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CLIC-Note-812 RESULTS OF THE 30 GHz HIGH POWER RF TEST ON THE "SPEED BUMP" AND "TM 02 " STRUCTURES

The demonstration of the 100 MV/m gradient of the accelerating structures at a breakdown rate of 10 -7 pulse -1 .m -1 is a key issue of the CLIC project. To demonstrate the feasibility of the latter, an important program is under way at X-band at CERN, KEK and SLAC. The 30 GHz test stand of the CTF3 complex offers also the possibility to test innovative idea concerning the breakdown physics. We present hereafter the results of the two experiments made on this test stand between summer 2008 and spring 2009. These experiments investigated the effects of lowering the group velocity on breakdown-induced damages (30CNSDsbCu) and on achievable gradient at a given breakdown rate (30CNSD2.0Cu).

1) INTRODUCTION

The CLIC study aims at demonstrating the feasibility of a linear collider at room temperature operating with an accelerating field around 100 MV/m at high frequency. There was a major change of parameters in 2007 when the operating frequency was changed from 29.99855 GHz to 11.9942 GHz [START_REF] Braun | CLIC 2008 Parameters[END_REF]. The CLIC prototype structures are hence now tested on X-band facility and the 30 GHz test stand of the CTF3 facility [START_REF] Achard | 30 GHz power production in CTF3[END_REF] is used to test "concept" structures investigating more general issues related to accelerating structure physics. In the year between summer 2008 and spring 2009, two experiments were run at this test stand in a discontinuous way investigating the effect of the RF wave group velocity on parameters like the breakdown rate and damage caused to the inner surface of the copper structure.

2) GOAL OF THE TWO EXPERIMENTS

Our current knowledge of the physics of breakdowns being essentially empirical, experiments are carried out so as to test hypothesis and find better criteria for the RF design of the CLIC accelerating structures. The two structures described below have designs based on an older structure with a constant aperture of 3.5 mm diameter and 2/3 phase advance per cell.

30CNSDsbCu -Speed-bump :

The speed-bump structure [START_REF] Zennaro | Design and Fabrication of CLIC Test Structures[END_REF] was designed taking into account observations on previous structures in which most of the damage due to breakdowns occurred in the first cell (or the few first cells). The main difference between this first cell and the others that could explain this phenomenon is the accessible bandwidth and consequently the energy available for the breakdown. As a consequence, the higher the group velocity, the bigger the difference between the first cell(s) and the rest of the structure. It was then presumed that the structure could be "protected" from the breakdown-induced damages by lowering the group velocity in the first cell. To test this hypothesis, the speed-bump structure has a modified input matching cell using TM 030 as the propagating mode. This lowers the group velocity in this first cell from 4.7 % to 1.7 % of c (see Fig. 1) and is expected to limit the damage due to the breakdown in the first regular cells by lowering the transient feeding of power to the breakdown.

30CNSD2.0Cu -TM 020 :

Exception made for the duration of the RF pulse, the surface electric field E s was considered for a long time to be the main limiting parameter for accelerating gradient at a given breakdown rate. Experiments have however proved that it was not sufficient to predict the achievable gradient in a structure [START_REF] Wuensch | The Scaling of the Traveling-Wave RF Breakdown Limit[END_REF][START_REF] Adolphsen | Advances in Normal Conducting Accelerator Technology From the X-Band Linear Collider Program[END_REF]. Other parameters showing a better agreement with the experimental results have been proposed like the ratio of the power flow to the iris circumference P/c (at given pulse length) [START_REF] Wuensch | The Scaling of the Traveling-Wave RF Breakdown Limit[END_REF][START_REF] Wuensch | Observations about RF breakdown from the CLIC high-gradient testing program[END_REF] or a "modified Poynting vector" S c [START_REF] Grudiev | A new local field quantity describing the high gradient limit of accelerating structures[END_REF]. It was observed that an experimental correlation exists between the achievable gradient at a given breakdown rate and the group velocity [8] as shown on figure 2. Group velocity (% of c) Maximum gradient (MV/m) @ 10 -6 pulse -1 .m -1 X-band structures 30 GHz structures Fig. 2: Evolution of the maximum unloaded accelerating gradient at 10 -6 breakdown.pulse -1 .m -1 as a function of the group velocity in the first cell for travelling wave structures. X-band as well as 30 GHz structures show a clear decrease of the gradient at higher group velocities.

A priori there is no reason to have a direct correlation between the group velocity and the breakdown limit but to investigate that question a test structure has been proposed: the 30CNSD2.0Cu structure called more simply "TM 02 " [START_REF] Zennaro | Design and Fabrication of CLIC Test Structures[END_REF], as it uses TM 020 as the propagating mode. All the quantities such as E s , S c and P/c are the same in the iris region (at least for the first cell) as in the reference structure. The TM 02 has just more stored energy and lower group velocity due to an increased volume of the cells.

The main parameters of each design are displayed in the following table. Note that the only differences are the group velocity and R/Q values. 

3) EXPERIMENTAL SETUP

The experimental setup is identical as the one used for previous experiment on 30 GHz structures [START_REF] Rodriguez | 30 GHz high-gradient accelerating structure test results[END_REF][START_REF] Corsini | A high-gradient test of a 30 GHz copper accelerating structures[END_REF]: The RF power is generated in the 30 GHz PETS located at the first third of the CTF3 linac [START_REF] Tecker | CLIC and CTF3[END_REF] and transferred to the structure in a vacuum chamber in the CTF2 bunker. The incoming, reflected and transmitted RF signals are measured using directional couplers and IQ demodulator. The I and Q signals are then digitized using two 4-channels Acqiris DC270 and DC271 ADCs (Agilent) with sampling rate of 1Gs/s and bandwidth of 250 MHz and 1 GHz (Fig. 3). In addition, a Faraday cup is place downstream on the structure axis to measure the electron and ion currents after a breakdown. Scintillators are also placed around the vacuum tank to detect the X-ray bursts caused by the breakdowns. These signals are also recorded using the Acqiris digitizers.

The corresponding data are handled by an automatic conditioning software [START_REF] Dubrovskiy | An Automatic Control System for Conditioning 30 GHz Accelerating Structures[END_REF] that stores and displays the RF signals envelopes as well as quantities like pulse length at 50 and 75% of the maximum amplitude, maximum power, gradient, faraday cup or scintillator signals, etc.

The transmissions between the input and the coupled as well as the isolated ports of the directional coupler have been measured and found equal to respectively (-49.8  0.2) dB and (-85  5) dB. The direct transmission is equal to (-0.15  0.05) dB. Calibration of the system is regularly done using a synthetizer and a power-meter. Some weird features have been observed during the speed bump test, like increasing transmitted power while the input power was decreasing or periodical fluctuations of the power while all parameters were kept constant (see Fig. 4). These were attributed to wrong calibration and baseline subtraction procedures coupled to a daily thermal drift. 

4) DATA ANALYSIS

As breakdown rate depend strongly on the RF pulse duration, comparison can only be made at a given pulse length. For this reason, the pulse length at 75% of the maximum pulse amplitude has been kept at 70 ns as much as possible for it was the most common duration in previous experiments and especially in the 3.5 mm aperture 2/3 structure test which is used as a reference for the two experiments we are reporting on. To determine the breakdown rate to gradient dependence one has first to spot the time intervals during which the gradient and pulse waveforms are constant within a chosen error as illustrated in figure 6. In addition to checking the waveforms of randomly chosen pulses, the latter criteria can usually be roughly and more globally checked by ensuring that the ratio of the pulse length at two different levels (for example 50 and 75 %) is constant and close to 1 (which would be the case for perfect rectangular pulses, practically, it is usually around 1.1). The breakdown rate is then calculated counting the number of breakdowns in the thus determined time interval. The error bars are given for the gradient by the standard deviation on the time interval and for the breakdown rate as follows:
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Where i stands for the number of the time interval considered, B(i) is the breakdown rate during this interval, (i) and N(i) are respectively the number of breakdown and the total number of pulses that occurred in the same interval. The error on (i), , is generally taken equal to 1 (meaning we under or over-count 1 breakdown) except when there are clusters of breakdown at the beginning or the end of the interval. In that situation, the error is estimated case-by-case. The error on N(i), N, is taken equal to 50 (corresponding to the estimated uncertainty on the beginning and the end of a stable period).

An analysis of the pulse shapes and relative timing of the RF signals was carried out in order to find the location of each breakdown inside the structured but it appeared that despite the rather low group velocity, the short length of the structure and intrinsic uncertainty on the timing due to the RF pulses non-ideal shape made it difficult to measure a position with an error bar smaller than the structure length itself.

5) EXPERIMENTAL RESULTS

30CNSDsbCu -Speed-bump :

The speed bump structure was tested in the normal direction during late spring and early summer 2008. After a conditioning phase, it received about 4.1×10 6 pulses, mainly at 1 Hz.

It is interesting to compare this with the duration it would be equivalent to if the structure was tested in the same conditions (at 60 Hz) as the X-band structures at SLAC: 18.99 hours. In the meantime, 2186 breakdowns were detected inside the structure.

In a similar way, the structure was tested in the reversed direction during fall 2008. It received about 1.7×10 6 pulses, mainly at 1 Hz too (equivalent to 7.89 "SLAC hours" at 60 Hz). During this time, 501 breakdowns occurred in the structure.

The power distributions of the breakdowns in the two experiments are shown on the left of Fig. 7. The shapes of the distributions are quite similar and the amplitudes are roughly in the same ratio as the total numbers of breakdowns. For completeness the energy distributions are also shown on the rightas in the conditioning phases and also after the end of this study (when optical spectrometry of the breakdown light emission was studied), the structure underwent breakdowns with non-flat-top pulses. pulses that triggered a breakdown in the structure for the two experiments performed on the speed bump structure. In both cases, the shapes and ranges of the distributions are similar for the normal and reversed directions. The main difference is the much higher number of breakdowns in the normal direction experiment.

The breakdown rates measured in both experiments are shown as functions of the unloaded gradient on figure 8 together with the fit obtained previously for the 3.5 mm reference structure. The triangles represent measurements for which no breakdown was recorded during the stable running period at the corresponding gradient. They are hence upper limits and are not taken into account in the fitting computation performed with the Matlab "Curve Fitting" toolbox. Within the error bars, the two speed bump experiments and the reference structure show the same results. The observed difference on the slopes of the fit is not significant as the uncertainty on these is high (for the speed bump experiments the slope is one order of magnitude per 12  3 MV/m). After the RF test, the structure was cut open and scanning electron microscopy (SEM) as well as optical inspections were performed so as to investigate the damage distribution along the structure. One half of the structure can be seen on figure 9 with arrows pointing towards the most important areas.

Iris 1

Iris -1

Iris 2

Iris -2 Fig. 10: SEM pictures and photographs of the two first and last irises (speed bump cell excepted). A dramatic difference can be observed between iris 1 and iris -1 as well as between 2 and -2. Without the speed bump and considering the breakdown distribution, one would expect more damages on the first irises. The contrary effect is observed and attributed to the speed bump.

It is clear that the last iris is much more damaged than the first one. In a constant aperture structure, according to previous experiment, it should be the contrary. However, the first iris being a little specific as the aperture is slightly bigger (4.8 mm) than the other cells'(3.5 mm) and hence the surface field lower, we cannot directly conclude about an effect of the speed bump. To strengthen the demonstration, we also show on Fig. 10 the comparison between the second and last but one irises ("iris 2" and "iris -2").

Here again, there is clearly more damage on the structure's end than at its beginning. This strongly advocates for the following scenario: when the structure is tested feeding it by its input, the "speed bump" plays its protective role and lower the damages undergone by the first cells. On the contrary, when it is reversed and fed by the output, there is no speed bump to protect the "last" cells (which become the first ones in the direction of propagation of the RF wave). Ultimately, though there were fewer breakdowns in the "reversed" experiment, more damages are observed towards the end of the structure.

30CNSD2.0Cu -TM 020 :

The experiment was performed between March and July 2009, mainly during the week-ends. That means there were few long-running periods which would have allowed reliable measurements at low breakdown rate. Figure 11 shows the breakdown rates obtained at different gradient during the last phase of the experiment (the conditioning phase is not shown to improve the clarity of the figure). The triangles represent measurements for which no breakdown was recorded during the stable running period at the corresponding gradient. They are hence upper limits.

Note that no "real point" has been measured below 70 MV/m due to time constraints, the duration needed to obtain at least 1 breakdown being longer than the available running period. The data points are quite scattered and it is hence tricky to obtain a reliable fit using them. The conclusion should then be drawn with caution but it looks like the breakdown rate vs gradient curve has the same slope as the other 3.5 mm aperture structures but is shifted towards the lower gradients by about 10 MV.m -1 .

This result is quite puzzling. Indeed, if the local parameters played the key role one would expect the results to be the same as the two other structures since these parameters are identical in the region where breakdowns occur. On the contrary, if group velocity was the main parameter, one would expect better results that is to say a lower breakdown rate than the two other 3.5 mm structures at a given gradient.

There are then two possible interpretations: either we assume there was some fabrication issue with this structure explaining why the results are worse than expected or we have full confidence in the validity of this RF test which means our current paradigm has to be changed.

CONCLUSION AND OUTLOOK

Two 30 GHz structures were tested between summer 2008 and spring 2009. The speed bump structure experiment aimed at lowering the breakdown-induced damage in the first cells by lowering the group velocity. The structure was high power tested in both direction (the only difference between the input and output being the speed bump cell) before being cut open to perform SEM. Much less breakdown-induced craters were observed on the first irises than would be expected if there was no speed bump. This supports the theory according to which the amplified damage observed at the beginning of constant aperture structures is due to a larger bandwidth and could hence be reduced by lowering the group velocity. The next step will be to build an X-band version of the speed bump structure to confirm this first result.

Concerning the TM 02 structure, it is harder to draw a definitive conclusion. This structure clearly behaved worse than the two other 3.5 mm structures but it is difficult to say if it was due to any fabrication issue or to the physics of RF-induced breakdown. The "post-mortem" inspection may give additional information to answer that question. This test emphasizes again if needed the difficulty to confirm or refute hypotheses on the base of a single structure experiment.

Fig. 1 :

 1 Fig.1: Group velocity in the first cells of the 30CNSDsbCu structure (blue dots) and in the regular cells of the nominal design structure (red dashed line).

Fig. 3 :

 3 Fig.3: Schematic view of the RF measurement setup. The envelopes of the incident, reflected and transmitted signals are measured using directional couplers, IQ demodulator and two Acqiris cards.

Fig. 4 :

 4 Fig.4: Example of the effect of the calibration issues spotted during fall 2008.These issues have been fixed for the TM 02 experiment by enhancing the calibration procedure and performing baseline subtraction directly on I and Q signals instead of the softwarereconstructed pulse. Not only did this removed the periodic fluctuations but it also made baseline correction needless as the reconstructed pulses have now negligible offsets (see Fig.5).

Fig. 5 :

 5 Fig.5: Comparison of the reconstructed RF pulses before and after implementation of the new calibration procedure. The region marked by the dashed frame is magnified and displayed as inset. The average baseline offset with the new calibration procedure is only 2.4 kW compared to 104 kW with the old calibration.

Fig. 6 :

 6 Fig.6: Illustration of the way a time interval is chosen for breakdown rate calculation. The top figure shows the accelerating gradient as a function of time. The bottom one represents the RF pulse lengths at 50% and 75% of the maximum amplitude during the same time. The chosen interval between the dashed lines is the one where those 3 parameters are roughly constant.

Fig. 7 :

 7 Fig.7: Histograms showing the distribution of the power (left figures) and energy (right figures) of the incoming RF pulses that triggered a breakdown in the structure for the two experiments performed on the speed bump structure. In both cases, the shapes and ranges of the distributions are similar for the normal and reversed directions. The main difference is the much higher number of breakdowns in the normal direction experiment.

Fig. 8 :

 8 Fig.8: Evolution of the breakdown rate as a function of the unloaded gradient for the speed bump structure in both direction and comparison with the reference structure. Within the error bars, there is no difference between the 3 experiments.

Fig. 9 :

 9 Fig.9: General view of the cut-opened speed-bump. The speed bump along with the irises pictured afterwards are shown on the picture.

Fig. 11 :

 11 Fig.11: Evolution of the breakdown rate as a function of the unloaded gradient for the TM 02 structure and comparison with the speed bump and reference structures. The plain line is obtained by fitting an exponential law on the points refered to as "TM02 last points".
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