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Abstract

The X-band high gradient studies at Nextef, the 100MW X-Band test station in KEK operated since 2008, is reviewed. Recent high power test results of TD18#2, an 18-cell CLIC prototype structure with HOM damping slots, are given. The measured breakdown rate is ~10-5 /pulse/m under the operation at 100MV/m gradient with 250ns rf pulse width.  The rate is higher by one- to two-order compared with that of T18 structure, which is a disk loaded structure without the HOM slots. The recent performance of the station is also reviewed, especially that of PPM klystrons is discussed.  An overview of our on-going programs such as the pulse compression system of Nextef as well as the future plans of X-band study is given.
Introduction
Nextef[REF1], which stands for NEw X-band TEst Facility, was proposed in 2006 as a reassembled facility of GLCTA [REF2] to be a 100MW high power station for X-band accelerating structures. Its construction was done in 2007. As shown in Table 1, the facility has been operated for the high power test of a series of CLIC prototype high gradient travelling wave accelerator structures (at 100MV/m or beyond) [REF3] since 2008, under the agreement for the international collaboration research program among CERN, KEK and SLAC.  The purpose of this collaboration is to demonstrate the feasibility of the high gradient accelerator structure in X-band of the order of 100MV/m, which may be used in various applications including CLIC project.
CERN CLIC team proposed the electrical design of a series of prototype structures for this collaboration. Based on these design, KEK and SLAC share their fabrication and assembling work and also they conduct the high power tests of these structures. Note that we always produce two identical structures based on one particular design and each of these “twin” structures are tested at KEK Nextef and SLAC NLCTA respectively. By comparing the test results from each station, we can cross-check the high power performance of the structures and can evaluate the reproducibility of the fabrication and assembling processes.  So far we have tested two kinds of structures named T18_Disk and TD18_Disk [REF3] at both Nextef and NLCTA. Other than these, we have tested TD18_Quad#5 made by KEK, which has almost the same electrical design as TD18_Disk. TD18_Disk is composed of disks being stacked and bonded together while TD18_Quad consists of clamped quadrants [REF4].  We will concentrate on “Disk” structures in the present paper.  We do not use the suffix “Disk” in the following unless needed.
Table 1: List of Accelerator structures tested at Nextef
	Year/month
	

	2007/8
	Start commissioning.

	2007/12
	Power production 100MW reached.

	2008/1
	Start retest of 60cm KX03.

	2008/9
	Start  T18 test

	2009/7
	Start  TD18Quad#5 test

	2009/12
	Start TD18Disk#2 test

	2010/11
	 T24Disk installed.  Ready to start testing.


The facility 
Nextef
The configuration of the facility is given in Figure 1.  By combining the power from two X-band pulse klystrons driven by a single modulator, the pulsed rf power of 100MW can be produced.  The power is transferred into a concrete shield (named Shield A) fully equipped for the structure high power tests. The setup in Shield A is shown in Figure 2. In our recent structure tests, the peak power of 70MW with 250ns pulse width is supplied by 50pps (pulses per second) repetition rate. Note that we cannot test the beam acceleration since no beam is available at Nextef.  The temperature of the cooling water for the structure is 30 degree C.
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Figure 1: Nextef configuration.  A: Modulator, B: Klystrons, C: Low Loss Power Transfer Line, D: Accelerator structure under test in Shield-A (5m W ×3m D  ×2m H).
Table 2: Specifications.  Nextef
	Frequency
	11.424GHz

	Max power production
	100MW

	Max Power for tests*
	75MW

	Pulse Width
	400ns

	Repetition Rate
	50pps

	Cooling water
	30deg (variation is well below 0.1deg)


*Measured transmission loss is 25%.
[image: image2.emf]
Figure 2: Nextef Accelerator structure setup in Shield A.  ACC str: Structure under test, FC: Faraday Cup, PM: Profile Monitor, AM: Analyzer magnet, GV: Gate Valve.

The operation of Nextef station is supported by KEKB Injector Linac operators. Thanks to this support, it is possible to run Nextef for 24 hours per day and 7 days a week, making the annual operation time amounts to 6000 hours.  Continuous run of Nextef has been established and total run time is now more than 20000 hours from 2008. Remote monitor/control of Nextef is done through Linac control system.  It is possible to store and handle the operation data as well as the experimental data through Linac control system (Linux and EPICS)[REF5].
Currently the maximum power production is 100MW.  This is practically determined by the performance of one of two klystrons which shows frequent gun breakdowns at the cathode voltage above 460kV. Below this voltage the klystron is stable. This issue has not been solved yet.
KT-1 50MW station
There is another X-band station at KEK called KT-1 (Klystron Test station #1) which was originally constructed in 2006 as an X-band klystron test station. KT-1 is an independent station from Nextef located in the next door. KT-1 can be operated also for 24 hours per day. Small experiments such as a specially designed “narrow waveguide” for the study of high field rf breakdowns  [REF6]are conducted as well as the high power test of various components such as rf water (dry) load or a waveguide valve are performed by utilizing the rf power from a single klystron.  The power of 50MW with 400ns rf width maximum is available for these purposes.  This station contributes to the stable operation of Nextef since we check those components before their installation into Nextef.  
PPM  focussed klystron
We use the PPM (Periodic Permanent Magnets) focused klystrons [REF7] at our high power stations. Two PPM klystrons are running at Nextef and one is at KT-1. We have one spare PPM tube. These tubes were originally built for GLC R&D programs and their original design specification was 75MW with 1.6 microsec. We currently operate them up to 50MW with 400ns by 50pps. Our choice of these moderate parameters keeps the performance of the klystrons stable for fairly long period. 
The klystron running at KT-1 now was built in 2003 and repaired once in 2004.  It has been running very fine so far. Two klystrons for Nextef have been running for more than 20000 hours to date.
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	Figure 3: (Left) X-band PPM klystron originally developed as a 75MW klystron.  (Right) Measured power and efficiency in terms of the cathode voltage.  Note that we set the practical power limit of these klystrons to be 50MW in our normal runs at Nextef and KT-1.  The cathode voltage is less than 460kV.


High power tests 
Installation

The test structure is usually one of a pair of structures made as a twin. These are made in collaboration among three laboratories, CERN, KEK and SLAC[REF8]. The electrical design is made by CERN. The mechanical design and parts fabrication are performed by KEK. The chemical polishing of the parts, assembly with diffusion bonding and brazing followed by tuning, and the final vacuum baking are performed by SLAC. One of such pair of structures, this time called as TD18, was shipped to KEK with its inside filled with nitrogen gas. The structure was low-power rf tested in a cleanroom environment and right after this measurement it was installed into Nextef setup. For this installation, the vacuum system was carefully purged with keeping the nitrogen gas flow during all of the installation process. The system was initially evacuated by a turbo-molecular pump and finally done with the ion pumps (20 liter/sec) which are distributed to evacuate from waveguide ports and beam pipes.
The combined power from klystrons is split into two by a 3dB hybrid and fed into the structure through its two input ports. The power from the structure flows out through two output ports which are connected to the lines, each of which is terminated with an rf load. We do not bake the structure as well as the waveguides and components in-situ.  The typical vacuum pressure around the structure is 1e-6 Pa or less.
RF Processing of the test structure
The structure test is started with “processing phase”.  Our processing procedure is as follows. We begin the operation with small rf power and shorter pulse width than nominal. The power is ramped while the width is kept fixed until the power reaches its specified value where the accelerating gradient of the structure is nominal (Eacc ~100MV/m). Once Eacc reaches its nominal value, then the pulse is expanded a little and the power is ramped again.  The power and the width will thus reach their specified values finally.  At the initial stage of this processing phase of the structure, the vacuum pressure should be concerned since it is usually very active. Sometimes we have sudden change of the pressure even though we do not identify any breakdown. Generally speaking, keeping the high power during high vacuum pressure is harmful for the stable operation and sometimes it runs into the breakdown. Therefore careful control of the power into the structure is indispensable and the operation control program does this job. The program holds the power once the monitors detect the pressure increase or even the program decreases the power in case of the pressure severely increasing. The total time to need to process out the structure may depend on the detail of the processing procedure. Figure 4 shows the whole history of the operation and about 1500 hours at 50 Hz were spent for this processing phase.
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Figure 4:  Whole history of operation of TD18#3. Red=Eacc(MV/m), Green=Pulse width(nsec)/10 and Blue=integrated number of breakdowns.
Interlock

 A fast interlock system for accelerator test is employed, which switch off and on the rf input signal to the klystron.  Once some abnormal (=breakdown candidate) event is detected, the trigger to make the next rf pulse is suspended until the vacuum pressure around the accelerating structure becomes normal.  During this waiting time, the data acquisition system collects and stores the data of various waveforms from the scopes for later off-line analysis. (The breakdown events are identified by reviewing the stored waveform signals in the analysis.) 
The control system checks and resets the interlock status after the vacuum gets back to normal and it restarts the operation usually with smaller rf power (the pulse width can be shortened optionally but we have not had a chance to test this mode yet) and ramps back the power up to the original set value.  In this recovery process, one should care the vacuum pressure, and we follow the same procedure used in the processing phase above.  
test results 
We have tested two CLIC prototype structures, T18_Disk and TD18_Disk, both made of stacked disks and bonded at high temperature. Here we describe mostly those tested at Nextef, T18#2 and TD18#3[REF9].
Breakdown rate

Once we have a breakdown in a single accelerator structure in a linear accelerator, the beam fails to be accelerated by this structure. From the view point of machine operation, there is the tolerable probability of occurrence of such fault events and each accelerator structure should stay below the related value. The breakdown rate (BDR) of an accelerating structure can be defined as the rate of breakdown events per pulse. The BDR of an accelerating structure should be actually evaluated by the high power test of the structure.  We describe the BDR of CLIC prototype structures measured at Nextef.

The breakdown events are identified by the change of rf reflection and transmission signals measured at the directional couplers located upstream and downstream of the structure under test.  The breakdowns are almost always accompanied by enormous amount of current flush so that it is used as an identification of breakdown.  The BDR is estimated by counting such events during the certain duration of operation.  The measurement is done at fixed target power (fixed accelerating gradient) with fixed rf pulse width. The BDR is normalized by the length of the effective acceleration and the unit of BDR can be /pulse/meter. In Figure 5 is shown such BDR data of TD18#3 taken during the most of the high power study period. Those numbers at each data points are the starting time of each BDR measurement counted from the beginning of the high power test.
It can easily be found that the BDR decreases as function of time, indicating the advancement of the processing. It is also evident that it varies a lot as function of pulse width. In order to deduce the meaningful physics from these data points, we need to extract some subset from these which are close in time in the whole study period.
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Figure 5: Breakdown rate plotted against Eacc evaluated at various time of the whole high power study of TD18#3. The number associated with each data point shows the timing from the beginning in hour.
BDR dependence on Eacc and pulse width
The BDR has very steep dependence on Eacc. If we fit the measured BDR of TD18 with the power function of Eacc, the power is found to be 25 (rf pulse width is 512ns) and 29 (252ns) as shown in Figure 6. The BDR depends also on the rf pulse width, and the fitted powers are 5.2 (Eacc is100MV/m) and 3.3 (90MV/m) as shown in Figure 7.

The BDR data of T18 and TD18 measured at Nextef and NLCTA are shown in Figure 8.  It is fair to conclude that the BDRs measured at both stations agree well. The BDR of T18 at 100MV/m with its nominal pulse width of 250ns (rectangular pulse shape with its flat top width is 250ns) is the order of 10-7 /pulse/m.  On the other hand, TD18, which has the HOM damping slots, has the BDR of the order of 10-5 /pulse/m which is two orders of magnitude higher than that of T18.  One possible reason to make this large difference of BDR between them is the surface temperature rise due to the pulse heating effect.  This motivates the design of a new series of structures, TD24, which will be tested soon.
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Figure 6: BDR of TD18#3 as function of Eacc for pulse width of 252 nsec(red) and 512 sec(green).
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Figure 7:  BDR vs pulse width for TD18#3.   
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Figure 8: Comparison of BDR among four structures, Open symbols = a pair of T18’s and solid symbols = another pair of TD18’s. Red data points are taken by Nextef, KEK and those of blue points by NLCTA of SLAC.

BDR dependence on the operational time

The data in Figure 9 shows that BDR decreases as the cumulative operation time increases.  Fitting BDR as an exponential function of time gives a “decay time” of several hundreds of hours. It supports the idea that the high gradient performance of the accelerator structure can be improved even during the actual operation and eventually meets the specification as one of the accelerator components as long as the decay keeps going. However, this huge decay time prevents us to check whether BDR becomes constant at the end or it decays eternally.  One should keep this property in mind if he cannot measure the BDR directly.  
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Figure 9:  BDR versus processing time at 100 MV/m wit 250 nsec.

Field emission current

The dark current during the processing decreases as shown in Figure 10. In this figure, we plot the three cases, undamped T18#2, damped TD18#3 and quadrant TD18Quad#5, all of which were tested at Nexef in the same setup. As seen in the figure, the amount of the dark current varied much among the structures. If we take 10 micro Amp as the reference dark current, we read the related Eacc as 90, 70 and 40 MV/m for T18, TD18 and Quad, respectively. We speculated that it may be related to the high gradient performance which we see, for example, in the breakdown rate, as shown in Figure 7. The BDR of quadrant could not be measured due to very poor performance.
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Figure 10:  Dark current as function of Eacc.
The dark current measured in TD18 were analysed in a modified Fowler-Northeim plot formula, as shown in Figure 11(a). Each time the data points were well fitted with the F-N formula and we obtained the field enhancement factor beta from the slope. It was shown in Figure 11(b). Moreover, the obtained beta values are multiplied by the surface electric field as Beta*Eacc. As shown in the plot, this product values are around 6GV/m, which is roughly the same amount as the field evaporation of the copper atoms. 
By the analyser magnet, we can measure the dark current energy spectrum.  The result of TD18 is shown in Figure 12. 
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Figure 11:  Dark current from TD18#3. (a) Modifiend FN plots in various stages of processing and (b) the field enhancement value beta and the product of reached Eacc and the beta.

[image: image15.emf]
Figure 12:  Dark current spectrum of TD18#3.  
Switching in different power levels
 We evaluated the breakdown rate at three field levels, where the operation system switched power levels in every one second, or in other word in every 50 pulses. The resultant breakdowns were counted and classified to three field levels from the obtained breakdown power population shown in Figure 13(b). The BDR for each power level was calculated to be almost the same as that of the usual BDR at the same gradient.
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Figure 13:  (a) Power levels among three levels switching in every second. (b) Population of powers when breakdown occurred.
Breakdown probability just after breakdown
 The usual protocol after breakdown is the following; firstly we inhibit the following pulses and wait for a minute or so and check the vacuum level. Then, keeping the pulse width but reducing the power level by some amount we restart the next pulse followed by increasing the power level to the previous level. 

In order to evaluate the characteristics of the following pulses just after a breakdown, we decided to make a special operation without stopping the next pulse and see the behaviour of the nine consecutive pulses. In Figure 14 is plotted the number of breakdown pulses in such nine pulses. As shown in the figure, almost 50% cases, no breakdown follows after a breakdown. However, another half cases show breakdowns, which is much higher probability than usual BDR of one over than 100,000 pulses, indicating that a breakdown makes the structure change which induces the further breakdowns. 
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Figure 14:  The number of pulses with breakdown in the nine trailing pulses after a breakdown pulse.  76 samples are collected.  In most cases (49 out of 76), the 9 trailing pulses are free from breakdown, while there are even two cases in which 8 out of  9 trailing pulses are with breakdown.
future plans 
We have started the upgrade programs for our facilities within the same framework of collaboration between three labs. The first plan is the peak power improvement of Nextef by introducing a pulse compressor system. We have another plan for KT-1 being linked with a new shield room, Shield-B.
The first plan may be a solution to the potential problem in the BDR measurement.  Suppose we test the structure of its BDR being expected to be, say, 10-6.  We need more than five hours operation to get one breakdown event if the repetition rate is 50pps.  In order to statistically well confirm the measurement result, at least several events should be collected. Therefore we need to spend fairly large amount of time to measure one single data point of BDR. If we assume the exponential dependence of BDR with Eacc, we may speed up the measurement by taking data at higher Eacc and extrapolate it. Remind that Eacc is proportional to the square root of the power. The need of higher Eacc directly indicates the need of power upgrade. However, the performance of the klystrons practically limits the present maximum peak power available at Nextef, 100MW. This is a background to boost up the peak power of Nextef by pulse compression described below.
Pulse compression

We can improve the Nextef peak power by the introduction of a pulse compressor system (PCS)[REF10].  The PCS can improve the present maximum feed power for the structure, 75MW, to be more than 100MW. We have started this upgrade plan under the collaboration between CERN and KEK.

The whole configuration is shown in Figure 15. We install a single 22m long delay line which is a circular waveguide of 80mm inner diameter.  The pulse compressor header located one end of this delay line converts the TE10 mode in the rectangular wave guide into the circular polarized TE11 mode.  The delay line stores the rf power from the klystrons until the rf output from the klystrons is phase-flipped.  The stored energy in the delay line is released.  Together with the flipped power from the klystrons, the released (compressed) power from the delay line flows downstream and is fed into the structure under test at the end. The parameter choice of our PCS is the power from PPM klystrons 25MW each ×2×750ns while PCS output is 150MW×150ns flat top. PCS gain is to be 3 with efficiency is about 60%. 
 The klystron cathode voltage needed to produce 25MW can be as low as 400kV as shown in Fig. 2. We naturally expect the klystron performance will be better (more stable) with such low voltage.
KT1toB
There have been some requests for the fundamental studies on the high field by testing with such setup as single cell standing wave (SW) structures, short structures, and so on. These experimental activities should complement the series of high gradient tests on CLIC prototype structures proceeded at Nextef. Those experiments do not require much power, as long as for the SW case, and it can be provided by our single klystron. However it is difficult to perform these programs actually at current KT-1 station since there is no space to make a shield area nearby.
A simple and straightforward solution is to use Shield-B (5m W ×2m D  ×2m H) which locates in next door by constructing a new power transfer line as shown in Figure 15. The total length of the line is about 30m from KT-1 to Shield B. Most of the line consists of circular waveguides which carry TE01 circular mode in order to reduce the transmission loss. A 90-degree bend which works for TE01 mode is designed.  Several of those bends have been fabricated and will be implemented.
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Figure 15:  Nextef and KT-1 as of 2011.  1: Nextef twin klystrons, 2: Pulse compression header, 3: 22m long Delay Line, 4: Shield A, 5:  KT-1 klystron, 6: Shield B.  The rf power flow of each station is indicated by the arrows of red (PCS) and of blue (KT1toB).
conclusions 
Nextef, a 100MW X-band power station in KEK, has been running extensively for the tests of high gradient structures in last three years. The facility is dedicated for prototype structure tests in the framework of an international collaboration. We recently finished the high power test of the structure TD18_Disk, the structure with damping slots has been over.  It was found that the BDR of TD18 structures is by ten to hundred times higher (the factor depends on Eacc) than that of T18 structures.  Construction works for the future plans are ongoing to establish the higher peak power at Nextef and to provide a new experimental area (Shield B) for KT-1.
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