modified” cavities had the expected tilt up. The
simulated (a) and measured (b) gradients obtained with these modified settings are shown in
the plot of the figure below.
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Figure 5: simulated (a) and measured (b) gradients after modifying the hybrid power coupling
and the loaded Q of cavities 1, 2 and 4 of ACC6

The simulated plot shows all gradients of ACC4, 5 and 6 while the measured plot only shows
gradients of ACC6. On the left plot, one can clearly identify the three cavities with the
modified QL due to their positive tilt. The corresponding traces on the right plot are shown in
black, green and cyan (respectively cavity 1, 2 and 4). One can see that cavity 2 and 4 are
detuned and their gradient starts with the expected positive tilt and then rolls off due to
detuning. Adjusting the cavity resonance frequency counter balanced this effect and we
observed the three cavities with similar slopes during the flat top. The measured gradients and
the amplitude of the tilt up were found to be in good agreement. We also observed a negative
tilt on cavity 3 (shown in blue in the plot on the right). Although cavity 3 was measured to be
on resonance, we suspected that a slight drift in resonant frequency lowered its slope. A change
of about 100Hz was enough to flatten its flattop.

Predicted behavior with 9mA beam loading:

With these new settings, the predicted behavior of the cavities of ACC4 5 and 6 was simulated

and the gradients are shown in the plots of figure 6, with beam off (a) and with 9mA of beam
loading (b).
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Figure 6: predicted behavior of cavities of ACC4, 5 and 6 with the new Q. and Py settings
without beam (a) and with 9 mA of beam current (b).

Summary:

The study goals were met as we were able to:

- Remotely connect and communicate with the local study team.

- Validate the model with the initial operating conditions with good agreement.

- Updated simulator parameters to reflect current operation conditions.

- Adjust the power hybrid on klystron 4 and easily met the simulator design value.

- Quickly set the power couplers on module 6 and achieve the highest requested Q of 5.5e6.
- Have good agreement in gradients between model and machine.

Some noted differences are understood and will be further studied. The simulated results for
these cavity and power hybrid settings will increase the average gradient for 4,5,6 for a 9mA,
800 us flattop from 19MV/m to 23 MV/m. Initial results from tonight's study are encouraging

as the model is predictive and adaptable and the machine was easily tunable. (Thanks to Valeri
and John).
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