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| . Recent Progress with EU-XFEL

European

XFEL ] Accelerator Complex for 17.5 GeV

100 + 1 accelerator modules |

808 accelerating cavities
1.3 GHz / 23.6 MV/m

25 + 1 RF stations | 48
5.2 MW each
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The European
X'Ray Lasel’ Pl'OjeCt X-Ray Free-Electron Laser

Accelerator technology - collaborative effort

Industrial study module assembly (M6 Superferric magnet
done, M8 autumn 2007) (CIEMAT)
BPM (saclay) [l IR

2 more cryostats
(TTF3/NFN) delivered [l [l — Integrated HOM
# of 9-cell cavities = 800 |absorber

Length quantized n-A/2 (possibility of ERL)

1256 mm
oy e | 1036-mm i
s | 115.4 mm |
HOM '_'r power
coupl
V| Wirs

4
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rf pick HOM
up coupler

. TTF3-type coupler
Tuner w/piezo

(Saclay) | EEE

Industrialization in
preparation

R. Brinkmann, DESY
LG riest o Hi 2007 Almost the same technology as ILC é N ENESeAET

Industrialization
LLRF development launched (Orsay)
(collab. Warsaw/Lodz) : [ bt . oy




Installation Progress XTL

European 34 Modules installed 1 RF-Station ready
XFEL 6 Modules parked 5 RF-Station in preperation Status: 04.09.2015
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Fabrication of 9-cell Cavity

HOM coupler (Nb)

Beam-pipe (Nb)

FIanges (Nb-Ti alloy) Beaw “pipe (Nb)

@) IO Peda

Input-port

eyt Dumb-bells (Nb)

Center cells (Nb)



Inner Surface Preparation of SC Cavity




Status of Euro-XFEL (E.U.)

Treatment: European XFEL treatment recipe was

XFEL worked out on prototype cavities

Prior surface treatment. |

EP 110-140 um (main EP), outside BCP, ethanol
rinse, 800° C annealing, tuning

Final surface treatment - two alternative options

1. Final EP of 40 pm, ethanol rinse, high pressure
water rinsing (HPR) and 120° C bake

2. Final BCP of 10 ym (BCP Flash), HPR and
120° C bake.

Integration of the helium tank, assembly of
HOM, pick up and high Q antennas and
shipment to DESY for 2K RF acceptance test

,N:,? ( ('w'g; ﬁ LLLLLLLLL
13. Waldemar Singer i ‘o | ASSOCIATION

The Challenge and Realization of the Cavity Production al

Slide by W. Singer / DESY



RI: 380 cavities / 2 year
Zanon: 380 cavities / 2 year
Total 760 cavities / 2 year DESY

String Assembly

Acceptance
Vertical RF Test

Z Italy

Cavity Fabrication
DESY Germany

DESY takes care of installation / dismounting of cavities into / from test insert
Transport to CEA in transport boxes as well
TTC Meeting, Milano, February 28 to March S|Ide by H. Weise

3,2011
Hans Weise, DESY



Cavity-String Assembly in Clean Room (DESY)
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Saclay (March 2011)

European

7 March 2011 at Saclay

PXFEL 2.1 (DESY >>> Saclay >>> transportation to DESY within a few weeks)




Recent Progress with EU-XFEL

European

The finished L1 section

17" International Conference on RF Superconductivity
Detlef Reschke, DESY
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Lecture B and C3a:
Superconducting RF

Cavity Fundamental

1.3 GHz elliptical 9-cell cavity




Pill Box Cavity

L : Inductance

w C : Capacitance




Pill Box Cavity

Hollow right cylindrical enclosure
Operated in the TMy,, mode /. =0

TM,,, mode
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Modes in pill-box cavity

TMo40
— Electric field is purely longitudinal

— Electric and magnetic fields have no angular
dependence

— Frequency depends only on radius, independent on
length

TMOmn

— Monopoles modes that can couple to the beam and
exchange energy

TM1mn

— Dipole modes that can deflect the beam
TE modes

— No longitudinal E field

— Cannot couple to the beam



Pill-box cavity to real cavity

Beam tubes reduce the electric field on axis
Gradient decreases

Peak fields increase

R/Q decreases




Pill-box cavity to real cavity

TMO010

f= 1323 MHz



Single-cell cavity

Electric field high at iris

Beam tube Cell Beam tube

ectric Fleld

El

Symmetry axis \—/

= FElectric field




Single-cell cavity

0.11 Vipe
89 Qvcell
1
s
i
(b)U
B ek She
Quantity " Cornell SC 500 MHz Pillbox
G 270 ohmQ 257 Q)
Ra/Qo 88 ohm/cell 196 Q/cell
Epk/Eacc 2.5 1.6

Hpk/Eacc 52 Oe/MV/m

30.5 Oc/(MV/m)




Cell shape design

« What is the purpose of the cavity?

« What EM parameters should be optimized to
meet the design specs?

The “perfect” shape does not exist,
it all depends on your application



Example: CEBAF upgrade

» "High Gradient” shape: lowest E /E_.

» “Low Loss” shape: lowest cryogenic losses
G(R/Q)

a. OC-shapc
1 [ ins

A

b, HG-shanc

v v
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CEBAF upgrade cell-shape comparison

Table 1. Parameters of inner dumbbells

Parameters
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CEBAF Upgrade: cryo-budget limit of 30W/cavity. Higher energy gain can be obtained using LL-shape.



Trend in TM-mode cavity design

« The field emission is not a hard limit in the performance of sc cavities
if the surface preparation is done in the right way.

« Unlikely this, magnetic flux on the wall limits performance of a sc
cavity (Q, decreases or/and quench). Hard limit ~180 mT for Nb.

l

Bpeak / Eace Should be low
!
! }
1. Cavities may operate at 2. Cavities may operate at
higher gradients. ﬁ lower cryogenic load.
P dissipated RS

V2 G-(R/0)

acc



New advanced shape for ILC

o [mmj 35 30 33
k.. [%] 1.9 1.52 1.8
EpeailEnco - 1.98 2.36 2.21
BoeailEace | [MTAMV/M)] 4.15 3.61 3.76

R/Q [<] 113.8 133.7 126.8
G [ 271 284 277

R/Q*G [ 30840 37970 35123
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RF Test of LL single-cell cavity / Eacc = 53.5 MV/m

IS#4 Vertical Measurement

11

10 R 2006/06/13
& Lo
Facc=h3h MV/
6= 183e9
1[]'"]
Quench
¥
KEK:recipe i+ EP{2043: um? + HE rirse

. + HPR(UPW) + baking8h, 120C)

10 E RN EREEE

0 10 20 30 40 50
Eacc [MY/m]

60

Eacc = 53.5 MV/m was achieved.
This had been the world record until RE
single-cell cavity reached beyond.
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Date (Year)

Press release

’05 28th Sept. NHK news, “Good morning Japan”
’05 12th Oct. Nikkan Kogyo News

’05 21st Oct. Energy News Weekly

’05 1st Nov. Daily Yomiuri

’06 24th Jan. Nihon Keizai News



RF test of RE-shape single-cell cavity
fabricated by Cornell Univ.

RE
Lo Re-entrant 11th 2005/09/07
f MHz, 1278.6 R e S e s e e
i [ ] R g s Bace = 50.90 MV/m
Epalud = | 219 NN SURIETE S S R
Qo M gy . T
Bpea’Eace| [IMT/(MV/IMm)] | 3.79 M-H- o
SR ety Y
RQ [Q] 126.0 1010 T—?.Z.(DK
G [ 278 Jﬁ_st adding L1He ! !
Diis [mm] 68 utgth[Vfgn Y
, /" 50.90 MV/m
10 /. runout LiHe 23
: o during proc. -
: Epeox= 111.5 MV/m
+ Qo@ 18K peak— 19£.5 M1 =
LA A A A e — — — — — — ————— i
0 10 20 30 40 50 60
Eacc [MV/m]

This cavity reached Eacc > 60 MV/m. | believe this cavity might
be the world-record holder of highest Eacc. Sorry, | could not
find the plot, that |, F. Furuta, and K. Saito measured at KEK...



Multi-cell cavities
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Multi-cell cavities

Modes of a 2 Cell Cavity
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- Sketch of the electric field lines of the m-mode of a 5-cell ;



Multi-cell cavities

Single-cell is attractive from the RF-point of view:
« [Easier to manage HOM damping

» No field flatness problem.

* Input coupler transfers less power

« [Easy for cleaning and preparation

 Butitis expensive to base even a small
linear accelerator on the single cell. We do
it only for very high beam current machines.

A multi-cell structure is less expensive and offers
higher real-estate gradient but:
Field flatness (stored energy) in cells becomes
sensitive to frequency errors of individual cells
« Other problems arise: HOM trapping...




Pros and cons of Multi-cell cavities

. Cost of accelerators are lower (less auxiliaries: LHe vessels, tuners,
fundamental power couplers, control electronics)
« Higher real-estate gradient (better fill factor)

* Field flathess vs. N

« HOM trapping vs. N

« Power capability of fundamental power couplers vs. N

 Chemical treatment and final preparation become more complicated
 The worst performing cell limits whole multi-cell structure



Coupling between cells

Symmetry plane for

the H field
The normalized
difference between these
frequencies is a measure
of the energy flow via the
coupling region
Symmetry plane for W, 0,
the E field

cc
_I_
which is an additional W, T0,

solution 2




Field flatness after pre-tuning of LL 9-cell cavity

™ mode frequency 1298.774 MHz ™ mode frequency 1298.547 MHz
. IOHIRO 1ot ICHIRO 1st Cavity
: ! ! ! -60 . .
i 88 8 g8
ﬁ L2 1 ;] % : g g @
0 b'E' _mgn)ngLb%@%%U
: :i S% g % S’é a2 éb 9-8 o §| o phase[degree]l
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0 100 200 300 400 500 .
time[s] time[s]
98 %

Field flathess (min/max) Freq. target 1298.141 (MHz) @R.T.
Cavity as delivered / after pre-tuning as delivered [ after pre-tuning

1st 0.1% / 98% 1298.774 | 1298.547

Cell-to-cell coupling is as small as 1.6%, but no problem in pre-tuning.



RF Test of LL 9-cell cavity

[CHIRO 9—cell cavity #0 (w/o0 HOM)

1D11

10°

..................................................................................

sodrndindonn e i,

............................................

.........

) MPmceII

Eaf;-;:: = 29 -3- M\{r"m

LL 9-cell 1%t Cavity #0 w/o
HOM

Hard barrier around 29 MV/m.
This might be caused by MP at enlarged
{ beam-pipe

£ E:__ Test (V.T))

10 20 30

Eacc [MV/m]

40




Mechanical design

The mechanical design of a cavity follows its RF design:
« Lorentz Force Detuning 9 9
+ Mechanical Resonances P—= /U(}Hs o SOES

Lorentz Force Detuning 4

0.003

50 MV/m

P [N/mm*2]
L=

S)
S
b

-0.006 i

2 [mm) 60

EandHatE, . =25 MV/m in TESLA inner-cup



Mechanical design
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Essential for the operation of a pulsed accelerator . ( )
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Mechanical design

Mechanical Resonances of a multi-cell cavity

>- Transverse modes

250 Hz Longitudinal mode

TESLA structure

The mechanical resonances modulate frequency of the accelerating mode.
Sources of their excitation: vacuum pumps, ground vibrations...

These mechanical resonant modes are also closely related to the microphonics.



RF Test of LL 9-cell cavity in Cryomodule

phase 1 PNC phase 2
(2005-2006) DC PS (2007-2009)
PNC maodulator
AR-east = ﬂ new
:;"ysgg;mc T new SMW Kly modulator

2K 20Wline |

new UV Lase
(ILC struc.)

new
2K 30%line 1 DMW
MB klystron

@] @] [e]1[e] o] [o]

700 MeV

agnhostics Beam Diagnostics

PNG
200kV DC gun
of ERL develop

STF @ KEK

1
new 5m Cryomodule new Sm Cryomodule
(35MV/m 4 cavity)  (45MV/m 4 cavity)

LL 9-cell cavity

;-:__;Ji"-l’?ri"x e b b F e BT -

RFgun V beam dump
ILC Cryomodules
ILC gradient)

STF Phase 1

TESLA design cavities
Operation at 31.5 MV/m

HOM coupler

Already fabricated.




| Q measurement by LLRF
(LL 9cell cavity in cryomodule)

(Generator power)

Pg
 m—
RF&CLK 1Q mod. _\/\/\_D RN
RF=1.3 GHz L~ Mm\
v IT QT klystron . /
LO=1.31 GHz LL -9-cell cavity
LPF | | LPF | (400 kHz)
L
1
40 MHz clock FPGA/ADC/DAC ADC #1 Downconverter
> IF=10 MHz —

Pt
(Transmit power)

Q of SC RF cavity ~ 10**10. This means the resonant
frequency of cavity should be controlled within a few Hz
taking into account the vibration of cavity.



High-power RF Test of LL 9-cell cavity in cryomodule

TekHRJ_DF' | [0 — . 1) :’]?fﬁtlj
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| -+ i Pref(Coupler: reffection power)
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Evaluation of Microphonics (LL 9-cell cavity in CM)

Mixer Output (V)

0.004

0.003

0.002

0.001

0

-0.001 |-

-0.002 |-

-0.003

-0.004

Microphonic080225-823

|

!

1Hz/1mV

]

0.05

0.1

Microphonics is = 3mV,
which corresponds to &= 3Hz in frequency and £0.5° in phase variation.

0.15

0.2

0.25

Time (Second)

0.3

0.35

0.4
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Reference books

Hasan Padamsee, Jens Knobloch, HWILEY-VCH
and Tom Hays

RF Superconductivity
for Accelerators

Second Edition

 MICHAEL TINKHA




History of Superconductivity 1
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Superconductive materials

2| SC materials only in special conditions like high pressure, amorphous, etc.

fprenAn

Cuj Materials for which SC phase has not been found yet.

Compound materials have also SC phase.» High-temperature superconductivity materials.



Non superconductive materials

 Even if they are metal, alkaline metals and
good metals with high conductivity are non SC
materials.

 Even if they are metal, transition elements
and Rare Earth Elements (REE) with
magnetization are non SC materials.



History of Superconductivity 2 (1/2)

1908: H. K. Onnes and Van Der Waals liquefied He for the first
time in Leiden.

1911: H. K. Onnes discovered superconductivity with Hg at 4.1 K
in Leiden.

1914: H. K. Onnes discovered persistent current in loop
superconductor.

1933: F. W. Meissner discovered Meissner effect.

1935: F. W. London and H. London established London equations
which explained Meissner effect.

1935 — 37: L. V. Schvinikov, De Haas and Casimir-Jonker
discovered two Hc's. Later this is called Hcl and Hc2 of type-Il
superconductor.



History of Superconductivity 2 (2/2)

1950: V. L. Ginzburg and L. D. Landau established GL theory,
introducing thermo-dynamical states in superconductor.

1952: A. Abrikosov predicted Type-Il superconductor.
1953: Pippard introduced Pippard coherent length.

1953: SC phase of Nb3Sn was found with Tc = 17 K (at rather
high temperature).

1957:J. Bardeen, L. N. Cooper, and J. R. Schrieffer established
BCS theory (microscopic understanding of superconductivity).

1961: Nb3Sn was confirmed to be Type-Il superconductor.
1980’s: High-temperature SC materials were found.



Superconductivity in DC

Persistent DC current

Decay time of DC superconductive current > 10° years

The perfect conductivity is the first hallmark of superconductivity.
But the superconductivity is not identical to the perfect conductivity.


http://ja.wikipedia.org/wiki/%E3%83%95%E3%82%A1%E3%82%A4%E3%83%AB:Meissner_effect_p1390048.jpg
http://ja.wikipedia.org/wiki/%E3%83%95%E3%82%A1%E3%82%A4%E3%83%AB:Meissner_effect_p1390048.jpg

Perfect conductivity

Tc = Critical temperature

(a)
H=0 H =0 H =0
T{Tc T":T G T{TG
(b)
"
44 A 1r (
S
H =0 H>0 H -
T=T ¢ T=T ¢ T=T ¢

Figure 4.3: (a) Screening of external magnetic field by a perfect conductor. (b}
Flux trapping in a perfeet conductor.



Superconductivity

Tc = Critical temperature

(a)
L
H = H -}U
T<T ¢ T<T ¢
(b) B =-p.0H + M =0
Meissner effect
Ll Perfect diamagnetism
A 1A B '
H=0 H>0 H-=0
T='TE T=T C T=T o

igure 4.4:  (a) Screening of external maguetic field by a superconductor. (b)
Aeissner effect (flux expulsion) in a superconductor.



Superconductivity

Superconductivity is the thermodynamic state.
If you give the thermodynamic parameters: T and H, the state is defined exactly.

H A (A)

External magnetic field

Critical : -
magnetic Aoy Bemmmmmmmenimmnmmemmmenemnes (3 (A)
field '

————

Normal conducting phase

(B) N 7 | T
Critical temperature Temperature



Thermodynamic properties

0.5

Energy =

()

FIGURE 2-3

Comparison of thermodynamic quantities in superconducting and normal states.
U,,(0) is chosen as the zero of ordinates in (c) and (d). Because the transition is of
second order, the quantities S, U, and F are continuous at T,. Morcover, the slope of
F . joins continuously to that of F,, at T, since 8F/8T = ~S8.

(@)

Specific Heat

Free Energy



Type-l and Type-Il superconductors

Type-| o Type-II
—M 4

gl ' A
S R Perfect diamagnetism N A
' P

7 b A,

P

: Magnetization . T

|

m‘ir

H = External magnetic field



External magnetic field

Empirical expression of Hc(T)

It was found empirically that Hc(T) is quite
well approximated by a parabolic law.

HAT)

H(T) ~ H(O)[1 - (T/T.Y]

superconducting

Temperature



BCS theory

* What needed to be explained and what were the
clues?

— Energy gap (exponential dependence of specific heat)

— |sotope effect (the lattice is involved)

0.585 —_—y

0580 L S\— 1M B

— Meissner effect loss | *\. .

o
o 0570 \ -

' 0.565

0560 ' . ' :

X
205 206 207 208 209 210
/’\’V\I‘\ /*V\I\'*\ o i
Figure 26: The critical temperature of various tin isotopes.

Interaction of two electrons via phonon




BCS theory

Assumption: Phonon-mediated attraction between
electron of equal and opposite momenta located
within 7z, of Fermi surface

n‘ |

Moving electron distorts lattice and leaves behind a C'f' Q*' 4},*}7‘ o
trail of positive charge that attracts another electron | |
moving in opposite direction > o900
Fermi ground state is unstable . I
ermi sphere
Electron pairs can form bound / 5 (‘i";“e_’_"“"
=P y)

states of lower energy = / Py st
X P2 pin

Bose condensation of overlapping
C o Op er p al rs |nt oac Oh er ent Figure 20: A pair of electrons of opposite momenta added to the full Fermi sphere.
Superconducting state




BCS theory

@ metal ion

O——AAMANAAANA——O
Cooper pair

single
electron

Figure 22: Cooper pairs and single electrons in the crystal lattice of a superconductor. (After
Essmann and Trauble [12]).

Fermi sphere, p2/2m=E;

2 Egt huwg

Py
possible Cooper pairs:
(p.-p).(P.-P")

5" =B"), e

(p",

Figure 23: Various Cooper pairs (g, —p), (5", —#"), (", —F"), - - - in momentum space.

The size of the Cooper pairs is much larger than their spacing

They form a coherent state



BCS theory

Mormal Conductar Superconducton

Levels Docugpied Leveds Ceoupled

Figure 3.7: The change in the density of states that accompanies the super-
conducting state, showing the gap in the energy levels.



BCS theory

« The BCS model is an extremely simplified model of reality
— The Coulomb interaction between single electrons is ignored
— Only the term representing the scattering of pairs is retained

— The interaction term is assumed to be constant over a thin
layer at the Fermi surface and 0 everywhere else

— The Fermi surface is assumed to be spherical

* Nevertheless, the BCS results (which include only a very few
adjustable parameters) are amazingly close to the real world



BCS theory

At finite temperature:

Implicit equation for the temperature dependence of the gap:

25172
J-h% tanh| (&7 + A”)" /2ij
de
251/2
Vp(m (&% +A%)"
A(T) A
1 1 | I l
A(0) = 1.76kpT,
/ 10 === -t-go- ot 8%800, -
—_ Tpo_ B
(=] 0-3 = \\O -
A = 3.2kBT0{1 = (T/Ty] /2 a BCS theory/‘x "\i“
= 06 [~ a7
— N\
S 04+ ° In -
4 5n %;‘:.
> 0.2 ¢ Pb \‘-
1 T/T, 0 | 1 I I i
Figure 4-4 0 0.2 0.4 06 0.8 1.0
Variation of the order parameter A with temperature in the BCS T/Te

approximation.



BCS theory

Specific heat
A 1
C,= exp T for T<ﬁ
| |
3.0 -
1.0 . J
y—%:s.w exp (-1.5 T./T)
Ces 7
yTe
0.} il
003 o vanadium g
o tin
10 2.0 3.0 4.0 5.0

T/T

Fig. 22. Reduced electronic specific heat in superconducting vanadium and tin.
[From Biondi et al., (150).]



BCS theory

el
Ho+H =ih—
0¢ ex ¢ at

€
H =—> A(r,t)p,
ex mcz (z )pz
H, s treated as a small perturbation
H,<<H,
There is, at present, no model for superconducting

surface resistance at high rf field
R

, 7
. J‘R[R All(@,R.T)e
R4

dr similar to Pippard's model

J (k) = - iK(k)A(k)

K(0)=#0: Meissner effect



BCS theory / Surface resistance
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Fig. 1. Measured values of the surface resistance ratio r of superconducting aluminum as a
function of the reduced temperature r at several representative wavelengths. The wavelengths
and corresponding photon energies are indicated on the curves
[After Biondi and Garfunkel (75).]



BCS theory / Surface resistance

1073 : : :

Niobium —
Lead ----

Rs (Ohms)

10-9 ] I | e
1.0 2.0 3.0 4.0 50
Tc IT

Figure 4.5: Theoretical surface resistance at 1.5 GHz of lead, niobium and
NbsSn as calculated from program [94]. The values given in Table 4.1 were
used for the material parameters.



BCS theory / Surface
resistance

Temperature dependence
—closeto 7 :

dominated by change in (/)

—for T<£:
2

dominated by density of excited states ~ e'%T

R ~ éa)z exp [—Aj
T KT

Frequency dependence

w? is a good approximation

#w
V4

4/ Frequency
dependence

SURFACE RESISTANCE (Q)
3
(4]
¥ |
|

FREQUENCY (GHz)

Fig. 5. The surface resistance of Nb at 42K as a function of
frequency [62,63]. Whereas the isotropic BCS surface resistance
(- --) resulted in Rocw"® around 1 GHz, the measurements fit
better to @” (- - -). The solid curve, which fits the data over the
entire range, is a calculation based on the smearing of the BCS
density-of-states singularity by the energy gap anisotropy in the
presence of impurity scattering [61]. The authors thank G. Miiller
for providing this figure.

A reasonable formula for the BCS surface resistance of niobium is

2
GHz T
Ryes =9 %107 %exp [—1.83?CJ



BCS theory / Surface resistance
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REDUCED TEMPERATURE Tc/T
Fig. 2. Temperature dependence of surface resistance of niobium at
3.7 GHz measured in the TE,,, mode at H >~10G. The values
computed with the BCS theory used the following material para-
meters:
T=9281 i (T=0,1=00)=3204;
A(0)/kT=1.85; E(T=0,l=0c)=620A; I=1000Aor 80A.

At around 4 — 3 K, the total resistance of
SRF Nb cavity is dominated by BCS
resistance. The fitting of these data
gives the band-gap width of Nb material.

The total resistance of SRF Nb cavity at
around 2 K is not dominated by the BCS
resistance.

It is dominated by the residual
resistance which is caused by impurity
of Nb material and magnetic flux

trapping.



BCS theory / Surface resistance

* The surface resistance of superconductors depends on
the frequency, the temperature, and a few material
parameters

— Transition temperature
— Energy gap

— Coherence length

— Penetration depth

— Mean free path

« A good approximation for T<T/2 and w<<A/h is

R ~ éa)z exp [— A] +R
T kT



BCS theory / Surface resistance

Normal Conductors

— Skin depth proportional to w72

— Surface resistance proportional to w12 —2/°

— Surface resistance independent of temperature (at low T)
— For Cu at 300K and 1 GHz, R,=8.3 mQ

Superconductors
— Penetration depth independent of w
— Surface resistance proportional to w?
— Surface resistance strongly dependent of temperature
— ForNb at 2 Kand 1 GHz, R;=7 nQ



Lecture B and C3a:
Superconductive RF

Cavity Fabrication

1.3 GHz elliptical 9-cell cavity
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TESLA 9-cell Cavity
(Iris 70 mm)



Nb Mines in the world

Ore of Nb:
Carbonite

Three largest mines in
the world:

Araxa’

Catalao

| St. Honore

B Nb deposits
% Nb Mines

#E Vol 72 (2002) No.3






Process flow of the industrial Nb production

1, Mother Matorial

r
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Electron Beam Melting (EBM) Furnace and Nb Ingots

400kw EBM furnace Tokyo Denkai

!fl/f
|

Nb ingots

e il



Electron Beam Melting

First melting

Electron Electron
Gun Gun ,
Electron ' / Nb Powder block
Beam Nb Molten pool
Feedstock
Molten
Pool .35
Water
| Cooled
l.‘ Cu
L Crucible
Nb

Ingot B



Evaporating speed ( g / cm? sec. )

10*

10%

1074

107%

Evaporation Pressure of Various Metals

el o

Melting temperature |-~ £| All metals

of Nb is 2741 K. e evaporate except
E for Nb, W, Ta.
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|
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3000

Temperature (K)
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Relation between impurity in NB and RRR

Umezawa’s calculation.

1 O N H C Ta 1
—— = + + + + +
RRR 5800 22/3 16322 8911 604690 1249

Correlation of Measured and Caculated FRR

20 ‘s Lol
~_REBOOK) | = Zfé‘.,
~ R(O5K) | - o

K.Saito 78




RRR Measurement

R(300K)
R(9.5K)

RRR =

8.0E-06
. 7.0E-06 IstRun
4-terminal method S . y
_g .Uk~ —2nd Run /
B O 5.0E06
| | @ 4.0E-06 F—""-""'?L
L]
S 3.0E-06
@ 2.0E-06
w
2 1.0E-06
/“\1 6.0E-21
N\, 1.0E-06 O 5 10 15 20
Temperature (K)




History of improvement with RRR

600 ] Tokyo Denkai

Vacuum pump increased

from 50,000 L/sec to 80,000 I./sec
500 -
400 O

\ $
L
300kw EBMF Installed oo ®
% 300 * oo .

200 .?®

* EB power increased

\ from 300kw to 400kw
hd |
100 |
o & Maximum RRR
0 o ¢ ¢ T i T%tanification

1980 1985 1990 1995 2000 2005
Year



Nb materials for 9-cell cavity

Nb cups and pipes




Nb materials for 9-cell cavity

Nb plate for beam-pipe

HOM antenna and so on

Nb disc for half-cell cup




Overview over Fabrication of 9-cell cavity

Cavity

_ (9 cell TESLA /TTE design)

o EN SN




Overview over Fabrication of 9-cell cavity

Cavity
(9 Zeller)

dumb bell




Fabrication Processes of half-cell
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Deep-drawing of half-cell cups

Deep-drawing of Nb half-cell at 2.5 ton
by a press-machine (80 ton).




Fabrication of LL Cavity at KEK

Pressing Nb plate 56 half-cells were pressed in a few hours
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Fabrication of LL Cavity at KEK

After triming




Production procedure of 9-cell cavity for ILC

Dumbbell = EBW of two cups:

@ w (] ” Dumbbell

8 dumbbells are needed for one cavity
EBW assembly of all parts:

v 3 30 30 30 30 30 30 2 O

Welding of He tank:

) ~000000000% | QI O

89



Fabrication of 9-cell Cavity

HOM coupler (Nb)

Beam-pipe (Nb)

FIanges (Nb-Ti alloy) Beaw “pipe (Nb)

@) IO Peda

Input-port

eyt Dumb-bells (Nb)

Center cells (Nb)
90



Electron Beam Weldmg (EBW) machme / KEK
B EBO-VIEW B

Gun in horizontal
position

Gun in
vertical
position

1500

“terwald Sr‘ﬁahhl :I:hnik
Pressure :below 1 X 10”-2Pa within 20 min.

Inside material: SUS316L. Volume:10.56 m3 EBW machine : 150 kV, 15kW


http://ilc.kek.jp/photos/20110617Di/20110617Di-0057.php
http://ilc.kek.jp/photos/20110617Di/20110617Di-0057.php

Electron Beam Welding (EBW) Machine

Assembly of all Nb parts are done by EBW machine. This is
because contamination of 02, N2, CO2, etc. degrade the SC
performance of cavity.

The chamber inside is pumped down to exclude the
air before the EBW assembly.




Electron Beam Welding (EBW) Machine

Electron Gun Operator



Electron Beam Welding (EBW) parameter search

Beam-parameter search with Nb test-pieces.
Oscillation of beam was applied.



Electron Beam Welding (EBW) parameter search

150 kV, 30 mA, 10 mm/s

30mA

A

15 deg 180 deg 360

+15+23 deg Equator of cell




EBW of Dumbbell

Outside, EBW depth = 70%
150kV, 18 mA, 10 mm/s

High electric field at iris.
B | The inner surface of iris should be
smooth to avoid field-emission.




Overview over Fabrication of 9-cell cavity

Cavity
(9 cell TESLA/TTF design)

ﬁ Durb-bel /W mum

o




Fabrication Processes of beam-pipe




Rounding of Beam Pipe from Nb plate




ounding of Beam Pipe from Nb plate

T

After rounding Fixture for EBW




EBW of Beam Pipe

N
Point EBW

After EBW



Centering of Beam Pipe

Fress _

@ zgientering Die [
‘ !

| |

i :

mL .

,

Supporting
structure




Fabrication Processes of beam-pipe

 The fabrication methods of beam-pipe are
depending on the industries.

e Deep-drawing from a Nb plate to a pipe: For
this process, several deep-drawing processes
with different dies are needed with annealing
process inbetween deep-drawing processes.

e Back-extrusion from a shaped Nb ingot to a
pipe: Fabrication of Nb plate is skipped in this
process, but you need a large press machine.



Beam Pipe

80 phi Nb Beam-pipe (input-coupler) 108 phi Nb Beam-pipe (pickup)

- ,..‘- e




End-group

/= (Cu model)

o

(Nb model)







End-plates /joint to He jacket
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Ed-plqt_es /joint to He jacket

SUS Base-plate

HIP bonding



End-group EBW

Base-plate 108-phi beam-pipe Base-plate 80-phi beam-pipe
+ Inner End-Cap + Outer End-Cap



End-group EBW

Beam
Beam

EBW of SUS Base-plate _ _
EBW of 108-phi beam-pipe



End-group assembled by EBW




EBW assembly of end-group + dummbells

1 pieces 7 pieces




EBW of two dumbbells

High magnetic field
at equator.

The inner surface of
equator should be
defect-free.

Good inner surface
(EBW with beam oscillation)




EBW of four dumbbells

Bad EBW example



EBW of six dumbbells

Beam

- ix dumbbells




EBW of Center-cells + End-group

Beam

4=

EBW of End-group + Center-cells

EBW completed



Fabrication of LL Cavity at KEK

EBW of EBW of with

/‘ W/ﬂ /4“ J.ﬁ' |

—_—

Delivery of 9-cell LL Cavities EBW of

and



1st, 2nd 3rd 4th | | 9-cell cavities

'-"': :' ‘v,mm.,.m.,'. AN Y without
t,q_,,. L : Bl HOM coupler

with
HOM coupler

with
HOM coupler

with
HOM coupler




Dimensional measurements

Length of the cavities were measured by 3D-measurement machine.

Dimensional deviation of length (only 9-cell part: 1038.5 mm)
-10 mm (15t 9-cell ICHIRO cavity) -
- 0.7 mm (2"d 9-cell ICHIRO cavity)
- 0.1 mm (3" 9-cell ICHIRO cavity) _

- 0.1 mm (4t 9-cell ICHIRO cavity)




Straightness

. SideC, ., &
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Pre-tuning for field flatness

Set-up for field profile measurements: a metallic needle is perturbing the rf
fields while it is pulled through the cavity along its axis; the stored energy in
each cell is recorded.
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Filed flatness before/after pre-tuning

™ mode frequency 1298.547 MHz

T mode frequency 1298.774 MHz
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Pre-tuning

Stepping-motor

Blades are inserted into the iris

Flange with antenna Blades are inserted into the iris

Line with metal bead



Pre-tuning

Metal bead Antenna Pressing the cell by the blades
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