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Abstract
Accelerating structures are usually manufactured by pre-

cision turning of individual cells combined with precision
milling for complex parts such as rf power couplers. These
multiple parts are staked and brazed into a complete struc-
ture. We consider an alternative approach: precision milling
of multiple cells and couplers into metal blocks that com-
prise halves or quadrants of the complete structure. We
successfully produced a 12 GHz Compact Linear Collider
(CLIC) main linac accelerating structure prototype using
this method. A previous prototype was designed as an open
structure with a gap between cell irises. Here we describe a
different approach, an accelerating structure which is brazed
through irises. It is based on a multi-cell traveling wave
structure designed at CERN for PSI, so called T24 PSI 12
GHz. This brazed-through irises structure was built at SLAC
for high power tests at CERN. Here we describe the details
of this process.

INTRODUCTION AND MOTIVATION
Accelerating structures of normal conducting linacs are

typically built from a multitude of precisely machined cells.
Examples are X-band structures of linear colliders [1] or
S-band cavities of medical accelerators [2]. The cells are
joined using high-temperature brazing or diffusion bonding
into a complete structure. An alternative approach has been
used for making structures from two halves at W-band [3–6]
and X-band [7–10], quadrants [11,12] or octants [13]. These
halves, etc. are made by precision milling and then joined
together either by clamping [11,13] or brazing [7,8,12]. All
these structures were designed with gaps between irises: a
small, difficult to control gap [11]; small, controlled gap [12];
and a large gap on the order of a millimeter [3–10,13]. High
power tests of these structures have shown that structures
with controlled gaps performed satisfactorily [9, 12].

Here we present an alternative approach to build a con-
stant gradient traveling wave accelerating structure from
halves [14]. We braze the halves through irises thus elim-
inating both rf field enhancement caused by a controlled
gap between irises and degradation of high gradient perfor-
mance attributed to uncontrolled gaps. The geometry of
this structure is practically identical to a structure made of
discs but with several advantages. In the case of halves, the
machined surface area is smaller and number of precision
parts to handle is fewer thus reducing fabrication costs.
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More advantages come from the absence of rf current
flow through the joints between the halves. This makes pre-
brazing rf cold test practical and useful, and reduces risk of
arcing or erosion in small, uncontrolled gaps between cells.
In cases of structures made from stacked cells rf currents
cross these gaps. The gaps could be caused by joints starved
for alloy in brazed structures or uneven bonding pressure in
diffusion-bonded structures.

DESIGN AND MANUFACTURING
Design

The geometry of our structure is based on the so called
T24 PSI 12 GHz which was designed at CERN for PSI [15]
and was successfully built and high power tested [16]. The
rf parameters of this structure are presented in [16] and
should be practically identical to our structure. The original
structure is made out of symmetric cells with rounded outer
diameter. This cells geometry is suitable for manufacturing
by milling into halves. Meanwhile the rf couplers (mode
launchers) of the T24 PSI 12 GHz were brazed of separate
milled parts and had to be re-designed both electrically and
mechanically. We report this work in [17]. We show a solid
model of the mode launcher from [17] in Fig. 1b). With a
new coupler the electrical re-design was complete.

Figure 1: a) Solid model of RF envelope with re-designed
mode launcher as imported into Solid Edge from HFSS [18],
and b) solid model of the mode launcher, with detail of 8 mm
diameter milling tool [17].

Manufacturing
In manufacturing of previous, open structure made of

halves [7] we have validated an approach where we built
a solid model directly from the electrical model. This
electrical model was imported into Solid Edge [19] from
HFSS [18]. After mechanical design was finished, the result-
ing solid model was used to generate the milling machine
control program. No interim drawings were utilized for the
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Figure 2: a) Solid model of half cavity. b) Cutaway of the half. c) Braze shim.

mill programming. Here we used the same approach. We
show solid model of the imported geometry in Fig. 1a). This
model was adapted to be milled out of halves with added
cooling, flanges, tuning pins, etc. We show solid model of
a half in Fig. 2a), cutaway of the half with visible holes for
tuning pins and a cooling channel in Fig. 2b), and a design
of 0.002 inch braze shim in Fig. 2c).

Figure 3: a) Two halves of the accelerating structure after ma-
chining. b) Input part of the structure zoomed on integrated
milled-mode-launchers.

We planned to fabricate the structure using the follow-
ing steps: machine halves from imported solid model; then
clamp halves with instrument flanges and perform pre-
brazing microwave cold measurements on our bead-pull
setup; clean then braze; followed by final tuning and vacuum
firing. We show milled halves in Fig. 3, and parts prepared
for brazing in Fig. 4b).

Figure 4: a) Structure clamped for pre-brazing microwave
cold-test measurements. b) Structure parts before brazing.
Tuning pins are not shown.

Pre-brazing Rf Measurements
We have included per-brazing bead-pull measurement

into the fabrication procedure to reduce the risk of finished,
brazed structure being outside tuning range. For the measure-
ment of rf phase and amplitude along the structure we use
non-resonant perturbation method [20]. We show the struc-
ture assembled for the pre-brazing bead-pull test in Fig. 4a).
To simulate separation between halves due to melted braz-
ing alloy we have put a 0.0011 inch shim between them.
Results of the pre-brazing bead-pull have shown that beam-
synchronous frequency is 23 MHz higher than the operating
frequency of 11.994 GHz. For our tuning pins this frequency
shift is at the limit of the tuning range. The cause of this
frequency shift was traced to a machining error. At that
point we decided to machine a shallow, 75 µm deep pocket
at outside cavity diameter of every cell to drop the frequency
by 23 MHz. After the machining we performed dimensional
quality control to verify that the sizes of the machined pock-
ets were acceptable and then proceeded to brazing, without
additional microwave testing.

Final Tuning
For the tuning of the structure we used a method first pub-

lished in [21] and refined in [22]. Our bead-pull setup with
a tuned structure is shown in Fig. 5. Input reflection of the

Figure 5: Final bead-pull measurements.
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tuned structure is shown in Fig. 6 with -39 dB at operating
frequency. Measured amplitude of on-axis field is shown in
Fig. 7a). Phase deviation from beam-synchronous 120 deg.
per cell is shown in Fig. 7b). Accumulated phase advance be-
tween first regular cell and penultimate regular cell is about
1 deg. Phase variations of about +/- 5 deg. for cells 15-25 are
caused by a small reflection from output coupler. As brazed
the beam-synchronous structure was 15 MHz lower than the
operating frequency. This 15 MHz is comfortably within
the tuning range. At the moment of publication the cause of
this frequency shift is not understood. Possible reasons are
miscalculation of the shape of frequency-correcting milled
pocket or a manufacturing error.

Figure 6: Input S11 of tuned structure with -39 dB at oper-
ating frequency.

Figure 7: Results of bead-pull measurements made from
an input port, input on the left: a) on-axis electric field
normalized to peak value; b) deviation of rf phase from
nominal 120 deg. per cell.

SUMMARY
We continue developing manufacturing techniques for

high gradient accelerating structures. As part of this work,
we built a 12 GHz traveling wave structure made of precisely

milled halves. At the time of this publication the structure is
being shipped to CERN for high power tests. Novelty of this
structure is that it is brazed through irises unlike our previous
made-of-halves-structures which have an open geometry
with a controlled gap between iris halves. Once perfected,
this method could reduce cost of linacs for scientific, medical
and security applications.

REFERENCES
[1] J. Wang et al., “Fabrication technologies of the high gradient

accelerator structures at 100 MV/m range,” in Proc. IPAC’10,
Kyoto, Japan, May 2010, paper WEPD078.

[2] C. J. Karzmark, Craig S. Nunan, and Eiji Tanabe, Medical
Electron Accelerators, Mcgraw-Hill (Tx) (September 1992).

[3] M. Dal Forno et al., “RF Breakdown Tests of mm-Wave
Metallic Accelerating Structures,” Phys. Rev. Accel. Beams,
vol. 19, pp. 011301, Jan. 2016.

[4] M. Dal Forno et al., “Experimental measurements of rf break-
downs and deflecting gradients in mm-wave metallic acceler-
ating structures” Phys. Rev. Accel. Beams, vol. 19, pp. 051302,
May 2016.

[5] M. Dal Forno et al., “rf breakdown measurements in electron
beam driven 200 GHz copper and copper-silver accelerating
structures,” Phys. Rev. Accel. Beams, vol. 19, pp. 111301,
2016.

[6] M. Dal Forno et al., “High gradient tests of metallic mm-wave
accelerating structures,” Nuclear Instruments and Methods
in Physics Research Section A: Accelerators, Spectrometers,
Detectors and Associated Equipment, vol. 864, pp. 12-28,
Aug. 2017.

[7] V. Dolgashev et al., “Building Open Traveling Wave Ac-
celerating Structure,” presented at International Workshop
on Breakdown Science and High Gradient Technology
(HG2015), 2015, Beijing , China. https://indico.cern.
ch/event/358352/contributions/1770573/

[8] W. Wuensch et al., “Fabrication and High-gradient Testing of
an Accelerating Structure Made from Milled Halves,” in Proc.
LINAC’16, East Lansing, Michigan, USA, Sep. 2016, pp. 237–
239. doi:10.18429/JACoW-LINAC2016-MOPLR048

[9] Th. Argyropoulos et al., “Design, fabrication, and high-
gradient testing of an X-band, traveling-wave accelerating
structure milled from copper halves,” Phys. Rev. Accel.
Beams, vol. 21, pp. 061001, Jun. 2018.

[10] H. Zha, A. Grudiev, and V. Dolgashev, “RF Design
of the CLIC structure prototype optimized for manufac-
turing from two halves,” in Proc. IPAC’15, Richmond,
VA, USA, May 2015, pp. 2147–2149. doi:10.18429/
JACoW-IPAC2015-TUPTY054

[11] T. Higo et al., “Fabrication of a Quadrant-type Accelerator
Structure for CLIC,” in Proc. EPAC’08, Genoa, Italy, Jun.
2008, paper WEPP084, pp. 2716-2718.

[12] T. Abe et al., “High-Gradient Test Results on a Quadrant-Type
X-Band Single-Cell Structure,” presented at the 14th Annual
Meeting of Particle Accelerator Society of Japan, 2017, paper
WEP039.

29th Linear Accelerator Conf. LINAC2018, Beijing, China JACoW Publishing
ISBN: 978-3-95450-194-6 doi:10.18429/JACoW-LINAC2018-THPO018

Electron Accelerators and Applications
Other electron accelerators

THPO018
723

Co
nt

en
tf

ro
m

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

so
ft

he
CC

BY
3.

0
lic

en
ce

(©
20

18
).

A
ny

di
str

ib
ut

io
n

of
th

is
w

or
k

m
us

tm
ai

nt
ai

n
at

tri
bu

tio
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

ish
er

,a
nd

D
O

I.



[13] I. Syratchev and W. Bruns, “Time domain simulations of the
CLIC PETS (power extraction and transfer structure) with
GdfidL,” in Proc PAC’01, Chicago, IL, USA, Jun. 2001, paper
FPAH047, pp. 3780.

[14] V. Dolgashev et al., “Building Welded and Brazed Ac-
celerating Structures from Halves,” presented at CLIC
workshop 2017, Mar. 2017, CERN, Geneva, Switzer-
land. https://indico.cern.ch/event/577810/
contributions/2484773/

[15] R. Zennaro and A. Grudiev, “RF Design of T24_PSI 12 GHz
Prototype Structure,” CERN, 2014.

[16] R. Zennaro et al., “High Power Tests of a Prototype X-
Band Accelerating Structure for CLIC,” in Proc. IPAC’17,
Copenhagen, Denmark, May 2017, pp. 4318–4320. doi:
10.18429/JACoW-IPAC2017-THPIK097

[17] M. Dal Forno et al., “Design of a high power TM01 mode
launcher optimized for manufacturing by milling,” SLAC-
PUB-16902, 2016.

[18] http://www.ansys.com/

[19] https://solidedge.siemens.com/

[20] C. W. Steele, “A Nonresonant Perturbation Theory,” IEEE
Trans. on Microwave Theory and Techniques, vol. 2, pp. 70-
74, Feb. 1966. doi:10.1109/TMTT.1966.1126168

[21] T. Khabiboulline, M. Dohlus, and N. Holtkamp, Internal
Report, DESY M-95-02, 1995.

[22] J. Shi et al., “Tuning of X-band traveling-wave accelerating
structures,” Nucl. Instrum. Methods Phys. Res., Sect. A, vol.
704, pp. 14, 2013.

29th Linear Accelerator Conf. LINAC2018, Beijing, China JACoW Publishing
ISBN: 978-3-95450-194-6 doi:10.18429/JACoW-LINAC2018-THPO018

THPO018
724

Co
nt

en
tf

ro
m

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

so
ft

he
CC

BY
3.

0
lic

en
ce

(©
20

18
).

A
ny

di
str

ib
ut

io
n

of
th

is
w

or
k

m
us

tm
ai

nt
ai

n
at

tri
bu

tio
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

ish
er

,a
nd

D
O

I.

Electron Accelerators and Applications
Other electron accelerators


