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11.4GHz, Standing Wave-Structure
1C-SW-A5.65-T4.6-Cu-Frascati-#2
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Outline

e Motivation

e Overview of recent experimental results

— Reproducibility test Standing Wave structure with
optimized shape that reduces peak magnetic fields,

— Clad Copper-Molybedenum structure

— Copper-on-Stainless Steel

— 100 GHz structure

— Dual mode accelerating cavity (ongoing test)

e Planned experiments



Single Cell SW and short TW
Goals Accelerating Structures

e Study rf breakdown in practical accelerating structures:
dependence on circuit parameters, materials, cell
shapes and surface processing techniques

Difficulties
e Full scale structures are long, complex, and expensive

Solution

e Single cell standing wave (SW) structures with
properties close to that of full scale structures

e Short traveling wave (TW) structures

e Reusable couplers

We want to predict breakdown behavior
for practical structures



Reusable coupler: TM,, Mode Launcher

Pearson’s RF flange

Two mode launchers

Surface electric fields in the mode launcher
E,__.= 49 MV/m for 100 MW

S. Tantawi, C. Nantista
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1C-SW-A5.65-T4.6-PBG2-Cu-SLAC-#1, 26 January 2011



High Power Tests of Single Cell Standing Wave Structures

Low shunt impedance, a/lambda = 0.215, 1C-SW-A5.65-T4.6-Cu, 5 tested

Low shunt impedance, TiN coated, 1C-SW-A5.65-T4.6-Cu-TiN, 1 tested TO be a b I e to rely O N O u r

Three high gradient cells, low shunt impedance, 3C-SW-A5.65-T4.6-Cu, 2 tested

High shunt impedance, elliptical iris, a/lambda = 0.143, 1C-SW-A3.75-T2.6-Cu, 1 tested expe ri m e nta | res u ItS a great

High shunt impedance, round iris, a/lambda = 0.143, 1C-SW-A3.75-T1.66-Cu, 1 tested

Low shunt impedance, choke with 1mm gap, 1C-SW-A5.65-T4.6-Choke-Cu, 2 tested

Low shunt impedance, made of CuZr, 1C-SW-A5.65-T4.6-CuZr, 1 tested d e a I Of effo rt h ave b e e n gea re d
Low shunt impedance, made of CuCr, 1C-SW-A5.65-T4.6-CuCr, 1 tested towa rd S :

Highest shunt impedance copper structure 1C-SW-A2.75-T2.0-Cu, 1 tested

Photonic-Band Gap, low shunt impedance, 1C-SW-A5.65-T4.6-PBG-Cu, 1 tested

Low shunt impedance, made of hard copper 1C-SW-A5.65-T4.6-Clamped, 1 tested

L h i f mol 1C-SW-A5.65-T4.6-Mo, 1 d 1 1651 1
sz zhz:t :SEZS::EZ: hmaar((j:lec:))p[roneor ::_T:ci:(:lf?rmed 1C—SW—AS.65—T4?6—Elteecs:li)formed—Cu, 1 tested * M ate rl a I O rlgl n a n d p u rlty
High sh i hoke with 4 1C-SW-A3.75-T2.6-4 -Ch-Cu, 2 tested

H:zh zhz:: ;:z:::iz: ;“(:thc\:’l':ri& r;/r;i?;clla =0.143, 1C—SW—A3.,;Z—7T2.6—6uNCu,telstisted * S u rfa Ce t re at m e nts

High sh i lliptical iri 1 =0.143, 1C-SW-A3.75-T2.6-6N-HIP-Cu, 1 tested 1

H::h zhz:t ;zzz:::iz: ZII:S::E:I ::Z Z;IZZZZZ =0.143, 1C-SW-A3.75-T2.6-7N-Cu, 1l’:estezS ) ° M a n Ufa Ct u rn g

L h i f CuAg, 1C-SW-A5.65-T4.6-CuAg-SLAC-#1, 1 tested

H?;A;lsshlijzttlir::;eecizccz :;arjeCZA;: ;Jtrlgjlct::réS 1C-SW-A3. 75-T;.6?LowTempBra§isd-eCuAg, 1 tested te C h n O I Ogy

High sh i f Ag, 1C-SW-A3.75-T2.6-CuAg, 1 d H

H:zh zhz:: ;:z:::zz :1: rtdc(;Jngr,, 1C-SW-A3. 75-T2.6-Cl;arzpe;-eg:§r, 1 tested ¢ Co n S I Ste n cy a n d

High shunt i ingle feed sid led, 1C-SW-A3.75-T2.6-1WR90-Cu, 1 tested HHH

H:zh zhz:: ;:z:::zz ;IgrgdeCue(i, ;IC-(;;;:F;ES-TZ.6—Clamped-CuCr, 1 testedu o re p rOd u CI bl I Ity Of tESt

High shunt impedance double feed side coupled 3C-SW-A3.75-T2.6-2WR90-Cu, 2 tested res u Its

Highest shunt impedance hard copper structure 1C-SW-A2.75-T2.0-Clamped-Cu, 2 tested

Low shunt impedance Photonic-Band Gap with elliptical rods 1C-SW-A5.65-T4.6-PBG2-Cu, 1 tested

Highest shunt impedance, copper coated stainless steel 1C-SW-A2.75-t2.0-Clamped-SS, 1 tested

Optimized shape, high shunt impedance, 1C-SW-A3.75-T2.2-Cu, 2 tested

High shunt impedance coated with ZrO2, 1C-SW-A3.75-T2.6-Clamped-Coated, 1 tested

High shunt impedance, clad Mo-Copper 1C-SW-A3.75-t2.6-Cu-Mo-KEK-#2, 1 tested

Highest shunt impedance, stainless steel coated with copper, 1C-SW-A3.75-A2.6-Clamped-Cu-Coated-SS-KEK-#1

The 421 test is about to start, highest shunt impedance hard copper-silver structure
1C-SW-A2.75-A2.0-Clamped-CuAg-SLAC#1



Next experiments, as for 4 October 2012

In-situ diagnostics:
High shunt impedance, full choke cell with a viewport, 1C-SW-A3.75-T2.6-Ch-View-Port-Cu

Geometry tests:
High shunt impedance, triple choke, copper, 1C-SW-A3.75-T2.6-4mm-TripleCh-Cu

Materials:

Highest shunt impedance, made of hard CuAg, 1C-SW-A2.75-T2.0-Clamped-CuAg

Highest shunt impedance, cryogenic test, 1C-SW-A2.75-T2.0-Cryo-Cu

Highest shunt impedance, made of hard CuCr, CuAg, CuZr, 1C-SW-A2.75-T2.0-Clamped-CuCr,

CuAg, Cuzr
High shunt impedance, triple choke, Molybdenum, 1C-SW-A3.75-T2.6-4mm-TripleCh-Mo

Reproducibility tests:
High shunt impedance, round iris, 1C-SW-A3.75-T1.66-Cu
Three high gradient cells, low shunt impedance, 3C-SW-A5.65-T4.6-Cu



Three Single-Cell-SW Structures of Different Geometries

1)1C-SW-A2.75-T2.0-Cu

Geometrical Studies

r [em]

1.50

1.25

1.00

©
N
a

- WH'HH’H !‘HH‘HH'HH'\

0.50

0.25

0.00

o, i\\~i\\i~\iii‘iii\‘i\ iiHHi\




Breakdown Probability [1/pulse/meter]
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Standing-wave structures with different iris diameters: a/A =0.215, a/A =0.143, and

a/A =0.105.
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Breakdown rate vs. peak pulse heating and peak Pointing vector
Standing-wave structures with different iris diameters: a/A =0.215, a/A =0.143, and
a/A =0.105.
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Analysis of experimental data from multiple structures (including these) finds that peak
Poynting vector is correlated with breakdown rate:

A. Grudiev, S. Calatroni, and W. Wuensch,
New local field quantity describing the high gradient limit of accelerating structures,
Phys. Rev. ST Accel. Beams 12, 102001 (2009).



Structures that have different ratio between peak
Poynting vector and peak H"2

1C-SW-A3.75-T2.6-1WR90-Cu 1C-SW-A3.75-T2.6-Cu 1C-SW-A3.75-T2.2-Cu

Max. Poyning Vector Max. Poyning Vector Max. Poyning Vector
1.93 e14 W/m~2 | 1.73 e14 W/m”2 2.4e14 M/m"2

Max. [HA2| 6.4e11 (A/m)*2  Max. |HA2| 4.44e11 (A/m)A2 Max. |HA2| 3.8e11 (A/m)A2

Ratio is 301 Ohm Ratio is 390 Ohm Ratio is 632 Ohm



Comparison of two on-axis coupled structures and one side-coupled structure
of 3.75 mm aperture, shaped pulse with 200 ns flat part
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Breakdown Probability [1/pulse/meter]
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Pulse heating vs. Poynting vector

Comparison of two on-axis coupled structures and one side-coupled structure

of 3.75 mm aperture, shaped pulse with 200 ns flat part
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SEM inspection of single-feed
1C-SW-A3.75-T2.6-1WR90-Cu-SLAC-#1
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Area with maximum peak electric fields
vector with intense breakdown damage. with little breakdown damage.

The breakdown damage in this structure was correlated more with
the location of the peak Poyning vector than with the location of the
peak electric or magnetic fields field.



Results

For structures of disc-loaded waveguide type,
with high fields in one cell, with same beam
aperture the breakdown rate correlates more
with peak Poyniting vector integrated with
1/Sqrt (pulse length) then with either peak
electric fields or peak pulse heating.



Reproducibility test,
Optimized shape, high shunt impedance,
1C-SW-A3.75-T2.2-Cu

Solid model: Philipp Borchard, 13 May 2011

[ 2
0 50 100 (mm)

Jeff Neilson and Sami Tantawi
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Breakdown data for two versions of optimized shape 1C-SW-A3.75-T2.2-Cu-
SLAC, #1 and #2, 150 ns shaped pulse, 2" 150ns run
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V.A. Dolgashev, 27 September 2012
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Breakdown Probability [1/pulse/meter]

Breakdown data for two optimized shape 1C-SW-A3.75-T2.2-Cu-SLAC-#1 and #2, their
comparison with 2 structures of 3.75 mm aperture and different geometries,
150 ns shaped pulse
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Material studies

Copper-Molybdenum Clad structure
1C-SW-A3.75-A2.6-Clad-Cu-Mo-KEK-#1



Material studies
Copper-Molybdenum Clad structures

1C-SW-A3.75-T2.6-Clad-Cu-Mo-KEK
Both peak surface electric field and peak
Poynting vector located on the iris insert.



1C-SW-A3.75-T2.6-Clad-Cu/SUS, Cu/Mo
surface polished cell

Bulk surface skin
resistivity resistivity depth
(Ohm-m) (Ohm) (mm)
Cu 1.724x10E-8 0.034 0.505
SUS304 6.4 x10E-7 0.208 3.07
Mo 5.7x 10E-8 0.062 0.918

Yasuo Higashi, KEK, September 2011



Two Single cell SW structures, one with Mo another one with
stainless steel tips before shipping to SLAC

Yasuo Higashi, KEK



Breakdown data for high shunt impedance Clad Mo-Cu
1C-SW-A3 .75-T2 .6-Clad-Cu-Mo-KEK-#1, different length of shaped pulse

10% ¢

100?‘”

-1 - C

400 ns

1072 1025

AN

1073 103L

reakdown Probability [1/pulse/meter

Breakdown Probability [1/pulse/meter]

10 100 ns 4 1041 100 ]
g 1 g NS
105 200 ns . 10} 5 i
10'62 . 10'6; 00 ns 4
10 -7 3 | | | | | | L L L | L | | | | | | | | | | | | | . 10 -7 i 1A e e e e e e ]
80 100 120 140 160 180 200 [an) 100 150 200 250 300 350 400
Gradient TMV/m1 Peak Electric Field [MV/m]

10°¢
10tE
102E

10

400 ns

Breakdown Probability [1/pulse/meter]

10-4% -
105 200 ns E
10 E
1077 A T
0 20 40 60 80

Peak Pulse Heating [deg. C]

Cu-Mo clad structure shows pulse length dependence of the rf breakdown rate which is
characteristic for structures limited by field amplitude, not pulse heating.



Breakdown data for two structures of same shape but different materials,
1C-SW-A3.75-T2.6, soft Cu and clad Cu-Mo, 150 ns shaped pulse
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Low gradient side of central cell of Cu-Mo clad structure
1C-SW-A3.75-A2.6-Clad-Cu-Mo-KEK-#1




High gradient side of central cell of Cu-Mo clad structure
1C-SW-A3.75-A2.6-Clad-Cu-Mo-KEK-#1




High gradient side of end cell of Cu-Mo clad structure
1C-SW-A3.75-A2.6-Clad-Cu-Mo-KEK-#1




Results of clad Mo-Cu structure

e We successfully tested clad structure built
without high temperature brazing to avoid
damage of the Mo-Cu joint.

e Cu-Mo clad structure shows pulse length
dependence of the rf breakdown rate which is
characteristic for structures limited by field
amplitude, not pulse heating.

e For the same breakdown rate, gradient in clad
Cu-Mo structures is about 20% lower than in
soft copper structures.



Material studies

Stainless Steel-Cu Clad structure
1C-SW-A2.75-T2.0-Cu-on-SS-Clamped-KEK-#1



Clad single cell SW structures made
with electroplating for testing in SLAC
vacuum-can

Stainless steel base gi5inless steel base Cells after final
machining

plated with copper

Y. Higashi, KEK



Breakdown data for highest shunt impedance Cu-on-SS 1C-SW-A2.75-T2.0-Cu-
on-SS-Clamped-KEK-#1, different length of shaped pulse
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Clad structure shows pulse length dependence of the rf breakdown rate which is
typical for copper structures.

V.A. Dolgashev, 28 September 2012
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Breakdown data for three structures of same shape but different materials,
1C-SW-A2.75-T2.0, soft Cu, hard Cu, and Cu on Stainless Steel, 200 ns shaped pulse
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V.A. Dolgashev, 28 September 2012



Low gradient side of end cell of 1C-SW-A2.75-T2.0-Cu-on-SS-Clamped-KEK-#1




High gradient side of end cell of 1C-SW-A2.75-T2.0-Cu-on-SS-Clamped-KEK-#1




High gradient side of central cell of 1C-SW-A2.75-T2.0-Cu-on-SS-Clamped-KEK-#1




Resu
highest shunt im

ts of the test of
nedance Cu-on-SS structure

1. This is successful test of the clad-cell
technology potentially suitable for brazed

structures

2. Statistical behavior of the rf breakdowns in the
structure is very similar to rf breakdowns in soft
copper structures

3. For the same breakdown rate the gradient is
about 10% lower in the Cu-coated structure than
in soft-Cu structure, while the clad structure has
significantly lower dark currents



Beam tests of 100 GHz
copper structure at FACET
Motivation:

Study rf frequency dependence of rf
breakdowns properties in metal structures



RF Breakdown Test of Metal Accelerating Structure at FACET
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HFSS model of 1/4t of output part of accelerating
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Parameters of accelerating structure with changing beam gap, excited by 1.6 nC bunch

Valery Dolgashev, Sami Tantawi, SLAC



RF Breakdown Test of Metal Accelerating Structure at FACET

waveguide horn
connected to
100 GHz

detector Structure in FACET vacuum chamber

Assembled structure, beam gap set to 0.9mm

= 125X

15t iris — breakdown damage, 9t iris — no breakdown

Fm e T2 g peak surface fields damage, peak surface fields
Autopsy of output part of the structure <1.3 GV/m >0.64 GV/m, pulse length ~3ns

Valery Dolgashev, Sami Tantawi, SLAC



Dual Mode Cavity

Motivation:

The goal for a dual mode cavity is to study the effect of
the rf magnetic field on the operational accelerating
gradient determined by rf breakdowns in a geometry as
close as practical to a standing wave accelerator cell.

S. Tantawi, "Experimental Evaluation of Magnetic Field Effects on
Breakdown Rates"”, CERN Breakdown Physics Workshop, May 2010

A. D. Yeremian et al., A Dual-mode Accelerating Cavity to Test RF Breakdown
Dependence on RF Magnetic Fields, MOPC073, Proc. of IPAC'11, San
Sebastian, Spain, 2011



Dual Mode Accelerating Cavity for studying the
relative effects of electric and magnetic fields
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. Lewandowski, 12 April 2012



Future experiments



Cryogenic Testing of normal conducting
accelerating structures

7N_LG_S2
Before and after ~10pum etch

We made detailed
measurements for copper
conductivity at 11.424 GHz
using specialized cavities

Q0

Conductivity increases (by a
factor of 17.6 at 25K),
enough to reduce cyclic
stresses.

The yield strength of copper
also increases.

The experiment is ready and
will be executed in a month
or so as soon as there is a
time slot in ASTA

Dolgashev et al., IPAC12



Parallel-fed Standing Wave
structure

Potential advantages of parallel fed, m mode standing wave
structures over travelling-wave structures

— minimizes energy available during breakdown

— maximizes power distribution efficiency

— enhanced vacuum pumping conductance

Jeffrey Neilson, Sami Tantawi, Valery Dolgashev, “Design of RF feed system and cavities for
standing-wave accelerator structure,” Nuclear Instruments and Methods in Physics Research

Section A: Accelerators, Spectrometers, Detectors and Associated Equipment, Volume 657,
Issue 1, 21 November 2011, Pages 52-54.



Manufacturing of Parallel fed Standing Wave structure
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Yasuo Higashi, KEK




New diagnostics

In-situ microscopic observation of surface change and rf breakdowns:
Full cell choke and two view ports 1C-SW-A3.75-T2.6-Ch-View-Port-Cu-SLAC-#1,2

Solid model: David Martin, 28 April 2010



Conclusion

e We continue high-power tests of with focus on
understanding breakdown physics and developing
technologies suitable for practical structures of new
shapes and materials.



