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Abstract
In the present paper, we try to review the progress on high gradient X-band accelerator structures for linear colliders, especially highlighting the recent progress in realizing a high gradient acceleration gradient for CLIC. 
The high gradient target value in LC structures has been upgraded from 65 MV/m as of 2004 to 100 MV/m for CLIC at present. In this paper are discussed mostly those related to this advancement. The nominal suppression scheme of the wake field today is heavily-damped one, different from the damped-detuned one as of 2004. This design choice affects the high-gradient performance and some experimental results are shown to discuss the possible parameters, pulse surface temperature rise, as one of the limiting factors.
Introduction
The X-band R&D for linear collider (LC) use has been studied for more than 20 years since late 1980. Projects relevant to this paper are listed in Table 1. The author would like to respect the early innovative developments by Russian VLEPP [1] targeting 100MV/m at 14 GHz, as the first stage of LC with almost X-band frequency. The X-band high-gradient accelerating structures have been extensively developed until 2004 in its second stage under GLC/NLC collaboration [2] targeting LC with 0.5~1 TeV. A 65MeV/m unloaded was established in 60cm structures for this [3]. The technology base for the present-day high gradient accelerating structures targeting for even a higher energy machine is also based on this technology in 100 MV/m regime. This is the third stage for the X-band developments for the LC enabling to reach a multi-TeV such as CLIC [4].
The early CERN-KEK-SLAC collaboration showed 100MV/m at 11.4GHz around 1994 [5]. This is based on the high-precision diamond turned structure. Diamond turning was extensively utilized to realize the damped-detuned structures for GLC/NLC. This is the second step for the X-band high gradient developments. In the prototype structures, we established 65 MV/m level with the reasonable breakdown rate in the wake-field suppressed structures. However in this stage, we already noticed the vulnerability of the copper accelerator structures running at several-tens of MV/m. This was discussed to be related to those such as power, group velocity, pulse surface heating, etc. in addition to the high surface electric field. Meanwhile, the re-optimization of the CLIC made a decision to cite the frequency of 12GHz [6]. It made the third stage for the X-band serving for LC. The collaboration framework among CERN-SLAC-KEK was re-organized and to date the effort to realize the field of 100 MV/m level in a shorter structures of typically 20cm long has been conducted under this framework.
Table 1: Accelerator structures for linear colliders.
	Project
	VLEPP
	NLC
	GLC
	CLIC

	Main institute
	BINP
	SLAC
	KEK
	CERN

	Orig. / now (GHz)
	14
	11.4
	11.4
	30 / 12

	Eacc  (MV/m)
	100
	50
	50
	150

	RF source
	Kly
	Kly
	Kly
	2 beam

	Structure length (m) orig. / pres.
	1
	1.8 / 0.6
	1.3 / 0.6
	0.2~0.3

	HOM suppression 
	UDS
	DDS
	DS / DDS
	UDS / HDS


Kly=klystron, UDS=undamped, CZ=const. impedance
early LC to CLIC today
Structure Evolution 
At the early stage of the LC, a high repetition rate machine in a single-bunch operation was adopted. Therefore, the structure design was straightforward without considering on the higher order modes (HOM). The VLEPP adopted 14 GHz 1m CZ structure as shown in Fig. 1. 
	[image: C:\Higo\2010\Reports_Papers_Conferences_Talks\100913-17_LINAC10\Higo\Figures\VLEPP_structure.jpg]

	Figure 1: VLEPP accelerator structures in early 1990.


In this early era of LC history, people were optimistic in realizing the high gradient performance in the accelerator structures. Two X-band structures made by CERN, such as shown in Fig. 2, successfully reached 100 MV/m [5]. However, the criteria to judge the high gradient performance were not matured then. Ten years or so was needed for us to understand the importance and experimentally evaluate the breakdown rate and the sustainability of the structure. 
	[image: C:\Higo\2010\Reports_Papers_Conferences_Talks\100913-17_LINAC10\Higo\Figures\CERN-made X-band structure for KEK.jpg]     [image: C:\Higo\2010\Reports_Papers_Conferences_Talks\100913-17_LINAC10\Higo\Figures\Undamped cell_cup-side_red.JPG]

	Figure 2: CERN made 30cm X-band accelerator structure.


The demand for higher luminosity and higher energy transfer efficiency made the LC design toward multi-bunch operation. The length of the structures also became long hoping to reduce the number of couplers to reduce cost. It finally reached 1.8m RDDS1 (rounded damped-detuned structure) as shown in Fig. 3. With the precision machining followed by the diffusion bonding to keep the precision, the wake field suppression was proved to be as designed. However, the cells comprising of the structure, shown in Fig. 3, has shape edges in various places and we assumed poor high gradient performance so that the high gradient test was not performed.
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	Figure 3: 1.8m RDDS1 structure and constituent cell.


These sharp edges were rounded and taking a high-phase-advance design to make the aperture large with keeping the small group velocity, the HDDS (high-phase advance DDS) with 0.6m length shown in Fig. 4 were designed as the nominal design for GLC/NLC. A number of the structures were rigorously tested at SLAC and KEK by the summer in 2004. In this stage, the breakdown rate (BDR) was carefully measured [3].
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	Figure 4: 0.6m HDDS structure and constituent cell.


Since 2007, CLIC nominal structure design became heavily-damped structure, HDS. The collaboration among three laboratories was established, in which the existing two high power facilities were utilized for the critical test on high gradient performance. Therefore, the CLIC prototype structures were made intentionally as a twin as shown in Fig. 5. Here the collaboration is by CERN design, KEK fabrication and SLAC bonding+baking [8]. 
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	Figure 5: Prototype twin structures of T18. Left is for test at KEK and right for test at SLAC.


Evaluation of High-Gradient Performance
The idea for designing the accelerator structures to be operated at a very high gradient has been one of the main issues for realizing high energy accelerators. The most problematic issue is the vacuum discharge. The surface preparation based on diamond-turned high-purity oxygen-free copper and vacuum/hydrogen furnace process for bonding was found good for such high field in the early stage of the GLC/NLC liner collider program in early 90’s. 
During the further advancement in ten years until 2004, the understanding of the importance of low group-velocity design was one of the general trends to reach high gradient. It made the structure length of 1.3 ~ 1.8m design with group velocity of a few to ten percents down to the length of 60cm with the group velocity of a few percent level. Another key point identified was the necessity to suppress the enhancement of the surface magnetic field. It was firstly noticed from the severe breakdowns near the input coupler with the sharp iris edge between waveguide and coupler cell [9]. We should admit that the mechanism was not completely understood but the suppression of H field by rounding such edges made the problem gone. The same features affected the high gradient performance of the early-stage damped-detuned structures (DDS) with sharp edge over the rim of damping slots [10]. Through these cares, the accelerating gradient of 65 MV/m unloaded was established [11,12].
The demand of LC main linac reachable to a multi-TeV range in its center-of-mass energy, the CLIC set originally the nominal gradient at 150MV/m at 30 GHz. Though it reduced the gradient and frequency to 100 MV/m and 12GHz through the further optimization process including efficiency and cost point of view [6], it was still a challenge beyond the previously established level in the stable high gradient performance point of view. 
Finding Parameters Governing Gradient Limit
To address this high gradient, A. Grudiev [13] compiled many of the experimental results scaled to the pulse width 200 nsec and BDR of 1x10-6 /pulse/m. The parameter, complex pointing vector, Sc, was proposed. It describes the energy transfer to the field emission tip to further enhance the emission and heating of the tip which may eventually grows into the macroscopic breakdown which we usually observe. If we plot the square root of the Sc values for most of the recent accelerator structures in one plot, all of the points stay within a factor 2, including  11.4GHz and 30GHz, 20 ~ 60cm length, travelling wave structure and standing wave cavity, heavy-damped structures and un-damped ones, and phase advance from 60 to 150 degrees/cell. It seems this quantity serves as an estimate of the reachable gradient of the structures in a wide range of designs.
Another important parameter is the pulse heating temperature rise, T, the surface temperature rise within an RF pulse. From a large number of single-cell cavities were tested at SLAC [14], it was found that the breakdown rate was governed by T rather than the surface electric field.
Taking these parameters, such as Sc and T, related to the recent phenomenological understandings of the high-gradient performance into account, the present CLIC prototype structure was designed which is aimed at accepting both the heavily damping feature and high gradient stability. The understanding of these parameters is one of the major advancement of the recent structure research and developments. 
Cell Shape Design Evolution 
Most of the structure for recent LC designs are with damping features of higher-order modes, the equivalent Q values ranging from 10 to 1000~2000. Most of them take the damping mechanism of magnetic coupling from cell outer wall. This choice makes the local magnetic field enhancement and increase T so that it may deteriorate the high gradient performance. The establishment of the stable high field in such heavily-damped structures is one of the main issues of the present CLIC accelerator structure development. Typical such cells are shown in Fig. 6 (right). 
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	Figure 6: Typical disk-shape cells. Left: undamped cell and right: heavily damped cell with magnetic coupling.


Another idea, the choke-mode cavity, to heavily damp the higher modes was proposed in the very early stage of the LC development and was already adopted in the actual linac [15]. However, there are some considerations needed, such as the efficiency drop due to the choke itself, possible multipacting over a narrow gap. The design based on choke mode is in progress.
Fabrication Technology
There are two ways of constituting a structure with building blocks, one with dividing longitudinally into rods axis and the other with slicing transversely into disks. The former one was originally proposed for CLIC at 30GHz and is studied in the X-band as one of the methods. An example is shown in Fig. 7 [16]. There is an opinion that this way of fabrication is cheap comparing to the disk-based one, though the high gradient stability and the alignment issues are to be confirmed. 
	[image: C:\Higo\2010\Reports_Papers_Conferences_Talks\100913-17_LINAC10\Higo\Figures\Quad_closeup.jpg]

	Figure 7: Quadrant close up view.


The fabrication of structures with more than one meter long was established for GLC/NLC structures [11]. The constituent cells are precision machined and chemically polished by the standard SLAC procedure on copper. These are diffusion bonded and finally vacuum baked at 650 degC confined in a vacuum can being evacuated independently of the furnace vacuum. In recent years, the LC structure design moved into much shorter one, such as 20cm, but the same fabrication technology is applied as the nominal procedure to make them [12]. In this sense, no big change exists in the fabrication technologies.
High gradient performance
One of the major advancement related to the accelerator structures is the proof of the operation at a high gradient of 100 MV/m level. 
High Gradient Tests in Prototype Structures
At present, there exist three major facilities for the high gradient test aiming at evaluating CLIC prototype structures. The NLCTA and ASTA of SLAC [17] and the Nextef of KEK [18]. The fourth one, CTF3, is being established at CERN [19]. All these are tuned now for the CLIC prototype structure tests.
It is healthy to compare the same-quality accelerator structure in multiple places independently. We usually make a pair of structures with the same design and fabrication method to be tested at NLCTA and Nextef. Some example of such pairs are shown in Figs. 5 and 8.
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	Figure 8: Prototype twin HDS structures, TD18. Left: brazing setup of that for test at KEK, and Right: equivalent one as of completion for test at SLAC.


Breakdown Rate
The availability of the luminosity machine is largely affected by the BDR of the constituent accelerator structures. This value has been evaluated seriously since early 2000 to judge the feasibility of the structures. In Fig. 9 are plotted some BDR data vs. acceleration gradient. It was found in an early undamped structure, T53, that it could be operated at 100 MV/m level with a short pulse width of 100 nsec. It was also found in even a DDS structure, H75, that it could be operated at the similar level. However, the BDR of the nominal high-phase-advance damped-detuned structures, HDDS, named as KX01 and KX03 here, operated at the nominal pulse width of 400 nsec showed higher BDR, though showing the feasibility of at least 65 MV/m which was the target for them. From these examples, we see a feasibility to operate at 100 MV/m range with these copper structures. 
The BDR shown above operating at 100 MV/m regeme are all in the structures without heavy damping on HOM. In Fig. 10 are shown the BDR’s comparing those of undamped and those damped [8, 20]. As shown in the figure, it showed the different BDR by more than two orders of magnitude. Since the BDR changes as function of processing time, the BDR of damped structure in this case was still approaching to the undamped one but still an order of magnitude higher after another thousand hour operation.
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	Figure 9: Breakdown rates of 53cm undamped structure, 60~75cm HDDS structures and undamped 20cm CLIC prototype structures, T18. 
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	Figure 10: Breakdown rates of twin TD18’s.


Though the Sc parameter for the undamped and damped structure is close, there is a clear difference between them. One of the concerns is the high pulse temperature rise for the damped structure case, where the opening of the damping waveguide makes the local enhancement of the magnetic field. The temperature rise increases as pulse width. The typical example of the BDR vs. width is shown in Fig. 11. The dependence on pulse heating temperature rise to the BDR is more clearly shown in an experimental data performed in one of the twin structures of TD18 tested at SLAC [20,21].
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	Figure 11: Breakdown rates of T18 and TD18 vs. pulse temperature rise.


Supplementary Basic Studies
There are many study works on-going in the simpler setups, such as DC breakdown test, high gradient test with waveguides, single-cell configuration and pulse heating test setup. These are usually easier to conduct, cheaper and faster and hopefully more directly accessible to physics because of much simpler system. These are covered by the talk of V. Dolgashev [14]. These tests are critical and supplementing the tests with prototype structures. 
further efforts
Design Parameters
With varying the cell shape and parameters along the structure, some designs with much lower T exist. In Fig. 12 is shown the comparison between TD18 already tested and the CLIC nominal design, TD24, with reduced T which is to be tested soon [22].
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	Figure 12: Accelerator mode parameters of TD18 and TD24. Black=power, Red=acceleration gradient, Green=surface electric field, Purple=square root of Sc and Blue=T.


Since many 60cm HDDS structures worked well at 65 MV/m level and even at 100 MV/m in H75 structure, it is worthwhile to study the DDS possibility for CLIC. A design effort to realize with DDS scheme has started [23] as shown in Fig. 13, where the E and H fields on the surface of one octant of a cell are shown. Another design effort is also on-going, as shown in the same figure, based on choke-mode design with much lower T [24]. The high gradient test is also foreseen in two years or so. 
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	Figure 13: Left=Hs in DDS design and  right=choke-mode test structure stack.


Critical Studies in Near Future 
As the feasibility study for the stable operation under a high gradient of the order of 100 MV/m, the effort is focusing now on the evaluation of TD24 structure, which was designed to have much lower pulse heating temperature rise along the structure. The pulse temperature rise reduced from 47 degC in TD18 to 26 degC in TD24 by carefully choosing the accelerator shape parameters. The test on the undamped T24 will be performed soon followed by the damped TD24 test, planned  in this year.
If TD24 does not show the improved performance compared to TD18, we may need to reconsider the design principle for high gradient and may pursue the serious high gradient evaluations including such structures as DDS or choke-mode scheme. 
conclusion
The operation of CLIC prototype structures at 100 MV/m was proved for the undamped structures. The heavily damped structures show higher BDR than those of undamped ones. A design to reduce the pulse temperature rise was made and the high gradient tests will soon be performed in two places. The result will be a crucial evaluation toward the CLIC 100 MV/m acceleration. 
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