Updated Results of Breakdown Study for
509-MHz Continuous-Wave Accelerating
Cavities based on Direct In-situ Observation




Purposes of This Study

1. To elucidate the breakdown-trigger mechanism of normal-
conducting accelerating structures

—> Application to accelerating-structure developments with better

performance

— Application to performance-recovery measures for deteriorated

accelerating structures
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Normal-Conducting Accelerating Cavities
for SuperKEKB Positron Damping Ring (DR)

0. Cavity No.0O (prototype) developed in FY2011

< The inside (blue region) » Surface protection of the endplates: acid cleaning followed by chromating

is ultrahigh vacuum 1. Cavity No.1 fabricated in FY2012
during operation. » Surface protection of the endplates: Electropolishing (EP)

2. Cavity No.2 fabricated in FY2013
» Surface protection of the endplates: Electropolishing (EP)

; DR Cavities

—— B Accel. mode: 509 MHz Continuous Wave (CW) TM,,,

B Made of Oxygen Free Copper (Classl)

W Q, = ~30000 (97%IACS)

B R,/Q,=150Q

B Max. V. =0.95MV (= E,..=3.7 MV/m € Cav. gap: 256 mm)
B Wall-loss power: 110 to 140 kW for V_=0.7 to 0.8 MV

»n

.........

For more details, T. Abe, "Completion of the First Production Version of the

, Accelerating Cavity for the SuperKEKB Positron Damping Ring”,
e KEK Accl. Lab. Topics 2013/10/7 (web article):
http://www?2.kek.jp/accl/eng/topics/topics131007.html

T NN

MeVArc 2018 (2018-05-22) Tetsuo ABE (KEK)


http://www-superkekb.kek.jp/
http://www2.kek.jp/accl/eng/topics/topics131007.html

Setup of the High—Power Test of DR Cavities

(a) Movable Tuner

TVCamera1
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Toshiba
s CW Klystron
Q Mass Spectrometer ) - . (b) E3732
\ -\ = High—PowerinputCoupler (1|\/|W, 508.9 MHZ)
A — W
- * | i
P Waveguide | ’
with :
Directional |
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| Hil &
i Power Sensors
. ." Y
Sputter—lon Pump LAN cable (CAT.6) & SR
(No beam injected into the cavity during the high-power test)
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Surface Field of the Accelerating Mode

The dashed white lines

At V.= 0.90 MV indicate visible regions Upstream Endplate Downstream Endplate
= 0.

by the TV cameras. ~c (a)

(E,..=3.5MV/m) S

c

Component: Abs =

Orientation: Outside o
A0 Maxdmum [W/m]: 12 28e+06 w =
Frequency: 050901 46 :ﬂ =
Fhaze: i g
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i Jenl x
e Electric field Wlagnetic field
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3 TV cameras for Multi—directional and wide—field observation _

74 TV Camera 2 ; ‘ | Coaxial Line of the Input Coupler i\) &
| c

| TV Camera 3 7 Pickup

— | Antenna

Upstream [ I
Mirror ) : .5
1 Downstream
. it Mirror |
’-_l !,I "‘
] | = |
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Breakdown Detection
by using pickup signals

1. Candidates selected by reflected-wave interlock.
2. Check the decay time of the pickup signal of the = tu-ilku I*
accelerating mode: —
» ~8 us = Not breakdown —
» << 8 us = Breakdown
FIC. 6: Waveforms of the oscilloscope displayed for a (B ' il \hLIuII. lhﬂnth.ﬂ ||.Lll|.u|ln Lull
time span of 20 us (= 2 us/div) when the interlock

t Coupler gy, H ﬁ
-
I .
system was activated. The red dashed curves indicate

| ‘ the envelope of the 508.9-MHz pickup signal from DR \ " AR R
(Upstream) \ ’l (Downstream) Cavity No. 2, and the red solid lines indicate its zero ‘ ‘I ‘ I’ | " ‘I || ll " ‘I " ||
level. (a) The RF switch was turned off for a reason y
related to the klystron. (b) Example of the cavity | | '
2 S lil liiil m V

U ‘| Hl J }” i H"ul

L lim LIuI lmmllh. ‘i

Uﬂp.s SOOMS/s 2.004s  S00MS/s AU £ 20 6)21 2014]
10k points 1. 30v 13 25:59

|||i|| (gl

M | \ ‘ I\M \ | H,

breakdown events. ‘F'Il

Q,=13000@509MHz => Filling time: 8s HEE f."?“nn T T (o
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We observed “Bright Spots”.

Upstream Endplate at V_=0.90 MV

(v Image recorded by TV camera 3

v'During operation with V_ =0.90 MV
»E... =3.5MV/m (& Gap: 256 mm)
»E,.=4~13 MV/m

_ v'Non-breakdown status

During the high-power operation, such bright spots:
» Maintained their intensity for hours or longer, and
» Had no significant effects on the high-power operation as long as they remained stable.
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Example of Breakdown Events (1)

A stable bright spot
at V_=0.95 MV (E,.. = 3.7 MV/m)

acc

2014-06-05 11:43‘:_‘5;‘7,(“ "
gt 1 g
AP ey
) g
i’

(a) 1 frame (1/30 s) before this cavity
breakdown.
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Example of Breakdown Events (1)

A stable bright spot exploded at the moment
at V.=0.95 MV (E

e = 3.7 MV/m) of breakdown,

2014-06-05 11: l\ f{‘ 2014-06-05 11:48:08 Y-
*13‘ ‘y
v, AN H :
. M. : 5

* A8 *
E - l 3 W
. ol i

_ :

(a) 1 frame (1/30 s) before this cavity (b) At the moment of this cavity

breakdown. breakdown.
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Example of Breakdown Events (1) Supernova!

A stable bright spot exploded at the moment then disappeared!

atV._=0.95 MV (E,.. = 3.7 MV/m) of breakdown, » G15app -
2014-06-05 12:1 ,J‘ox() ‘

I "

g!‘

e

~ 3 S W P
W s - M '
_.‘g
: .

(c) Shortly after recovering from this
cavity breakdown at V. = 0.95 MV.

_ \
= o ?\ ‘J,'i :

(a) 1 frame (1/30 s) before this cavity (b) At the moment of this cavity

breakdown. breakdown.
200
e
)
z| 100 |-
wn)
=
2
=
o
0 | | | |
5 4 i8 2 g 0 1
Time [s]
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Statistics on all the 205 breakdown events detected

B 25% accompanied by a bright-spot (BS) explosion

Nothing
seen, 25%

v T. Abe, "Visual Imaging of Radio-Frequency Cavity Breakdown “, KEK Accl. Lab. Topics 2016/10/5 (web article):
http://www?2.kek.jp/accl/eng/topics/topics161005.html
v T. Abe, T. Kageyama, H. Sakai, Y. Takeuchi, and K. Yoshino, "Breakdown Study Based on Direct In-Situ Observation of Inner Surfaces
of an RF Accelerating Cavity during a High-Gradient Test", Physical Review Accelerators and Beams 19, 102001 (2016).

For more details:
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http://www2.kek.jp/accl/eng/topics/topics161005.html
http://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.19.102001

Statistics on all the 205 breakdown events detected

B 25% accompanied by a bright-spot (BS) explosion

Nothing
seen, 25%

B 40% accompanied by a spot-type explosion not
originating from a stable bright spot

v T. Abe, "Visual Imaging of Radio-Frequency Cavity Breakdown “, KEK Accl. Lab. Topics 2016/10/5 (web article):
http://www?2.kek.jp/accl/eng/topics/topics161005.html
v T. Abe, T. Kageyama, H. Sakai, Y. Takeuchi, and K. Yoshino, "Breakdown Study Based on Direct In-Situ Observation of Inner Surfaces
of an RF Accelerating Cavity during a High-Gradient Test", Physical Review Accelerators and Beams 19, 102001 (2016).

For more details:
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http://www2.kek.jp/accl/eng/topics/topics161005.html
http://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.19.102001

Example of Breakdown Events (2)
Spot-type explosion not originating from a stable bright spot

No bright spot|in this area A spot-type explosion Down
(V.=0.65 MV (E,.. = 2.5 MV/m)) at the moment of breakdown

(a) 1 frame (1/30 s) before this cavity (b) At the moment of this cavity (c) 1 frame (1/30 s) after this cavity
breakdown. breakdown. breakdown.
—| 40 [~
=
E
. |
2l 20 !
=
s
=
0 | | |
-5 -4 3 -2 1 0 1

Time [s]
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Statistics on all the 205 breakdown events detected

B 25% accompanied by a bright-spot (BS) explosion

Nothing
seen, 25%

B 40% accompanied by a spot-type explosion not
originating from a stable bright spot

B 10% “Pyrotechnic” breakdowns
® Observed only in the initial stage of RF conditioning

v T. Abe, "Visual Imaging of Radio-Frequency Cavity Breakdown “, KEK Accl. Lab. Topics 2016/10/5 (web article):
http://www?2.kek.jp/accl/eng/topics/topics161005.html
v T. Abe, T. Kageyama, H. Sakai, Y. Takeuchi, and K. Yoshino, "Breakdown Study Based on Direct In-Situ Observation of Inner Surfaces
of an RF Accelerating Cavity during a High-Gradient Test", Physical Review Accelerators and Beams 19, 102001 (2016).

For more details:
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http://www2.kek.jp/accl/eng/topics/topics161005.html
http://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.19.102001

An Example of Pyrotechnic Breakdown Events

. V.=0.89 MV (E,. = 3.5 MV/
Ute B’g FIOSh.’ ( m)
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Questions?

1. What are the bright spots?
® Spectrum?

® Temperature?
® Why exploded?

2. What is the physical process of the spot-type explosion?
® Generation =2 Growth = Explosion of a bright spot in a moment?

MeVArc 2018 (2018-05-22) Tetsuo ABE (KEK) 18
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Defocus Effect

If the is off the sensor, It is difficult to make a perfect focus.

)

=» The image is defocused and dispersed.

924Nn0s 1y3ij iod > @

We need 2D spectroscopy!

MeVArc 2018 (2018-05-22) Tetsuo ABE (KEK) 20



Hyperspectral Imaging

RGB data Multispectral data

AW
(3 F)

Hyperspectral data

(Image from https://ebajapan.jp/wp/wp-content/uploads/2018/04/pic_originaltech-1024x599.png ) , A : : - : &

Analyzed image

-

" .
'\,c'_" ') N
.

Scan

Fore
optics

Collimating Focusing
optics optics

Scan

line

—_—
—— 1

-~

TALARLF

Scan |Slit Dispersing
direction element

2D spectroscopy.
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Tetsuo ABE (KEK)

~~  Focal plane W™ Y direction
" ¢ o ) e )

— ——

W W

A

Wavelength
(nm)

Hyperspectral data cube
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Hyperspectral camera used in this measurement

Model: NH-KE3
made by EBA JAPAN CO.,LTD.

uips.//ebalapan.o/spectiaiechnopey - [

Detector CMOS

Number of pixels 360,000

Max. frame rate 100 fps

ADC bits 10

Range of wavelength 400 to 1000 nm

Enclosure size H76.0mm x W72.4mm x L213mm
Net weight 1030g

MeVArc 2018 (2018-05-22) Tetsuo ABE (KEK) -


https://ebajapan.jp/spectraltechnology/

Hyperspectral camera

MeVArc 2018 (2018-05-22)

Check of the defocus effect

Measurement Setup

B

Tetsuo ABE (KEK)

s

Miniature bulb
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Different spectra at difference points!

DHAHIIT (h-VINIE) X
Guo0

DHAHIZ7 (W-YIMIE)
6000

350 450 550 650 750 850 . 950 1050 nm

950

1050 _nm

| i

30 450 550 450 750 850 950 1050 mm

DHAHIIT (h-YINIE)
6000

(€ Not well focused)

AHDFTTT N-VIIE)

0
350 450 550 650 /50 850 950 1050 nm

S0 4500 BRO &R0 7RO BRO O 950 1050 nm
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Calibration of Pixel Sensitivity of the CMOS Sensor




Halogen lamp

Using an Integrating Sphere

(Photo by courtesy of EBA JAPAN CO.,LTD.)

Hyperspectral Camera /

The “detector” receives

MeVArc 2018 (2018-05-22) Tetsuo ABE (KEK)
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Calibrated so that any spectrum measured at each pixel should show

BHAFITT D-UIAEE) X t h e rEfe re n ce S p e Ct r u m .

| Before Data taken in 2015 before the delivery of this hyperspectral camera
Reference Spectrum 2015

ge Analyzer ~ ¢ — O X ‘ | . &
. Display at 700 nm e Raw Data
250 450 550 450 750 850 950 1? 0001 _FitWith
A 5th-order
SR N 0 AN R S, Polynomial

Central 20% area 2000

Observed Spectrum [a.u]
on
3
\

1 1
| ] Average 1 1 1 1 1 1
l : spectrum 1500
/ 1000
ST T OQUILALE) K

500
After this calibration

SR TmIST (H-YIALE)
A000
Before

0 0
J00 4500 580 680 750 880 950 1050 nm 360 450 BRO o0 B0 850 950 1060 nm

| 1 1 1 | | 1 I | | 1 i | | L | ] i | ]
400 500 600 700 800 900 1000 1100
Wavelength [nm]
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Reference spectra are different before and after the relevant
measurements in this study.

Fitted Reference Spectra

Ratio of the Reference Spectra

— 3500 ‘ : 5 w2
2 o Measured in|2015 S
£ 3000 NGB | ] %
= Measured in 2018 S
3 i |
%2500 ......................................................................................................................................................
=]
W
£
s 200 4NN
o=
-
1500 ....................................................................................................................................................
1000 vt XN
/' This difference is to be 5
sool /- included in the final results  \_\_
~ as a systematic error. |
800 500 600 700 800 900 1000 400 500 500 700 800 900 1000
Wavelength [nm] (ROI: Region Of Interest) Wavelength [nm]
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Wavelength Calibration




-
L
‘i

MeVArc 2018 (2018-05-22)

Using a He-Ne Red Laser (632.8 nm)

. o White board

Hyperspectral camera

He-Ne Red Laser

Tetsuo ABE (KEK)
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Using a He-Ne Laser (632.8 nm)

Center

5 S /ndl 1000 /o
B, GO0 S p 1 ------------------------- 5118
= 3 3 (Peak posmon) 637.8
= BOOQ g P 3 7777777777777777777 c5~ =3.936
~— ; :
2 H
2
S 400f | S I e
= s s i s i
@ 3 3 s 3 s
g 300 S | A e .
U | | | | |
7 2} ‘ : : ; :
= | | 5 | 5
O 200 _ ......................... ________ I SRR ......................... _________________________ .........................

0o T -

0 L

; | :
00 500 600 700 800 900 1000
Wavelength [nm]
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Wavelength (fit) [nm]

640

639

638

637

636

635

634

633

He-Ne Laser

v /ndf 1285 /5
R Pl 6379
I N D P P

e ° ® § |
| | | | |
0 1 2 3 4 5 6

Position Number

\/

Correction by “-5.1 nm”




Check of the wavelength calibration
using a multi-halogen lamp

» Made of Panasonic
» Model: MF400LBUSCN
» Included elements

(D Sodium (Na)

@ Thallium (TI)

@ Indium (In)

@ Scandium (Sc)

® Lithium (Li)

MeVArc 2018 (2018-05-22)
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Observed Spectrum
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o o

Raw data of NH-KE3

RS ERETEE (1W/om?/nm/10001)

A

Before the BS meas. (2017-03-26)

| After the BS meas. (2017-04-14) | .
fter the Ist RAD meas. (201 7—03—25)

After the Win. Transm. meas. (2017-09-25)

From Panasonic

j -[\Af\A

0

LA

A AVANY

Vv

W\J\-

380 480

580

680

R (hm)

Tetsuo ABE (KEK)

We confirmed that the peak of the Na
D-lines (589.0 nm, 589.6 nm) did not
change before and after any
measurements.

p—

w B
o -
o o
-] o

Observed Spectrum [a.u.
S
o
o

1000

860 585 590 595 600
Wavelength [nm]
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Measurement of Wavelength Dependence

of Transmissivity of the Mirror Chamber




Correction for the Mirror-Chamber Transmissivity

Hyperspectral Camera

( h Hyperspectral Camera

Hyperspectral Camera

v’ Pixel-sensitivity calibrated
v" Wavelength calibrated

Observed Spectrum
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Transmissivity of the Mirror Chamber

Xenon Lamp Mirror Chamber

Hyperspectral Camera

White Board

Tetsuo ABE (KEK)
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Measurement of the Transmissivity of the Mirror Chamber

easured at the left-up point
@ Measured at the center point

5 Mirror Chamber White Board
=
= o
1 R I S /’
w ; ; ; ; |
- ooy T TR
| : | | “r
- ¥ o

osll e
| : | | (ROI: Region Of Interest)

Qoo 500 6(i)O 700 300 900 17000 Only the wavelength dependenc.e is used in this study;
the absolute value has no meaning.

Wavelength [nm]
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Measurement of Thermal-Radiation Spectra




Copper Block to be irradiated for heating

I

Type-K Thermocouple

L-shaped support

(Vw 0T ‘A3 02T)
weag uoJ3dd|3
Z
@
o
=

Two spring washers
(Titanium)

Alumina tube with two holes
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Electron-Beam-Welding machine
at KEK Mechanical Engineering Center
was used.

MeVArc 2018 (2018-05-22) Tetsuo ABE (KEK)



MeVArc 2018 (2018-05-22)

~580 degC

Spectimg_FPS1_Gain100_01_580degC.ke3 - Hyperspectral Image Analyzer
J71UE) WEP) FRV) NVTH)

Raw data shown at 808 nm><

LT 1 EF R 80(269,0)=

Tetsuo ABE (KEK)

40



MeVArc 2018 (2018-05-22)

~680 degC

Spectlmg_FPS1_Gain100_02_ 680degC.ke3 - Hyperspectral Image Analyzer
I71IWE) LEP) TRV AVTH)

— O
Raw data shown at 800 n

BRRFR 80(133,2)=.

X
m

Tetsuo ABE (KEK)
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MeVArc 2018 (2018-05-22)

~930 degC

Spectimg_FPS30_Gain100_05_930degC.ke3 - Hyperspectral Image Analyzer
J71IWE) BEP) TRV ATH)

Raw data shown at 808 nm><

HiERFR 80(370,2)=

Tetsuo ABE (KEK)
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Correction on the Window Transmissivity of the EBW machine

MeVArc 2018 (2018-05-22)

Hyperspectral
Camera

Tetsuo ABE (KEK)

Hyperspectral
Camera

v Pixel-sensitivity corrected
v' Wavelength calibrated

Observed Spectrum
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Measurement of the Transmissivity of the EBW-Machine Window

Window (= Lead glass + TEMPAX)

White Board

Xenon Lamp
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I

Hyperspectral Camera

MeVArc 2018 (2018-05-22)

8 (
L

White Board

» 4

\

Tetsuo ABE (KEK)

Xenon Lamp
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Measurement of the Transmissivity of the EBW-Machine Window

N

White Board

N
8]

Transmissivity [a.u.]

@ [Veasured at the left-up point
@ Measured at the center point

0.5(f

(ROI: Region Of Interest)

800 500 600 700 800 900 1000
Only the wavelength dependence is used in this study;
Wavelength |[nm]

the absolute value has no meaning.
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Correction factor to convert
observed spectra to physical spectra

using the thermal-radiation measurement results

and Planck Formula: (Black-body radiation spectrum) o

MeVArc 2018 (2018-05-22) gt re gt re Tetsuo ABE (KEK) A e A 47



MeVArc 2018 (2018-05-22)

Energy Density [a.u.]

0.4

0.3

Black Body Radlatlon Spectrum

— 600 degC

_— j000degc ******** R A
— 1200 degC

Wavelength [nm]

Tetsuo ABE (KEK)

700 800 900 1000

(ROI: Region Of Interest)
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mc:memocow) T hErmocouples and Meas. Region!

We measured spectra of TC4 and TC5 directly!

Spectimg_FPS__

TPAIVE ~V) AVTH) Raw data shown at 800 nm

TC5

HiE R 80(370,2)=

MeVArc 2018 (2018-05-22) Tetsuo ABE (KEK)



Peak position (A,) by fitting the observed spectrum
with an asymmetric gaussian

"~ 580 degC, TC4

Observed Spectrum [a.u.]

rds % Ys46 /o35
- PI ° 164.3
180 [ [Py T Ngg 843 ]
- r3 ¢o 78.00
| | o
125 S S i P4 86.67
100 e ]
e
| e
1 e %
e o
B [ B " @
f ® o
e & "
i WOPE V
w P :
®e ;
600 700 800 900 1000

Wavelength [nm]|

MeVArc 2018 (2018-05-22)

" 760 degC, TC4 " 930 degC, TC4

2 | 242,,/"ﬁ(Jﬁ7919. /36 3 1000 | B !‘k\ 2809. / 38
s PI 1463. = - PI 1054,
27250 P2_d ° 814.6 z 3 [ 795.9
= r3 79.09 = 84.55
Bt | Pt : :
g | P4 86_46 § 800 _ ........................... | W 88.42
@» :
&1000 | o
T T | |
L i L
ST o OSSR SRRSO SO O S ——— w
= : =
o . ° o .
. ® ®
| ¢ * 400 e
500 - ........................... .. ................. ‘ ................ L]
: [ 2 ¢ %
‘ & y ]
250 \ 200_ .......................... .......................... ........................ \
Boo 600 700 800 900 1000 Boo 600 700 800 900 1000
Wavelength [nm]| Wavelength [nm]
After subtracting background spectrum with
v" No beam irradiation
v" Temperature of the copper block < 100 degC
v’ Cathode voltage ON (120 kV)
Tetsuo ABE (KEK) 50



1000

Spectimg_FPS30_Gain100_05_930degCke3 - Hyperspectral Image Analyzer - ] X
TP IE [

=W ALTH) Raw data shown at 800 nm

TC5

900

co
-
-

~
o
S

Thermocouple Temperature [deg(C]
o
S

v The spectra for TC4,5 are different from the others, as expected.
v Only the data for TC4,5 will be used in calculating the correction factor.

| i i |
500 800 820 840
A |[nm]

MeVArc 2018 (2018-05-22) Tetsuo ABE (KEK) 1



(Correction factor) = (Planck Formula) / (Observed Spectrum)

— Average to be used in the following analyses

= I =» We correctly observed black-body radiation.—— o
= R s e,
2 i .
< 7
3 92
A3 S 3
S £ S 3 '
= =
=< 2
& (P
= =
o >
; - | 5
700 750 800 850 900 700 750 800 850 900
Wavelength [nm] Wavelength [nm]
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Observation of Bright Spots
during High-Power Operation of DR Cavity No.0

This high-power test was performed by SuperKEKB-RF / ARES Cavity group
(T. Abe, T. Kageyama, H. Sakai, Y. Takeuchi, and K. Yoshino).




Cavity No.O was re-tested on its high-power performance.

== March, 2017

%nditioning Histories up to V. = 0.90 MV/cavity Nv

Cavity No.0 {2012) Cavity No.1 Cavity No.2 Cavity No.0 (2017)
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(1) Reached V_=0.90 MV (radiation limit) smoothly.

pedormance Comparab’e With No. 1} 2' (2) Maintaineé V, = 0.90 MV for six hours..



DR Cavity No.O

MeVArc 2018 (2018-05-22)

Measurement Setup

v '
Y. 4

Hyperspectral Camera

et

L’ ] ‘”\..«’ 1
i AIf€ Mirror Chamber

Tetsuo ABE (KEK)
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Spectra and Temperatures of BS-C1

At V.=0.55 MV
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Tetsuo ABE (KEK)

Wavelength [nm]

Downstream Endplate

Error bars on temperature are
determined for y?/ndf = 1.

v’ Significant increase in the
temperature with higher
cavity voltage (x1.7)

v" No significant difference
between the temperatures
in 700 - 800 nm and 800 -

900 nm
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Upstream Endplate

Spectra and Temperatures of BS-Al

At V_ = 0.55 MV At V_ =0.95 MV
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§ ————————————————————— g § v’ Temperature increase also
‘E .,.”°' g ” seen with higher cavity

2 geoﬁ% 2 voltage, but about half of
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Spectra and Temperatures of BS-A2

At V_=0.55 MV
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Upstream Endplate

Error bars on temperature are
determined for y?/ndf = 1.

v' Temperature increase also
seen with higher cavity
voltage

v Small difference between
the temperatures in 700 -
800 nm and 800 - 900 nm
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Measured Temperatures [degC] at V.= 0.95 MV for 700 — 800 nm

Upstream Endplate

1028 + 23
| 1146 + 26
1316 * 38
| 1494 + 48 | /
1207 + 13
» 1369 + 14

1349 = 37 | -

1560i4§

-
$ -

MeVArc 2018 (2018-05-22)

1440 = 20
. 1653 = 17

1155 =+ 45 \ 1057 =+ 22 |

1340 = 57

1192 = 25

All the temperatures > 1000 degC!

Max. temperature : “1500 degC

Tetsuo ABE (KEK)

1366 = 15
1535 = 14

Downstream Endplate

\'

| 1182 = 43

1325 * 49

&

1250 *= 33
1418 * 44




Phase Diagram of Copper

(Data from https://www.iap.tuwien.ac.at/www/surface/vapor_pressure )
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Temperatures of copper surfaces exposed to
ultrahigh vacuum cannot be higher than 1000 degC.

The bright spots are not copper!
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List of Elements with High Sublimation Points

At 1x10~ Pa
* Graphite 1740.1 degC
e Ce 1084.4 degC
 Hf 1610.4 degC
e r 1675.4 degC
* la 1099.9 degC
e Lu 1056.7 degC
* Mo 1671.2 degC
* Nb 1831.1 degC
* Os 2003.4 degC
* Pt 1385.6 degC
* Re 2066.9 degC
* Rh 1361.1 degC
* Ru 1598.0 degC
e Si 1055.3 degC
* Ta 2082.4 degC
 Th 1584.8 degC
e Ti 1137.3 degC
eV 1234.1 degC
s W 2215.5 degC
e Y 1036.9 degC
VA 1533.3 degC

MeVArc 2018 (2018-05-22) Tetsuo ABE (KEK)



List of Elements with High Sublimation Points

At 1x10~ Pa
-
e Hf 1610.4 degC . . . .
. esadec  Bright spots are high-temperature carbonic particles!?
O
7}
o * Mo 1671.2 degC
8 * Nb 1831.1 degC
Q
— « Os 2003.4 degC v
N
* Re 2066.9 degC
P 19980 deec Graphite burns at > 500 degC.
© T 2082.4 degC =» No burning since no oxygen in vacuum
e Th 1584.8 degC
s W 2215.5 degC
. Zr 1533.3 degC
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An Example of Carbonic Microparticles on Copper Surface

Surface inspection by EPMA (Electron Probe Micro Analyzer)

Size of this microparticle : 1 um e Ttrasonic cleaning in isopropyl alcohol.

ROV {FHELME: H)—KRQ). @
800°C X S R1F 600°CETIFS HZ

Although carbon cannot be melt in copper,

ZAF Metal

Flomant Macc (%)
o 21.5875
[l a.U11
Mz 0.208
b 0.309
ai 0.565
o 0.241
Ca 0.355
Cu 74.437
Total 100.000
Norm.F = 0.544

it o %
A5 10ED
0 .«4dban
0.2711
0.3630
0.6385
0.2389
0.2809
7.1363

K%
g.
244
100
.14
- 43k
.238
vy
-l

357

| R A B B B B B

Inspection conducted by T. Higo (KEK)

It can adhere to copper surface.

MeVArc 2018 (2018-05-22)

Tetsuo ABE (KEK)

Copper Coupon

v Material : Oxygen Free Copper (Class1)
v’ The top surface has Ra=0.03um.

T T T T T | B L
1E
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Another Example: Inspection of a coupler cell of S-band structure
Slides shown in Mechanical Engineering Workshop 2004 at KEK by Hiromitsu TOMIZAWA (JASRI/SPring-8)

3—3—3. MEBRODELEWH I ? BILFIRED) Identified as Carbon
Coupler:  |> mRENTHRLREIHERS 55 by XPS (X-ray Photoelectron Spectroscopy)

— P!
T KEKD A+ EKDD:#KY

S pe: Cu survey re
2001 Dec 11 Mg std 400.0W 0.0 p 0.0° 117.40 eV 7.24108+005 max 1.04 mi

DAPHNIA DAPHN

Cu0001.spe x10° AccCuSub0002 spe
T T T T 6 T T

Carbon || Carbon

N5 — 2R

MBRIFAUR ) 333 i
J - : =
ik I o ® 8 T & 3 g 5
\ \J\ & Q B
: A\//N"m‘
o i 1 1 \_,/\ ‘» |
J
S «‘-’ig 1+ \\A

‘\\

L L L
1000 800 600 400
Binding Energy (eV)

Carbon can deposit in accelerating structures, and adhere to copper surfaces.
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Answers for the Questions Conclusions

1. What are the bright spots?
® Spectrum?

» Thermal radiation
® Temperature?

~ S000/GEgE < the 10 bright spots) -—> TebiightspotsareNOT coppet

»Max. ~1500 degC

® Why exploded?
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Answers for the Questions

1. What are the bright spots?
® Spectrum?

»Thermal radiation
® Temperature?
~ BH000EEC < the 10 bright spots) —> FRelBAghtSpom araNOT copREE
»Max. *1500 degC
® Why exploded?

» Burning of carbonic particles in a moment with oxygen provided from
oxides in the copper surface?
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Using the “low-speed” (30 fps) cameras for DR Cavity No.2

3 TV cameras for Multi—directional and wide—field observation

: Caera 2 Coaxial Line of the Input Coupler

Pickup
Antenna

Upstream
Mirror

Downstream
Mirror

s

v Comera 1

69
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Out of the 205 breakdown events,
we found one event with
“Flying object = Impact on the copper surface = Breakdown”.
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2014/07/02 11:24:02

2014/07/02 11:24: -
SRR ) & VCamera3 Bl TV Cameral TV Camera 2

+ i

UpStream & 2 frame before BD A ?
Endplate 31 \ (T=-2/305) A

N

Downstream
Endplate

Still nothing special
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S50 11:24:9%{_“‘“ TV Camera 3 TV Camera 1 2014/07/02 11:24:02 TV Camera 2% 207/02 11:24:02
R~ _
Upstream : - F - 2 frame before BD [ ? Downstream
T=-2/30 .. ) 1
Endplate oW 2 / s) v 2/30 s) ' Endplate

2014/07/02 11:24:02 201477)7/02 11:24:02

N l N
. a
.
L
\* ey -
4 -

1 frame before BD eSSt & 1 frame before BD

2014-07-02 11:24:083 “‘.
.?’Aj >

(T=-1/305) \ = 7 (T=-1/305)

A flying object!
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2014/07/02 11:24:02 £ ‘ 20111.707/02 11:24:02
2014-07-02 11:24:9;.‘,{*“,,.'-\/ Camera 3 TV Camera 1 ; TV Camera 2" %=
.

Upstream . Ly 2 frame before BD ¢ , 2 frame before BD
Endplate AR (T= -2/30 s)

SRR B Downstream
— U 20 IR Al Cnplate

2014/07/02 11:24:02 2014/07/02 11:24:02

-y
: l ..'!, : \_:74
B : frame before 50 I8 1frame before BD [N \ 1
(T -1/30 s)

—: 'W"F -
Impact and BD !
- B -
2014-07-02 11:24:08 ; — = =

-1/30 S) : \ ..'{-P

= 7;20]4 07/02 11:24:

‘\o
i

it

|

|

I il

IESHHERE il

il

MeVArc 2018 (2018-05-22)
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Usmg 3 hlgh -speed cameras for DR Cavity No.O

3 TV cameras for Multi—directional and wide—field observation

Pickup
Antenna

Upstream
Mirror

Downstream
Mirror

1 High Speed Camera 1

—_—

With this setup, we found 4 such kind of

events out of 40 breakdown events!

v’ Frame rate: 100 to 100,000 fps (1,000 and 2,000 fps used in this observation) (Preliminary)
v Frame-by-frame synchronization among the 3 cameras available

Model ”HAS D3M”
v’ Made by DITECT Co. Ltd. ( http://www.ditect.co.jp/en/index.html )
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Event 1/4: Downstream = Upstream, then impact and BD

(Frame rate : 1,000 fps)

—— Downstream Frame#: 4374 Upstream ===
o7 4»(5 H UG
54k Endplate ~ Endplate
[200 111111 15052 = [;][ 00000000 150529 _1ch.avi] 800x640 24Bit 4472Frame ==& [I IIIIIIIIIIIIIII - - _— ,[F
Something
seen?

ge

@

o+

O

R

£

)]

L

-

T

LL

o

L

o
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Event 1/4: Downstream = Upstream, then impact and BD

(Frame rate : 1,000 fps)

- Downstream Erame#: 4375 Upstream ———=
Dﬁ Endplate i Endplate
p = [ e ._..'| ................... S fon e e M
A flying object
appears!
ge;
@
0
@
£
)]
-
h
L
o
L
oc
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Event 1/4: Downstream = Upstream, then impact and BD

(Frame rate : 1,000 fps)

- Downstream
s O - Frame#: 4380 Upstream reese
LT Endplate i ~ Endplate

[T PO S e S e P e I

4 Mirror image?

RF OFF, LED injected

MeVArc 2018 (2018-05-22) Tetsuo ABE (KEK) 4,



Event 1/4: Downstream = Upstream, then impact and BD

DippImageViei

70UE)  F
= |

Downstream
Endplate

(Frame rate : 1,000 fps)

Here!

Upstream

=5 | EoH )

RF OFF, LED injected

MeVArc 2018 (2018-05-22)

Tetsuo ABE (KEK)
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Event 1/4: Downstream = Upstream, then impact and BD

(Frame rate : 1,000 fps)

Downstream
Lugean o Frameit: 4428 Upstream meses
=20l =R Endplate - :

(@8 [& [20170315 150529 _1ch.avi] 800x640 24Bit 4472Frame
0

RF OFF, LED injected
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Event 1/4: Downstream = Upstream, then impact and BD

(Frame rate : 1,000 fps)

Downstream
Lo o Frameit: 4438 Upstream meses
=20l =R Endplate - :

(@8 [& [20170315 150529 _1ch.avi] 800x640 24Bit 4472Frame
0

RF OFF, LED injected
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Event 1/4: Downstream = Upstream, then impact and BD

(Frame rate : 1,000 fps)

- Downstream
o OV . Frame#: 4451 Upstream meme
LT Endplate i ~ Endplate

P e PSS e S e o0 M

RF OFF, LED injected
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Event 1/4: Downstream = Upstream, then impact and BD

(Frame rate : 1,000 fps)

Downstream
Lugean o Frametit: 4452 Upstream meses
=20l =R Endplate - :

(@8 [& [20170315 150529 _1ch.avi] 800x640 24Bit 4472Frame
0

RF OFF, LED injected
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Event 1/4: Downstream = Upstream, then impact and BD

(Frame rate : 1,000 fps)

Downstream
Lo o Frameit: 4453 Upstream meses
=20l =R Endplate - :

(@8 [& [20170315 150529 _1ch.avi] 800x640 24Bit 4472Frame
0

RF OFF, LED injected
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Event 1/4: Downstream = Upstream, then impact and BD

(Frame rate : 1,000 fps)

- Downstream
o OV . Frame#: 4454 Upstream meme
LT Endplate i ~ Endplate

[T PSS e S e o0 M

RF OFF, LED injected
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Event 1/4: Downstream = Upstream, then impact and BD

ppppppppppp

. Downstream

Endplate

UG

(Frame rate : 1,000 fps)

Framet#: 4455

Upstream ———

[P m RS [R e s W e s e [S8 S

= |[@][d [ (20170315 150529 _1ch.avi] 800x640 24Bit 4472Frarme
0

R S v RS e s e (o0 B

_ Endplate

,I Explosion!

RF OFF, LED injected

MeVArc 2018 (2018-05-22)

Tetsuo ABE (KEK)
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Event 1/4: Downstream = Upstream, then impact and BD

(Frame rate : 1,000 fps)

Downstream

Upstream
i = Frame#: 4456 e
S Endplate L ~ Endplate

[T ERO e R I

Other bright
spots
disappeared.

| still visible

’1 after BD

v

BD
occurred
in the
previous
frame.

RF OFF, LED injected
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Event 1/4: Downstream = Upstream, then impact and BD

(Frame rate : 1,000 fps)

Downstream ——
P u Framett: 4457 Upstream mem=
=Rl Endplate __ Endp/(]te |

Il il 0 500
....................................................... L — (e e (A0 e S, [ sy | pre, e e
a o a

RF OFF, LED injected
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Event 2/4: A flying object impacted on the downstream endplate!

Photo of the downstream endplate
v' No RF
v' LED light injected
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Event 2/4: A flying object impacted on the downstream endplate!

During high-power operation

Frame rate : 1,000 fps

20170313_154602_2ch.avi

MeVArc 2018 (2018-05-22) Tetsuo ABE (KEK)



Event 2/4: A flying object impacted on the downstream endplate!

During high-power operation

Frame rate : 1,000 fps

20170313_154602_2ch.avi
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Event 2/4: A flying object impacted on the downstream endplate!

During high-power operation

Frame rate : 1,000 fps

20170313_154602_2ch.avi
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Event 2/4: A flying object impacted on the downstream endplate!

During high-power operation

Frame rate : 1,000 fps

20170313_154602_2ch.avi
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Event 2/4: A flying object impacted on the downstream endplate!

During high-power operation

Frame rate : 1,000 fps

20170313_154602_2ch.avi
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Event 3/4: A flying object impacted on the downstream endplate!

Photo of the downstream endplate
v" No RF
v' LED light injected
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Event 3/4: A flying object impacted on the downstream endplate!

During high-power operation

Frame rate : 2,000 fps

2,217.5ms 20170321 121430 2ch.avi
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Event 3/4: A flying object impacted on the downstream endplate!

During high-power operation

Frame rate : 2,000 fps

2,218.0ms 20170321 121430 2ch.avi
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Event 3/4: A flying object impacted on the downstream endplate!

During high-power operation

Frame rate : 2,000 fps

2,218.59ms 20170321 121430 2ch.avi
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Event 3/4: A flying object impacted on the downstream endplate!

During high-power operation

Frame rate : 2,000 fps

2,219.0ms 20170321 121430 2ch.avi
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Event 3/4: A flying object impacted on the downstream endplate!

During high-power operation

Frame rate : 2,000 fps

2,219.5ms 20170321 121430 2ch.avi
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Event 3/4: A flying object impacted on the downstream endplate!

During high-power operation

Frame rate : 2,000 fps

2,220.0ms 20170321 121430 2ch.avi
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Event 4/4: A flying object impacted on the downstream endplate!

Photo of the downstream endplate
v' No RF
v' LED light injected
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Event 4/4: A flying object impacted on the downstream endplate!

During high-power operation

Frame rate : 2,000 fps

20170317_142925 2ch.avi

MeVArc 2018 (2018-05-22) Tetsuo ABE (KEK)



Event 4/4: A flying object impacted on the downstream endplate!

During high-power operation

Frame rate : 2,000 fps

20170317_142925 2ch.avi
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Event 4/4: A flying object impacted on the downstream endplate!

During high-power operation

Frame rate : 2,000 fps

20170317 _142925 2ch.avi
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Event 4/4: A flying object impacted on the downstream endplate!

During high-power operation

Frame rate : 2,000 fps

20170317 _142925_2ch.avi
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Event 4/4: A flying object impacted on the downstream endplate!

During high-power operation

Frame rate : 2,000 fps

20170317_142925_2ch.avi
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Event 4/4: A flying object impacted on the downstream endplate!

During high-power operation

Frame rate : 2,000 fps

20170317_142925_2ch.avi
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Answers for the Questions Conclusions

Hypotheses

2. What is the physical process of the spot-type explosion?

® Generation =2 Growth = Explosion of a bright spot in a moment?

» If we use higher-speed cameras, we should observe more this kind of events;
however, in this observation, no more events.

>—
(Dedicated computer programs are being prepared for detailed analyses.)

» This “Flying Object” might be an answer.

— If the temperature of the flying objects is not so high, we cannot see them as visible
lights, and just observe them as spot-type explosion events.
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A Thermochemical Vacuum Breakdown Model is Proposed.

Vacuum breakdowns are triggered by the following thermochemical reaction processes:

C(s) + O,(g) = CO,(g) +394 kJ
C(s) + 720,(g) =CO(g) + 111 kJ

(€ thermochemical equations)

Steps
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A Thermochemical Vacuum Breakdown Model is Proposed.

Vacuum breakdowns are triggered by the following thermochemical reaction processes:

C(s) + O,(g) = CO,(g) +394 kJ
C(s) + 720,(g) =CO(g) + 111 kJ

(€ thermochemical equations)

Steps

1. Carbonic microparticles:
® Enter from outside into the cavity, and/or

® Created from hydrocarbons, etc., by using energies of RF fields, breakdowns, and/or field
emissions.
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A Thermochemical Vacuum Breakdown Model is Proposed.

Vacuum breakdowns are triggered by the following thermochemical reaction processes:

C(s) + O,(g) = CO,(g) +394 kJ
C(s) + 720,(g) =CO(g) + 111 kJ

(€ thermochemical equations)

Steps

1. Carbonic microparticles:
® Enter from outside into the cavity, and/or

® Created from hydrocarbons, etc., by using energies of RF fields, breakdowns, and/or field
emissions.

2. Such microparticles adhere to the copper surface of the cavity.
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A Thermochemical Vacuum Breakdown Model is Proposed.

Vacuum breakdowns are triggered by the following thermochemical reaction processes:

C(s) + O,(g) = CO,(g) +394 kJ
C(s) + 720,(g) =CO(g) + 111 kJ

(€ thermochemical equations)

Steps

1. Carbonic microparticles:
® Enter from outside into the cavity, and/or

® Created from hydrocarbons, etc., by using energies of RF fields, breakdowns, and/or field
emissions.

2. Such microparticles adhere to the copper surface of the cavity.

3. A part of the microparticle is heated by surface currents and/or field emissions over
the ignition temperature of carbon (~500 degC).

® However, no burning since no oxygen in vacuum
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A Thermochemical Vacuum Breakdown Model is Proposed.

Vacuum breakdowns are triggered by the following thermochemical reaction processes:

C(s) + O,(g) = CO,(g) +394 kJ
C(s) + 720,(g) =CO(g) + 111 kJ

(€ thermochemical equations)

Steps

1. Carbonic microparticles:
® Enter from outside into the cavity, and/or

® Created from hydrocarbons, etc., by using energies of RF fields, breakdowns, and/or field
emissions.

2. Such microparticles adhere to the copper surface of the cavity.

3. A part of the microparticle is heated by surface currents and/or field emissions over
the ignition temperature of carbon (~500 degC)

® However, no burning since no oxygen in vacuum

4. Enough oxygen is provided to the high-temperature part of the microparticle in a
moment

=>» Explosion =2 lonization of C and/or Cu, etc., using the above energies =2 Vacuum breakdown
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Speculations

Spot-type explosion not originating from a stable bright spot Spot-type explosion of a stable bright spot

A charged-up carbonic microparticle with > 500 degC was
extracted by the RF field from the copper surface in one side.
=>» Accelerated by the RF field

=» Impact on the copper surface in the other side

=>» Enough oxygen was provided from oxides, including H,0, in Enough oxygen was provided to the bright spot
the copper surface at the impact point in a moment. (= carbonic microparticle with > 500 degC) by a
=> Explosion certain mechanism.

=>» Vacuum breakdown =>» Bright-spot explosion

=» Vacuum breakdown
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Simple Simulation using CST MPHYSICS STUDIO

Very simplified model of graphite

(vacuum) \

MWSSCHEMI /component! :GP2
Material MWSSCHEM1/Grap...

(copper)

Type Lossy metal
Mu 1

Electric cond. 100000 [S/m)]
Rho 2250 [kg/m*3]

Thermal cond. 24 [W/K/m]
Heat capacity 0.71 [kl/K/kg]

Diffusivity 1.50235e-05 [m~2/s]
Young's modulus 4.8 [kN/mm~*2]
Poisson's ratio 0.2

Thermal expan. 7.9 [1e-6/K]

| E-field [ 5°
';'.é.w

L
-

“ <
ST~

o> e
’O. ® .‘t
> C-2 { N

»
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,‘LX 1365 degC —

This carbonic sphere is heated by the surface current.

~40 degC

~100 degC
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Consequences and Predictions by This Model

A) Observed temperatures of bright spots cannot exceed the sublimation point
of carbon.
» ~1740 degC at 1x10 Pa (for graphite)

B) Breakdowns can occur even with electric fields much lower than those for
field evaporation.

C) Carbons of embers should be detected around breakdown spots more than
in other areas by microelement analyses after high-power tests.

D) Copper surfaces are reduced by breakdowns.

E) Smaller (larger) amount of oxides, including H,O, in the copper surface leads
to lower (higher) breakdown rates.

F) Partial vacuum pressures of CO and CO, should increase at breakdowns.
— See the next two pages.
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Vacuum-Pressure Rises at Breakdowns of DR Cavity No. 2 (509 MHz, CW cavity)

Extracted from During the Stability Test (RF-ON Time > 144 hrs)

T. Abe, Y. Takeuchi, T. Kageyama, H. Sakai, and K. Yoshino,
"Test Results on RF Accelerating Cavities for the Positron Damping Ring at SuperKEKB",
in Proceedings of the 11th Annual Meeting of Particle Accelerator Society of Japan, 2014
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Figure 17: Partial vacuum-pressure rises (APparial) at the
cavity breakdowns, measured using the Q-mass spectrom-
eter shown in Fig.5 every one second, for mass numbers of

Total vacuum-pressure rise 2> AP

2. 18, 28, 32, 40, and 44 as a function of the RF-ON time
during the stability test.

(Vacuum pressure during this high-power test: ~1x10~ Pa) (H, visible only when increasing V)
2 c
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* m=44(C0O) Max. size of the carbonic
particle (graphite) estimated

from the pressure rise

< ~40 llm

< ~4 Um
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Summary

B Using the hyperspectral camera, we measured temperatures of the 10 bright
spots during high-power operation.
® >1,000degCatV_=0.95MV (E,..=3.7 MV/m)
® The bright spots are not copper.
® Primary candidate of the bright spots is a carbonic microparticle.

acc

B Using the high-speed cameras, we observed flying objects triggered breakdown.

® All of, or most of, the spot-type explosion events might be accompanied by a flying object
triggering breakdown.

B Based on the observation results in this study, the thermochemical vacuum
breakdown model has been proposed.

® |t is hypothesized that burning of a hot carbonic microparticle in a moment might trigger
vacuum breakdown.
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