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SRF Cavity Fabrication and Cold Test

" SRF cavity fabrication
8.1 Cavity components (ILC cavity example)
8.2 Current cavity fabrication method
 Dumbbell fabrication
 Beam pipe fabrication
 End group fabrication
* Nb/Stainless bonding
8.3 Nb film coated copper cavity

" SRF cavity cold test
8.4 Theory of RF measurement of SRF cavities
8.5 RF measurement system
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8.1 Cavity components, ILC cavity example

Cavity

Wi i K e (9 cell TESLA /TTF design)

End group 1 End group 2

Dumbbell

Nb-Blech Nb-Blech
Normalhalelle Normalhalbzelle

Cavity fabrication and preparation sequences
for the TESLA / TTF cavities at DESY

1st ILC workshop at KEK Tsukuba Japan
A. Matheisen
for DESY and the TESLA Collaboration
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Grouping of fabrication process for ILC cavities

By A. Matheisen, DESY

EBW Assembly

iqnnuuunani)\!
1 »

“l

1 pieces ' piece

Dumbbell

END group-2
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1300MHz

Half cel
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Single cell cavity parts
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Beam pipe flange
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8.2 Current cavity fabrication flow

I”AT'?-E'AL‘? | BEAM TUBE FABRICATION | | ASSEMBLE CAVITY |
(D CLEANING OF THE PARTS (® WELDING OF
. CHEMICAL. POLISHING(C.P) CAVITY AND BEAM TUBE
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PIOZXATEXE 15 £2,.5%280X280X3shaets

RRRE=80 RRR=180 - I
supPtied by Tokve Denkai, Lid.
=> = '
[HALF-CELL FABRICATION |

(D) FORMING OF HALF-CELL
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8.3 Dumbbell fabrication (Ichiro 9-cell)
Half cell forming (deep drawing)

Press

Male die

'_ ey Nb sheet

\Tﬁj_ QOUNRN ) _ Blankring

i Female die (SIS

NG N\ D s Tt
.. N ;

80 t press for 2.8t niobium half cell (1300MHz)
280 mm diameter niobium sheet

F. National Science Foundation :
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Deep drawing die and trimming fixtures

= Design of deep drawing dies and trimming fixtures

 The design of dies are not the same as the RF cavity design.
Need a special attention for the design.

« Spring back or material deformation during the forming are
considered in the design

= Fabrication by NC machine using hard Aluminum alloy (J1IS2000).

Trimming Dies
Aluminum alloy(JIS2000)

NSCL Spring lecture on Feb 3rd, 2017
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Half cell forming (deep drawing) and trimming

Pressing Nb plate 56 half-cells were pressed in a few hours

After trimming £ After pressing
National S Foundati .
@ MEIiCIl’?I;Zn sctlgtnecam(\)/g?si; o NSCL Spring lecture on Feb 3rd, 2017
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Local elongation

Max. 20%

Circular direction

Elongation

|

=

j \ 2 9
py N
)
| ——
L
{
| _—

uolldall

R-direction

« Niobium sheets are required to have an

i 0
F National Science Foundation e l 0 n g atl O n > 20 /0 '

@n Michigan State University
NSCL

uonoalIp JenaiiD

NSCL Spring lecture on Feb 3rd, 2017
Saito - Slide 10



Trim dies and view of trimming work

A X {EFT (Family company)
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Trimming shape

Smooth surface is preferred at the equator (high RF current region) to eliminate
the EBW defects.

The projection (EBW seam) on inner surface by melted niobium should be
considered as much as small when made EBW from top.

The EBW shrinkage offset is also considered for the trimming.

Trimming shape is considered of these things.

beam beam
Cornell type

1 EBW projection
107 57.692 dL 05

« Cornell trimming shape is very useful to smooth the EBW seam.

@
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Improved trimming shape

/ Regular Cup Cell
57.692 o Equator
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Count

Count

Dimensional measurement post trimming

Regular cup
H height 1 m m t
l;&w7% | spring back 0.00mr | Machining error: 50pm
10 [ T | } | '1 [ Half cell spring back :90pm
a¥esr§§+e 0.051mm BERERER \. EBW shrinkage
o <«  (included EBw shrinkage | 7 e 0.42 + 0.13mm @ equator
AERREnn etib e TR % 0.15 + 0.04mm @ iris
l\ , . Dumbbell fabrication error
sl il i x b e " ~80um after tuning
] . 9-cell length error:
2 [ ~ |1 Dumbbell EBW After stiffener EBW on  0.7~0.Imm
NN B dumbbell and tuning

57.7 57.74 57.78 57.82 57.86 57.9 57.94 57.98 58.02 58.06 58.1

height [mm]
Dumbbell height

after EBW, without stiffener

8 T T T T T T I T T T T T T T T T T T T T T T T T T TTTTTTTTTTT]

design value=115.864

6 eqator+2=0.24+2=0.48)

verage
14.433+-0.156m

(included EBW shrinkage

Regular dumbbell
after EBW stiffner

8 BEBSRRRRRRE

i(included
eqator*

il

EBW shnnkag
0.24*2=0.48)

0 114

114.5 115 1155 1145 115 1155 116
height [mm] .
height [mm)]
I NGUUT I DUV UG 1 U UL

Michigan State University
NSCL

Count

0 114

design value=115.864
(included EBW shrinkage

Regular dumbbell egator*2=0.24*2=0.48)

after tuning
[TTTTT \ T

N2

average
-115.783+-0.133mm

’i\\\u\\u\\u\\HHHHH\
114.5 115

height [mm]
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EBW assembly of dumbbell with stiffener ring

Electron Beam Welding (=5V)
In KUROKI corporation

Pull 4
s 3
. ’ Jlg Ls

1688bril 2005

'.
-

.

Insert

Dumbbell with Pull and extend ¢ bells into the iris part of
stiffener-ring to lnsert
% after EBW. => | (dumbbell + ring) NSCL Spring lecture on Feb 3rd, 2017
Now L Saito - Slide 15



EBW conditions with NEC EBW machine :
high voltage type

EBW machine has two types: High voltage and High current
- High voltage machine is suitable for thicker sheet welding but easy to make
Sputter balls
- High current machine produce smoother EBW seam but welding seam is
usually wide
- Focusing/defocusing of the beam is another important parameter
Full penetrated welding is required

KEK Data

T KKyt e e Voiaze vin ) -

= . HEEE —
... x Tosei Electro Beam = 150KVXx35mA - s A S L A S e B S 155> s L Sl
—— : §"""§"": LTI T withoutpre EBW AT G
! A ] 150
5 . B E S — 135kV32.6mA JE ]
N N with pre EBW 135kVx17.5mA ... 7

...................... R >
: 120kVx28mA O O O O :
4 F with pre EBW 120kVx14.5mA - =

L

500 L OV 5 O O O 9 W 1= 100
P [kW] with pre :Z;OQYZ(ZI:V;\ISmA M : ;‘
3 F : 7 3
2 O O N N Y 3 50
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T Y =92.138 ¥ exp(0.096672 * t)
S I A R I N I I B O A I

| S

= 098997

P

I S R S

0 1 2 3 4 5 6 0 1 2 3 4 5 6 7
Nb thickness : t{fmm] Nb thickness : tfmm]
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Optimum Location for stiffener ring against
Lorentz detuning by H.Yamaoka

TIME=1 X UsuM (AVG) MX
USUM (AVG) /f’R RSYS=0
RSYS=0 DMX =.123E-06

DMX =.139E-06
SMN =.273E-08
SMX =.139E-06

SMN =.241E-08
SMX =.123E-06

R61mm
Minimum def.

—— Eacc=38MV/m

RSYS=0 e e
DMX =.134E-06
SMN =.143E-08
SMX =.134E-06

SMN =.447E-08
SMX =.136E-06

L B (Unit: m)
To .400E-07 .800E-07 .120E-06
.200E-07 .600E-07 .100E-06 .140E-06
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Dumbbells and END cups

@‘ st NSCL Spring lecture on Feb 3rd, 2017
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Example of Inspection (frequency check) @ DESY
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Beam pipe fabrication: thicker sheet case

Nb thickness: 4t ~ 6t

CE?‘ hiationdl celencolie NG tion NSCL Spring lecture on Feb 3rd, 2017
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Rounding and EBW of beam pipe tube

After EBW

- National Science Foundation P (AT RN o e
@ Michigan State University NSCL Spring lecture on F_eb 3rd_, 2017
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Centering of tubes after EBW

Fress

Through feed
cylindrical die

L

Support
7 ring

Welded Nb

i pipe

4

‘
G

©)

National Science Foundation
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Completed niobium tubes

R
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End group fabrication: HOM couplers parts
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END group parts

National Science Foundation :
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END half cells and Helium vessel base plate
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Design of End base plate

« End group is connected to the helium jacket.

« Depending on the helium vessel material (for instance Stainless), special
joining Is required. Needs welding between different materials.
 Nb (Beam pipe) — End plate (Ti) — High Mn steel (end plate) —

Helium jacket (Stainless)

He tank: SUS316L

T1G welding

High Mn steel

Brazing — |

Welding method is an
important R&D issue.

L

Ti

’@ National Science Foundation
9

Michigan State University
NSCL

in
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Cure for the thermal stress at the base plate
By H.Yamaoka High Mn steel

Ti

SUS316L
¥ ) Jfg;;,:jg
Nb
Nb
Nb/Cu/SUS316L Nb/Ti+SUS316L Nb/Ti+High Mn steel
Stress concentration (Max.) Thermal expansion coefficient
A B C D _ e emar [E-6/K]
a= 300-77
[MPa] | [MPa] | [MPa] | [MPa] SUS316L 16.0
Nb/Cu/SUS316L 250 | 500 | 500 cu 17 0
Nb/Ti/SUS316L 100 | 100 | 200 | 470 || | High Mn steel 98
Nb/Ti/High Mn Steel 100 100 200 80 Ti 8.4
Nb 5.0
@ nNn?éﬁSZLSscizPecﬁ532?5@“0” NSCL Spring lecture on Feb 3rd, 2017
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EBW of End group

SFC (vendor)

-
R

-—

e —

X bt
- —
~ = f
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Nb/SUS bonding example:
HIP(Hot isostatic Pressing)

Vacuum sealed
by TIG welding

Ar Gas

'i

//

N AN NN

Work

-—2000kg/cm® —}-

v ¥4

|
00¢

Thin cépper tube -

4—

91N

\
|
— Inneri steel can

661

Thin cc?prmpe/?

1

17— Niobium tube

9

Inner steel can

5
!

Evacuated
then pinched
off

Heater

——

|
|
|
|
| ¢ 143.9

~_Canning

g 230

High-pressure vessel

¢ 241

' @ National Science Foundation
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HIP System

v FIEW. R o U Before
r A Vacuum evacuation pipe is pinched

after degassing

Pipes were pinched off after vacuum
evacuation, kept vacuum inside.

900°C 2000kg/cm?

NSCL Spring lecture on Feb 3rd, 2017
Saito - Slide 31
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Nb/stainless HIP bonded tubes

- National Science Foundation :
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End gropes of ILC cavities

NSCL Spring lecture on Feb 3rd, 2017
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EBW cavity assembly

EBW of EBW of with

Beam

Four 9-cell ICHIRO high-gradient

LL Cavities were successfully :r?:v of

delivered to KEK ! (4 July 2005)
F National Science Foundation NSCL Spring lect Feb 3rd. 2017
@ Michigan State University pring lecture ogaﬁo i rSIi’de 34




Completed Ichiro 9-cell cavity
(naked cavity)

)

\

| ‘-/A ., - g . /'. ’ . - ; ,., “ : o .q, . 4 , | '”'.i‘l . .‘_
%gwmm*mwmﬂQ“Mﬂmﬂun”wwwmﬂww@w
4 ? \ Lo '\ ok b '“' 1 M. [ " AA T |

: 2/ v'v; \\ : A R

BERBFEIX ()
Kuroki Kogyo Co. Ltd.

. National Science Foundation :
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8.3 Nb film coated copper cavity :
CERN 352MHz cavity

LEP-1l (CERN) 352MHz has large diameter and needs lots of niobium material,
as the result the material cost is very high.

CERN developed niobium coated (~ 2um) copper cavity instead of niobium bulk
cavity in end of 1980’s

Electropolished
copper surface

LEP-11 352MHz niobium bulk cavity = Copper substrate half cell before
EBW (electropolished)

National Science Foundation

@I M NSCL Spring lecture on Feb 3rd, 2017
A e
NSCL Saito - Slide 36



2410

Nb film coating method at CERN
and the cavity performance

l FREON INPUT

PR 10" [

FREON QUTPUT

e | CERN DC magnetron sputtering

—__ CERAMIC INSULATOR

— [ . ‘/ Y LEP-II is almost Nb coated cavities
! _..‘I‘ f'&... G. ' a o .. .

%.\ | ,J\) ELECTROMAGNETS r '.\ *1_+p!_,__M . . . .
Qo P / «~_ ¢ Qo is higher than niobium

47 bulk cavities at lower field

_— CATHODE AND
{ P o -“H_.:\\ \I‘ _NIOBIUM LINER }'Dg | < 5lem .
| E * Less sensitive against flux
Ol trapping. No needs for
— ‘ st _ magnetic shield around the
) e cavity
e | GAS INJECTION PRI ETEEE BRI RPN S A R | ° H
{1 e ST T Bulk/Nb coated cavity both
e have similar performance
Ea (MV/m)

at 5MV/m.

F Taohalie Shncohotlice ol NSCL Spring lecture on Feb 3rd, 2017

@ Michigan State University . .
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Application for high gradient cavities
Steep Q-slope in Nb coated cavities

Saclay 1500MHz

1011
SN N e stosct
e -10-
" _ '.' §1-10-B1
# Q slope A S1-11-A1
%,. v  S1-11-B1
10 e ﬂ
10" e é
0 RIS el :
[ & :
. \ a ‘0‘.~'~. " ‘-. - 2 : v 3 s 5
- ‘\o‘.’ Aay, L 1 8 Figure 4: Cross sectional FIB images of niobium films on
‘ P . ~ . \
109 ! &e% m | oxidised (left) and oxide-free (right) copper substrates
z U . O i
L -
- 1 * Nb coated cavity: expected Qo ~
70 RTI DU R DU B 1x10° at Eacc 30MV/m, lower than
0 5 10 15 20 25 30 more than one magnitude.

/ .
Eaea (hvim) - Nb bulk cavity: Qo ~ 1.5 x1010

Very intensive studies have been continued for last 25 years
but we still have no solution.

@)‘ hiationdl celencolie NG tion NSCL Spring lecture on Feb 3rd, 2017
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Welding technology for SRF

(HIP)

Bonding technology Feature Application
Nb/Nb
Nb/other
Argon welding (ITG) Argon gas, established No
Okay for thick material NO
Brazing Vacuum.” Hydrogen gas, NO
brazing wire, Okay for YES
thick material
EBW Vacuum, established YES
Okay for thicker material NO (except for Ti)
Hot isostatic pressing High pressure-High YES
temperature, complicate YVES

Laser Welding

Air/Argon gas Simple,
Low efficient

Yes (need statistics)
?

-
' National Science Foundation
N )‘ Michigan State University
NSC

L
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SRF cavity cold test

| Power | Phase lock
IM—‘-lﬂr ‘ feedback
|_
.I“i er |— ,I Fid in |
8.4 RF Measureme teh\ [
| Cantrolled !
| Cscillator

8.5 Theory of RF Mé&suremejhj;pf SRF Cavities

Cavity Oscilloscops | LHF out

"'\--._ — i M

7 ) i I ) '
| Phase |Pe————
P, RE N Lshir'n:-r_| |
Datector |
Pr l"-,-"l o A
e i —
|\E_| | Powe P,

Directional -"|'.
Couplears

[Powar |
— 1 _ | Power
- - P

1|

| Function
Ampllﬂ r‘“‘m_\l ‘ Maodulator | Generator Jl

National Science Foundation :
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8.4 SRF cavity cold test system

Input Coupler Driving Motor LH e tranSfer tu be

IA
VH

Top Flange %
He Gas Puming Por_ R lijhl A He gas return line
—A | = 1
‘T Z | |
O fl = |
| = i |
| 2B | (
{8 I — - —e = i | d
= I \ ===
AN oMt o % we Low level control system
w0 : | | Y 2
5 l ‘Dﬂ | £ 9
'I\E i T ‘ ‘.:_Ql‘ 22 Power Phaze lock
1 2 \ = t_:_” 4 WMeter feedback
‘ z ! s i |—-
L ] = ! | = —_—
i = 7 . ‘
= al 8 B Nilxer .__}| Fin
E‘, HER \I ‘l\ _?;" \_/ ( - e——— T !
- l 2 2 £ l i g e AN LHe7r 27— Detector Voltage-
_% i E 5 S s (’/ = — Contralled
{ = | =| B = = HinEt _ Oseiliator
< AR HER R L s JL
o 3! - -9 T2 o _| \._| L
i y B N S% . Thermal conductivity[W./ mK] cm? oseimoscope [
o = = = . ~ s = -
l-}rs S ,:’: o > - il
ST L | 5 Tl E 2 Material 300K - 4K Prase |
[ E CaVitD 5 / g [ RF Shifter
| = ! / Datector
g = 2 i /2 Copper 550
= E i B / f 1 g _1
g ’-J-J\ :d' - 9 » Q . |:\ - Powet
2! 2 = Aluminum 250 Z L] et
i E ! 8 ":~.‘ 1 |+ Fa Dikectiorg Sl
| g1 ] t 2 = Couplars “
‘ £ & -} / g Stainless 10.3) e [51__> power | ‘
| = = — | Meter
l l L ‘9‘\}"‘}4 : RF Input Coupler/ Brass 67 f | 1
*é;ﬁ;:y (Bellows) / ‘l’ 4]_-‘[_
i Cavity Vacuum Evacuation Port GFRP 0.35 ‘<1 RF i

L. = < Eunchn!n i
483 —} (Closed) : Amplifier Modulator eneralor |

Vertical Dewar Vertical stand Teflon 0.24

‘ Pilexgrass 0.67
@' National Science Foundation

Michigan State University RSP OEZES Bgi’dioiz
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SRF Cavity (Nb/Cu clad cavity)

Pickup coupler

Valve closed during
cold test e gt

:ig;; ;“

—— | Variable RF Input coupler

:
.

S
% i "’4 ‘*‘ ')
- i P e R, SR g
' (LR T S s
. PR R =TT
PRI L ;
' .: National Science Foundation :
‘ Michioan Stets Urlversity NSCL Spring lecture on Feb 3rd, 2017
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Variable RF input coupler

Bellows
Antenna

Sliding =Y |
support

e Metal val -
S,k ; e Vacuum evacuation port
|
|
|
|
|
|
|

Tt | T
[TLL HEH]

N-connector
Variable input coupler for the vertical test in KEK

NSCL Spring lecture on Feb 3rd, 2017
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Low level control system

Power AP Grodsa-
17 dB 300w
/.é Linessr Mbcidaor M | oot ored f—\
ooyl ar
25 dB
El —I >— -
ooa
[=2 7]
=)
. 5 LE
s ] Gallaa = E
= .
& Cinity
=
3
a.
& load
in 1y
Feedback Pehe Comvater Puse . I00W
controle- et ectar shifter
P
mn P
T l Power meter r
| Powa neter- Gryostat
— P Banxd Pass
Vout < (fc — fsG) :

Powa neta-

« Cavity frequency is oscillating due to the environment noise

(vibration of the floor)
* RF frequency has to follow the cavity frequency
« Cavity resonant frequency is fed back to the RF generator

> by PLL (Phase lock loop)

ﬁl
@'))‘ Michigan State University
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RF System example (very old)

NSCL Spring lecture on Feb 3rd, 2017
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8.5 Theory of measurement

) h ”ﬁ ‘ﬁ Pulse method

P.(t) =P, exp(c— ?)

/ QL
| .1
) NN — o =2xnf, Qp: Loaded Q
] . . T
t=0 | Decaytime . 7,
1 0,
P, |, p P, (71/2) = E P =P exp(— '71/2)
mFLT ] QL
T1/2 2r f
Qp =2nf —= _crt
L
« QL is very high in SRF cavities and can not use bandwidth
measurement
* Q, is measured from damping time measurement of the stored
P @ r\NA?tir(])'nalssc energy
NSCL RIS : Saito - Slide 46



= One-Port cavity

After RF off T Measurement
P,, >value
Q. = b (DIiP = ot P (for one port) P, J @
loss ¢ P+ £) .
Ploss Calculation
_ QO QL» Bin
(1+Bin) Calculate from @

equivalent circuit

—

Calculation Qo
1 i Pl’ @
P, Ain
Bin= = (over>1/ under<1) I

P =
% "o

. Distinguish from wave form Pr

F National Science Foundation -
@m Michiei State University NSCL Spring lecture on F_eb 3rd_, 2017
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Two-Port cavity

« Actually two port measurement is more convenient for gradient

measurement
3 < 0.5 g=1 8 =2 %
o P, =P...+P
| loss loss t
Fi L
: . ! Q* oU oU
PL —— - —'l\ o = o o
V \ / T—\ ![____i\__. PlOSS PlOSS + Pt
f\ _J B N N | B oU
| = P, Measureable
Measu reable Ploss| 1+ \g
l)loss
_ QO .. B _ Pt
. t =
(1 + B t) Ploss
%
‘/ =1+ B in)QL
(over>1/ under<1)
Pt Pln
@ e NSCL Spring lectreon Feb 3, 2017

Z
)]
@
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Two-Port Cavity measurement, continued

Qo = (l(f‘[;t) = (1+Bin) Qi \

Q, =(1+Bin) (1+By) QL -
= fiva+Bo B B oL
=(1+Bin +B) QL By =(1+By) By,

oU oU/P
Q ’ Qt = — R Bt Q
¢ l)loss Pt Pt / 1)loss 0

OU =Q, - Pjoss = Q¢ - Py

P

=Pin-Pr-Pt

Steady state : h= constant <= U constant

loss
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Calculation of accelerating gradient

V? .
Rsn = © V=Eacc "defr
Plﬂss
2
- (Ea::c 'deﬂ')
1 R
Eace = d oir .'JRSH "Ploss = dosr ] ( S%GJ (QD 'P]uss)
ZZJQ{] 'Pluss
=Z4Q¢ Py
.. OU Q4 "Pross
- Qt = = s Qo "Pross = Q¢ "Pt
P; P
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Summary of calculation of Qg

Measured parameters:

ETin—> o Qu=2nfT /()

P,P.P—»

Steady state :.CW
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1+

\
=p_—P,—P

Pluss im Tr t

ﬂl:=P|f'IP loss

Q=Qyo/B;
B =(1+B)B.*
Qo=(1+B,+B) Qr

.
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g

NSCL Spring lecture on Feb 3rd, 2017
Saito - Slide 51



Cable calibration

P. sP.-P, : Mmeasured in the measurement room

Py.Pg.P; : Power at the cavity (CGDIE&% =c¢, Py Pr=¢p,s P;=c¢,p,
RF Amp. C D

Circulator

Directional coupler Pjp» FPoatA,

AA° T Lo
. p,: sho
t m I D p; : connect B to A
_[l | PDfpin’ P()"rpra Pof]]t
| B.B’ Py’ at E : connect A and C,
A * and short D

| Pjy’ at E : connect D to A°

p¢ at E : connect D to B’
_,IPR
PIN C[]IZ(PD’F]]'[][) * (pj]] "FPG’]IQ
- Cr=(Po/py) - ( Po’fl]'in’]m
Ctz(Po"rPt] o Pﬂ"'rll't’]m

P: v
PlN: Cin *Pin
P,= Ct Py
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Homework 4

I. Cable correction 4.1 Calculate cable correction factor Cin, Cr, Ct

, . using the data I.
Cable correction measurement

Di=335.5uW, p,=50.0mW,

4.1 Calculate Q,, Q:., Qo, B, B Rs, Eacc,
p=10.72uW, p,=3.04mW QL Qinr Qo Bins By Rs

measurement result for 1300MHz single
0.'=39.0mW, p.=22.6mW cell Nb SRF cavity at 4.2K. Calculate the
p’=279mW cable correction factors using these results.

I1. Calculation of Qo and Eacc

Measured power and decay time
f=1303.590529 MHz

Ty, = 23.6 msec
Coupling: over
P, = 3.11 mW,

p, =192 nW,

pi=0.142 mW
He pressure = 758.1 torr
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Measurement of temperature
dependence of SRF surface resistance

10°
‘(ECA)?'\_
-
107 e
RS = L Rs [Q %o
108 Soxd.~ UNuTH
""" O‘l“') arad " 8
Rres Ty——
=271 QforTTF Ot
single cell cavity 10° P
| —8— Rs: (1.259E-4/T) exp(-18.008/T) + 5.5682E-9 -
| O Ry = (1.259E-4/T) exp(-18.008/T)
"""" @)
T 0 A
0.2 0.3 0.4 0.5 0.6 0.7
UT K]
. A B
Ry —fit : Ry(T) = ;‘ -exp(—;)+ Ryes
A
—B—
kg
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Measurement of Qo vs Eacc curve

10 11

10 10

10°

8
107 10 20 30 40
Eacc [MV/m]
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