
�¨¸Ó³  ¢ �—�Ÿ. 2008. ’. 5, º 7(149). ‘. 87Ä92

”ˆ‡ˆŠ� ˆ ’…•�ˆŠ� “‘Š��ˆ’…‹…‰

DEVELOPMENT OF A SUPERCONDUCTING
TRAVELLING WAVE ACCELERATING CAVITY

WITH HIGH GRADIENT1

P. Avrakhov
PTC of the Lebedev Physical Institute, Protvino, Russia

A. Kanareykin2

Euclid TechLabs LLC, Rockville, MD, USA

S. Kazakov
KEK, Tsukuba, Japan

N. Solyak, V. Yakovlev
Fermi National Accelerator Laboratory, Batavia, IL, USA

In the ILC project the required accelerating gradient is higher than 30 MV/m [1]. For current
technology the maximum accelerating gradient in superconducting (SC) structures is limited mainly by
the value of the surface RF magnetic ˇeld. In order to increase the gradient, the RF magnetic ˇeld is
distributed homogeneously over the cavity surface (Low-Loss structure), and coupling to the beam is
improved by introducing aperture and cell shape (Re-Entrant structure). These features allow gradients
in excess of 56 MV/m to be obtained for a single-cell cavity. Further improvement of the coupling to
the beam may be achieved by using a travelling wave (TW) SC structure with small phase advance per
cell. Calculations show that an additional gradient increase by up to 46% is possible if a π/2 TW SC
structure is employed. However, a TW SC structure requires a SC feedback waveguide to return a few
GW of circulating RF power from the structure output back to the structure input. We discuss variants
of the superconducting travelling wave ring (STWR) with one and two feeding couplers.

‚ ¶·μ¥±É¥ ³¥¦¤Ê´ ·μ¤´μ£μ ²¨´¥°´μ£μ ±μ²² °¤¥·  ILC É·¥¡Ê¥É¸Ö ¨³¥ÉÓ Ê¸±μ·ÖÕÐ¨° £· ¤¨-
¥´É ¢ÒÏ¥ 30 Œ‚/³. „²Ö ¸ÊÐ¥¸É¢ÊÕÐ¥° É¥Ì´μ²μ£¨¨ ¨§£μÉμ¢²¥´¨Ö ¸¢¥·Ì¶·μ¢μ¤ÖÐ¨Ì Ê¸±μ·ÖÕÐ¨Ì
¸É·Ê±ÉÊ· £· ¤¨¥´É μ£· ´¨Î¥´ ¢ μ¸´μ¢´μ³ ¢¥²¨Î¨´μ° ¢Ò¸μ±μÎ ¸ÉμÉ´μ£μ (‚—) ³ £´¨É´μ£μ ¶μ²Ö ´ 
¶μ¢¥·Ì´μ¸É¨ Ê¸±μ·ÖÕÐ¥° ¸¥±Í¨¨. „²Ö Éμ£μ ÎÉμ¡Ò ¶μ¢Ò¸¨ÉÓ Ê¸±μ·ÖÕÐ¨° £· ¤¨¥´É, ¤¥² ÕÉ ¡μ²¥¥
· ¢´μ³¥·´μ¥ · ¸¶·¥¤¥²¥´¨¥ ³ £´¨É´μ£μ ‚—-¶μ²Ö ´  ¶μ¢¥·Ì´μ¸É¨ Ê¸±μ·ÖÕÐ¥° ÖÎ¥°±¨ (Re-Entrant-
¸É·Ê±ÉÊ· ) ¨²¨ Ê¢¥²¨Î¨¢ ÕÉ ¸¢Ö§Ó Ê¸±μ·ÖÕÐ¥° ±μ³¶μ´¥´ÉÒ ¶μ²Ö ¸ ¶ÊÎ±μ³, ¨§³¥´ÖÖ  ¶¥·ÉÊ·Ê ¨
Ëμ·³Ê ÖÎ¥°±¨ (¸É·Ê±ÉÊ·  ¸ ³ ²Ò³¨ ¶μÉ¥·Ö³¨, DESY). �É¨ Ê¸μ¢¥·Ï¥´¸É¢μ¢ ´¨Ö ¶μ§¢μ²¨²¨ ¶μ²ÊÎ¨ÉÓ
£· ¤¨¥´É 56 Œ‚/³ ´  μ¤¨´μÎ´μ° Ê¸±μ·ÖÕÐ¥° ÖÎ¥°±¥. „ ²Ó´¥°Ï¥¥ Ê¢¥²¨Î¥´¨¥ ¸¢Ö§¨ Ê¸±μ·ÖÕÐ¥£μ
¶μ²Ö ¸ ¶ÊÎ±μ³ ³μ¦¥É μ¡¥¸¶¥Î¨ÉÓ ¨¸¶μ²Ó§μ¢ ´¨¥ ¸¢¥·Ì¶·μ¢μ¤ÖÐ¥° (‘�) Ê¸±μ·ÖÕÐ¥° ¸É·Ê±ÉÊ·Ò ´ 
¡¥£ÊÐ¥° ¢μ²´¥ (	‚) ¸ ³¥´ÓÏ¨³, Î¥³ ¢ ¸É·Ê±ÉÊ·¥ ´  ¸ÉμÖÎ¥° ¢μ²´¥, ´ ¡¥£μ³ Ë §Ò ´  ÖÎ¥°±Ê. � ¸-
Î¥ÉÒ ¶μ± §Ò¢ ÕÉ, ÎÉμ ¢μ§³μ¦´μ ¤μ¶μ²´¨É¥²Ó´μ¥ Ê¢¥²¨Î¥´¨¥ Ê¸±μ·ÖÕÐ¥£μ £· ¤¨¥´É  ¤μ 46%, ¥¸²¨
¨¸¶μ²Ó§μ¢ ÉÓ ‘� 	‚-¸É·Ê±ÉÊ·Ê ´  · ¡μÎ¥³ É¨¶¥ π/2. �¤´ ±μ É ± Ö ¸É·Ê±ÉÊ·  ¶μÉ·¥¡Ê¥É ¶·¨³¥´¥-
´¨Ö ‘� ¢μ²´μ¢μ¤´μ£μ ±μ²ÓÍ  μ¡· É´μ° ¸¢Ö§¨ ¤²Ö ¢μ§¢· Ð¥´¨Ö ´¥¸±μ²Ó±¨Ì £¨£ ¢ ÉÉ ‚—-³μÐ´μ¸É¨
¸ ¢ÒÌμ¤  Ê¸±μ·ÖÕÐ¥° ¸¥±Í¨¨ μ¡· É´μ ´  ¥¥ ¢Ìμ¤. ŒÒ · ¸¸³μÉ·¥²¨ ¢ ·¨ ´ÉÒ ¸¢¥·Ì¶·μ¢μ¤ÖÐ¥£μ
±μ²ÓÍ  ¸ ¡¥£ÊÐ¥° ¢μ²´μ°, ¨¸¶μ²Ó§ÊÕÐ¥£μ μ¤¨´ ¨ ¤¢  ¢¢μ¤  ‚—-³μÐ´μ¸É¨.
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INTRODUCTION

The most serious problem of ILC is its high cost, resulting in part from the enormous
length of the collider. This length is determined mainly by the achievable accelerating
gradient in the RF system of ILC. As described in February 7, 2007 ILC Reference Design
Report (RDR) [1], the accelerating gradient is to be about 31.5 MV/m, the c.m. energy
500 GeV, and the ILC collider length 31 km. To reach the required energy of 500 GeV the
accelerating system should have the length of 22 km and include of about 16,000 one-meter
long 9-cell superconducting cavities. Any improvements in cavity performance will have big
impact on the cost and efˇciency of the ILC project. Two new proposed cavity designs: Low-
Loss and Re-Entrant cavities aim to increase accelerating gradient or the gradient acceptance
margin.

We have developed an accelerating structure for the ILC based on a high gradient su-
perconducting travelling wave accelerating (STWA) cavity that will allow higher acceleration
gradients, a main goal of the superconducting accelerating community.

Fig. 1. Schematic example of a travelling wave structure with a feedback waveguide and feedback

couplers. The input coupler is not shown

Although the basic idea of a superconducting TW resonant ring accelerator structure (see
Fig. 1) is in itself not new [2Ä4], there have not been any known and published attempts to
apply this design to ILC. A number of innovative ideas were required in the details of the
technology in order to develop the TW design with parameters competitive with the current
SW TESLA solution for ILC.

CONCEPTUAL DESIGN

Shape Optimization. The cell shape in the STWA structure presented in Fig. 2 has been
optimized to reach the maximum accelerating gradient while keeping the magnitude of surface
magnetic and electric ˇelds less than the experimentally veriˇed limits for superconductors.
The magnitudes of the electric and magnetic ˇelds demonstrated experimentally in the Re-
Entrant shape cavity design for ILC [5] have been chosen as a reference. A STWA cavity
with a 80Ä120◦ phase advance per cell has been studied, taking into account the technological
limitations on diaphragm thickness as well. In order to understand the maximum increase
in the accelerating gradient, we compared the optimized travelling wave structure with the
standing wave Re-Entrant structure, in which the previous record values of gradient have
been achieved [6]. We considered the version of Re-Entrant structure having an aperture of
70 mm, where the gradient achieved was 54 MV/m. Note that the single-cell Re-Entrant
cavity with a 60 mm aperture demonstrated an even higher gradient of 59 MV/m.
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Fig. 2. Cell geometry of the super-
conducting TW accelerating

structure

While optimizing the SC TW structure, we used the fol-
lowing evident constraints: (1) the structure should have the
same surface magnetic RF ˇelds as those of the 70 mm Re-
Entrant structure; (2) the structure should exhibit a maximal
surface RF electric ˇeld that does not exceed the ˇeld in the
70 mm Re-Entrant structure; (3) the diaphragm thickness
should not be less than 10.5 mm.

Numerical simulations of the cell showed that with the
limitations mentioned above, an optimal value of the phase
advance per cell was found that provided the maximum
accelerating gradient. The STWA cavity cell shape is pre-
sented in Fig. 2. The maximal gain in accelerating gradient
is of about 24% for a phase advance per cell in the range
of 100Ä105◦. A phase advance of 105◦ is preferable to 100◦

because of its smaller number of cells [7]. This advantage is
an increased accelerating gradient up to a factor 1.24 while
maintaining the same Re-Entrant surface ˇeld enhancement
parameters.

Table 1. Comparison between TESLA, Low-Loss, Re-Entrant and STWA structures

Cavity parameters TTF LL60 RE70 STWA-105◦

Aperture, mm 70 60 70 60
k∗

cc, % 1.9 1.52 1.57 3.35
Epeac/Eacc 2.0 2.36 2.4 1.94
Hpeac/Eacc, mT/MV/m 4.15 3.61 3.78 3.05
Rsh/Q, Ω 1036 1206 1140 1808
G · Rsh/Q, Ω2 30800 37970 33762 39075
ÅÅÅÅÅÅÅÅÅÅÄ

∗Cell-to-cell coupling factor.

Field Flatness Studies. The ˇeld 
atness parameters for SC SW and TW (105 and
90◦) 1Ä16 m long accelerating structures have been simulated. We have found that any SC
travelling wave structure with length < 15 m will have a 
atness better than the TESLA 1 m
long cavity.

We deˇne the �atness parameter as 
atness = (max(Es) − 〈Es〉)/〈Es〉, where max(Es)
and 〈Es〉 are the maximum and average values of the accelerating gradient in cavity cells.
For the TESLA nine-cell cavity it is required that this parameter should be better than 5%.
Frequency errors in each cell result in gradient variations along the structure. Flatness depends
on cell-to-cell frequency errors, the coupling between cells k, and the number of cells in the
structure.

After production the cell-to-cell frequency errors are typically too large to provide the
required ˇeld 
atness and the cavity is tuned to get the correct frequency and good ˇeld

atness (on the order of few %). But after the ˇnal chemistry, HPR, welding to the helium
vessel, cool-down and frequency tuning in the cryostat we will also have the uncontrolled
changes in cell frequencies which will disturb the 
atness.
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Table 2. Field �atness comparison for accelerating structures. N is the number of cells per unit
length. The coupling coefˇcient k and relative frequency spread δf/f are assumed to be the same
in all cases

Cavity parameters TESLA (180◦) STWA (105◦)

Coupling, % 1.88 3.344
N per 1 m 9 15


atness (N , k, δf/f ) 1.05N3/2

(
δf/f

k

)
1.3N0.6

(
δf/f

k

)


atness (Lcavity = 1 m), % 5 0.65

atness (Lcavity = 2 m), % 15.8 1.0

atness (Lcavity = 4 m), % 30.5 1.5

atness (Lcavity = 8 m), % >50 2.26

atness (Lcavity = 16 m), % Å 3.42

The results of the 
atness simulations are shown in Table 2. The 
atness even in the
16 m long TW structure is better than in the 1 m long standing wave TESLA structure.

Coupling Section Development. The design of the L-band coupling section for the
SCTW accelerating cavity with a feedback waveguide is presented in Fig. 3. A rectangular
waveguide type of coupling section has been chosen and the method of impedance boundary
conditions has been used for the coupling section parameter optimization. Single-cell, four-

Fig. 3. a) Transverse cuts through the rectangular waveguide coupling section for the L-band SCTW
accelerating structure, side view; b) magnetic ˇeld of the 18-cell SCTW cavity with the optimized

coupling section
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cell and 18-cell conˇgurations have been considered. The optimized coupling section provides
no ˇeld enhancement at the coupling cells and the feedback waveguide is 20 mm width.

Modeling of the Travelling Wave Regime. A theoretical model [8] of the STWA
structure including feedback and input couplers is being developed and tested. The model
includes beam loading effects, and allows analysis of tuning, tolerance requirements and beam
loading.

The ˇrst scheme (see Fig. 4, a) uses only one non-directional input and special mat-
cher (Gn), which splits the normal SW mode of resonant ring in two frequency shifted SW
modes. These modes are excited with equal amplitudes and phase advance of 90 ◦ with respect
to each other. Their superposition is a travelling wave propagating along the ring. The second
scheme (see Fig. 4, b) uses two input couplers that excite independently both partial standing
waves comprising the resulting travelling wave. Each input coupler supplies half of the total
power. The phases of the partial modes are shifted by of about π/2.

Fig. 4. One- (a) and two-coupler (b) models of the resonant travelling wave ring with STWA

If we suppose an acceptable level of backward wave into the section and re
ected power
from the resonant ring 1%, the most precision and accuracy are needed for resonant ring
frequency detuning. For a 1330 mm (4λwg) waveguide loop length the acceptable error
is 0.6 μm. It means dL/L ∼ 4.5 · 10−7 for waveguide loop length or ±15 Hz resonant ring
frequency detuning.

It should be noted that with the proposed powering scheme there is no necessity for a high
tuning frequency adjustment of the accelerating section itself at the chosen operational mode.
The bandwidth of the coupling section of the structure and the additional phase advance due
to the cavity frequency shift give a much smaller effect (by a few orders of magnitude) than
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the resonance ring frequency shift or the backward wave detuning. It is enough to control
the overall resonant frequency and the backward wave suppression to achieve the standard
operational parameters.

CONCLUSION

As shown above, the travelling wave accelerating structure has the best performances
with respect to the surface magnetic and electric ˇelds and the ˇeld uniformity along the
accelerating structure. For the same gradient STWA structure has of ∼ 24% lower magnetic
ˇelds compared with TESLA-type cavity. The TW structure has much lower sensitivity to
the frequency errors of the individual cells. In the current ILC design the length of SW
structure is limited to 1 m, mostly because of ˇeld 
atness requirements. As a result, there
is an unavoidable space (gap) between 1 m long structures of about 280 mm that reduces the
effective gradient by about 22%. The TW structure has no such a fundamental limitation and
the length of STWA structure may be up to the length of cryomodule (10 m) if technology
of the SC cavity fabrication and surface processing allows it. This means that the effective
accelerating gradient can be increased up to 22%, giving an overall 46% gain over the ILC
SW structure.
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