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Executive Summary

This report contains all the pertinent design and fabrication procedures for the fabrication of this
1.3 GHz 9-cell cavity. All cavity components were manufactured by Niowave with the use of
Sciaky EBW chambers at both Sciaky, Inc. and C.F. Roark Welding & Engineering Co. Both
the DESY Cavity Spec and FNAL Cavity Specs (Appendix A) were utilized in the fabrication of
this 9-cell cavity. The RF and mechanical measurements, as well as all material certifications

are also included in this report.
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1. Design

a. RF Design

Niowave, Inc.

ILC 1.3 GHz 9-cell Cavity

As described in the relevant literature [1], the TESLA-style cavities chosen for
the International Linear Collider are 9-cell structures operating in a standing-
wave mode. Relevant parameters for the design and performance of these
cavities are presented in Table 1. The Physical Review Special Topics —
Accelerators and Beams article describing the design of the ILC 1.3 GHz 9-cell
is attached in appendix a, section c. The structures are built from bulk niobium
and intended to be cooled to 2 K with superfluid helium, as required to reach

the cavity Q levels shown in the table.

The choice of the cavity frequency considers the dominance of residual
resistance and cavity size at lower frequencies (below 300 MHz or so, where
the effective resistance increases as 1/f) and the higher BCS resistance, which
increases the effective surface resistance according to f # at high frequencies.
Because high-power RF sources (klystrons) are available at 1.3 GHz, this

frequency was eventually chosen.

The geometry of the cells was carefully designed with a number of parameters
in mind, including multipacting trajectories, cell-to-cell coupling, wakefields,
and peak electric and magnetic fields on the niobium surface relative to the
accelerating field. Because of the importance of the geometry, a number of

steps are taken by Niowave in the manufacturing process to check and preserve
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the contours of the dumbbells through the manufacturing process — these

procedures are described in a later section.

Ii. ILC 1.3 GHz 9-cell Cavity Theoretical Parameters

frequency 1300 MHz

TESLA design quality factor, Qo 5.3x10°

ILC operational linac quality factor, Qo 1x10™
R/Q (circuit definition) 518 Q
geometry factor 270 Q
theoretical BCS resistance (for 1300 MHz) 17 nQ
assumed residual resistance for Qu=10"° 10 nQ

ILC design accelerating gradient, vertical test 35 MV/m

peak surface electric field at 35 MV/m gradient 70 MV/m
peak surface magnetic field at 35 MV/m gradient 149 mT

tuning range 6300 kHz

differential tuning with length df/dl 315 kHz/mm
cell-to-cell coupling 1.87%
iris diameter 70 mm
accelerating mode standing wave, TM010, 7-mode
TMO011
highest impedance parasitic modes n/9 — f=2454 MHz, R/Q =80 Q
2n/9 — £=2443 MHz, R/Q =67 Q

cavity longitudinal loss factor for 6,=0.7 mm 10.2 V/pC

cavity transverse loss factor for 6,=0.7 mm 151 —

Table 1 ILC 1.3 GHz 9-cell cavity parameters [1,2]
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b. Mechanical Design
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2. Fabrication

Figure 2.1 Completed 1.3 GHz ILC 9-cell

b. RF Measurements

Tuning stock is left on each dumbbell so that the frequency of each cell can be
precisely matched. This is necessary because the flatness of the field from cell to
cell depends on the resonant frequency of each cell. The Niowave tuning setup
includes a set of six tuning plates which simulate trimming of the dumbbells by
adjusting the location of the electric short at the dumbbell ends (equators). An

example of a dumbbell in one of the check fixtures is shown in Figure 2.2.

Niowave, Inc. TBI9NRO015 25
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To check how well this tuning has been performed, a bead pull of each manufactured
cavity is performed after welding. In this procedure a small metal bead moves on a
string through each of the cavity’s 9 cells. The strength of the frequency
perturbation of the pi-mode as the bead moves through each cell corresponds to the
magnitude of the field in that cell. A photograph of the bead pull setup is shown in

Figure 1. The most effective cavity is one where the fields are equal in each cell so

that maximum fields can be achieved uniformly through the structure.

For the most recent set of manufactured cavities (TBOINROO7 — TBONRO016), the
cavity frequencies were measured after welding, field flatness was measured by the
bead pull technique for each cavity, and both HOM cup notch filter frequencies (in

the short and long end assemblies) were checked. The results for the group and

details for cavity TBONRO15 are presented here.

Figure 2.2 Dumbbell frequency measurement setup.
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Figure 1.3 Bead pull testing setup for welded 9-cell cavities

The target frequency for the just-welded 9-cell cavities at room temperature and
pressure is 1298.6 MHz. Chemical polishing reduces the frequency 1.0-1.5 MHz,
pumping down to vacuum increases the frequency about 0.4 MHz, and shrinkage on
cooldown increases the frequency by 1.9 MHz. The net result of these operations
leaves the cavity at 1299.7 MHz, and the tuner is used to reach the operating
frequency of 1300 MHz. This set of eight cavities has an average frequency of
1299.4 MHz, somewhat higher than the warm target — the distribution of frequencies
is shown in Figure . The standard deviation of the eight frequencies is 0.1 MHz —
the good reproducibility will allow the tuning processes to be adjusted to bring the

mean closer to the target.
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Figure 2.4 Distribution of frequencies of ten just-welded cavities.
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Figure 2.5 Distribution of field flatness for the ten just-welded cavities as
measured by bead pulls.

As discussed, the field distribution in the 9 cells of the cavity is measured by the

bead pull technique. The field flatness is then calculated according to

( /% —1J><100%
A¢min
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The distribution of results for the field flatness is shown in Figure 2.5. All eight of
the recently manufactured cavities have a field flatness of 30% or less. The bead

pull data for cavity TBNONRO15 is shown in Figure 2.6.

0.5
0.0

o
o

~-1.0

1
=
(6]

phase perturbation (deg)

A A WD
oo o v o

axial position

Figure 2.6 Bead pull data for 9-cell cavity TBINRO15 showing the
perturbation of phase as the bead moves through the cavity.
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Figure 2.7 Distribution of HOM cup notch filter center frequencies.

The center frequencies of the HOM cup notch filters has also been checked for each
of the cavities. To properly reject the fundamental mode, this frequency should be
1300 MHz — the width of the notch allows a window of £30 MHz to be considered

acceptable. All 16 of the HOM cup notch filters on these 8 cavities meet the
Niowave, Inc. TBINRO15 29
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specification as shown in Figure 2.7. An example of the data for a notch filter is

given in figure 2.8.

-80

5 :
=100
A
)]

-110

-120 T T T 1

1200 1250 1300 1350 1400

frequency (MHz)

Figure 2.8 Transmitted power plot from the network analyzer characterizing
the HOM cup notch filter on short end assembly 1S, part of cavity
TBINRO0O07.
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c. Mechanical Assembly

I. Cavity Components

1/23/2012

Part/Assm. Tracking # Material Vendor *Lot #

Long End Half Cell P7-11-3 Plansee 90512418

Long End Disk Flange (Trans. Ring) L11 Heraeus 3199/5103183
Long Endcap Disk (NbTi) 2L Ningxia 2010-4-9-368-101014
Long End Ti Transition Ring (MCE) 11 Titanium Industries 232542

Long End Beam Tube 10L Ningxia W2009-02-16-090323
Antenna Spool 2 Heraeus 3199/5103036
Antenna Port Flange (NW 8) Ningxia Nb-55TiD-2-10001
Long End Beam Tube Flange (NW 78) 7 Ningxia Nb-55TiD-2-10001
Long End HOM Housing L10 Heraeus 3192

Long End HOM Spool 16 Heraeus 3199/S103036
Long End Formteil 16 Ningxia 2010-4-9-368-101207
Long End HOM Flange (NW 12) 4 Ningxia Nb-55TiD-2-10001
Mid-cell ID N4-6-9 Ningxia 2010-4-9-368-1008171
Mid-cell ID N4-6-2 Ningxia 2010-4-9-368-1008171
Mid-cell ID N4-4-1 Ningxia 2010-4-9-368-1008171
Mid-cell ID N4-8-6 Ningxia 2010-4-9-368-1008171
Mid-cell ID N4-1-6 Ningxia 2010-4-9-368-1008171
Mid-cell ID N4-8-4 Ningxia 2010-4-9-368-1008171
Mid-cell ID N4-15-4 Ningxia 2010-4-9-368-100909
Mid-cell ID N4-14-5 Ningxia 2010-4-9-368-100909
Mid-cell ID N4-19-4 Ningxia 2010-4-9-368-100909
Mid-cell ID N4-16-6 Ningxia 2010-4-9-368-100909
Mid-cell ID N4-18-4 Ningxia 2010-4-9-368-100909
Mid-cell ID N4-25-3 Ningxia 2010-4-9-368-101018
Mid-cell ID N4-17-8 Ningxia 2010-4-9-368-100909
Mid-cell ID N4-23-7 Ningxia 2010-4-9-368-101111
Mid-cell ID N4-5-9 Ningxia 2010-4-9-368-1008171
Mid-cell ID N4-7-7 Ningxia 2010-4-9-368-1008171
Short End Half Cell P7-7-2 Plansee 90512418

Short End Disk Flange (Trans. Ring) S6 Heraeus 3199/5103183
Short Endcap Disk (NbTi) 10S Ningxia 2010-4-9-368-101014
Short End Ti Transition Ring (MCE) 6 Titanium Industries 232542

Short End Beam Tube 12s Ningxia W2009-02-16-090323
Coupler Spool 12 Heraeus 3199/S103036
Coupler Port Flange (NW 40) 10 Ningxia Nb-55TiD-2-10001
Short End Beam Tube Flange (NW 78) 12 Ningxia Nb-55TiD-2-10001
Short End HOM Housing S8 Heraeus 3192

Short End HOM Spool 7 Heraeus 3199/S103036
Short End Formteil 7 Ningxia 2010-4-9-368-101207
Short End HOM Flange (NW 12) 8 Ningxia Nb-55TiD-2-10001

* Material certifications are attached in appendix C
TBINRO15
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Key Parameters

The interior cavity profile must be within +/- 0.2 mm of the nominal design.
This profile has been verified with a check fixture for all dumbbells and end
groups. This check has been logged in the process sheets contained in

appendix d.

All electron beam welds were inspected after each welding operation to verify
both the proper weld penetration and appearance. Leonardo Ristori (FNAL)
recorded video of one of the equator welds as an example of the interior weld
quality for the end groups. The remaining equator welds were inspected by an

operator utilizing a manual bore scope.

Cavity length is also an important parameter to track, and it goes hand in hand
with cavity frequency. As each cavity is tuned by FNAL personnel, the over-
all cavity length will change. The current as-welded (not yet tuned) cavity

length has been recorded in the cavity inspection documentation in appendix d.

Fabrication Observations

The vast majority of the cavity dimensions meet design specifications, but — as
with any production project — there are a few minor observations to report on
this cavity. In order to enhance the welding efficiency of the dumbbells, they
were welded over multiple shifts with different weld operators and welding
technicians. Unfortunately, this resulted in some small variations (< 0.080” on
the diameter) in the stiffening ring placement for nearly all of the dumbbells.

We will be revising the tooling for stiffening ring installation to remedy this
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observation on future cavity fabrication efforts. This cavity was one of two
from the batch that had a blow-through on one of the full penetration equator
welds. The blow-through has been repaired, and the area of the repair is
marked on the outside of the long end group beam flange for future reference.
The repair work is documented in more detail in appendix f below. During
final EBW inspections, a small small exterior dimple was noticed on the OD of
the equator between halfcells N4-5-9 and N4-23-7 near the short end group.
There is also a small variation in the ID of the short end beam tube that was
spotted at the interface between the beam tube and the Nb end disk flange. The
last observation to report is that the overall cavity length is approximately 3mm

too long.
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b. DESY & FNAL Cavity Fabrication Specifications

Niowave, Inc.

DESY SPECIFICATION OF
WELDED 1.5 GHz
SUPERCONDUCTING
RESONATORS FOR TTF/VUV-FEL

D. PROCH, MHF-SL 09-2005

DESY EDMS DOCUMENT NO

303237 B,1,1

TBONRO15 34



Cavity Fabrication Final Report 1/23/2012

]

Niowave, Inc. TBONRO15 35



Cavity Fabrication Final Report

TABLE OF CONTENTS

1 INTRODUCTION..
1 FABRICATION DRAWINGS.....

3  SUPPLY OF MATERIAL

il
37
33

4 PRODUCTION OF PARTS ......

41

42
43

44
43
46
47

L7 1]

th

6
SHEET MATERIAL FOR H.-u..F CELLS .. 4
]

NbTi FLANGES (DRAWINGHO. 303 7248/0.001, 393 22140021, 4 93 2214/0.022,
3037243/D.004)...

END TUEES {DR_-‘L‘.TJI.GNO 3 93 22 ' 3 .
HOM COUPLER PARTS (DRAWING NO 1 03 Q@Dﬂ-ﬂﬂ 303 ;243.1) 001 '*03 ?’*43.1).003:

403 7248/D.003, 3 03 7248/D.004, 1 03 7248/E.000, 303 TM8E. 001,2 03 T248E. 003}
SIIFFEWGRNG{DRA‘U.WGLG 493 2214/a002)....
CONICAL DISE (DRAWING MO 4 93 221¢B 004, 4 93 22 14 :: 003)

CONNECTING FLANGE (DRAWING MO 3 93 2214/0.002) .

5 PRODUCTION OF SUBGROUPS 7

5.1
52

33

& PRODUCTION OF CELLS......

6.1
62
6.3
64
63
6.6

HOM COUPLER. ..
ErD croups ..
FREQUENCY \lE.mea\m ::nr END GRDL'D:':

DEEP DRAWING OF HALF CELL .
PREPAB_-'LI‘ION OF HALF CELLS FOR DUMB-BELL WELDING .

WH_DmsornmtE: -BELL..
FREQUENCY MEASUREMENT OF DUMB-BELLS
ANODISATION AND GRINDING OF DUMB-BELLS ..

7  WELDING OF CAVITY 11

71

"r

T 3

WELDING OF DUME-BELL TO DUME-BELL .. OSSNSO SUUURUTSUSURUTO § |
WELDING OF END GROUP TO DUME-BELL ... .
SEQUENCE OF HALF CELL AND I{UME-BELL mnm:r cmmﬁmnwﬁmme IS §

§  FINAL TEST OF CAVITY ....... 13

8.1
]

MECHANICM MEASUREMENT.. eeetaraaeaennsheaenenearm At s s s s s e emne s e s s ans s s emensanesenanssssssesmemenensane L3

9  PACKING AND SHIFPING....... 13

10 TIME SCHEDULE 13

11 PROGRESS REPORT 13

Niowave, Inc.

TBINRO15

1/23/2012

36



Cavity Fabrication Final Report 1/23/2012

17 QUALITY ASSURANCE DOCUMENTATION, 14

13 APPENDIX 15

131 IESTOF BARTS e 13
132 DEGREASING, ULTRASONIC CLEANDNG, DEYTNG
133 CHEMICAL CLEANING, BDismiG, DREYDIG ... .. 18
134 HANDLING AND STORAGE CONDITIONS. .
136  GENERAL ELECTRON BEAM WELDING COMDITIONS. ..
137 ANODISING ..o e s e

13.7.1 Introduction.

13.7.2 Process ........

13.7.3 Procedure.
138 GRMDDNG......... .. 19
139  NbSPECTFICATION..........
1310 SURFACE CONTAMDMATION ...
1311 CAVITY CONTOUR, FREQUENCY AND LENGTH
1312 LISTOFDEAWINGS ..o .
1313 QUALITY CONTROL BEQUIRBEMENT .. oo ooeee e eteeeeeeememes e et ememems s sen st s meeeeeessmnansee e enmememennn

Niowave, Inc. TBI9NRO015 37



Cavity Fabrication Final Report 1/23/2012

1 INTRODUCTION

This specification describes fabrication details of the superconducting resonators for the acceleration
of electrons in the TTF/VUV-FEL. TTF/VUV-FEL is an extension of the experimental knear
accelerator TTF (TESLA Test Facility) and will mainly serve as a FEL radiation sonsce.

The resonator is joined from deep deawrn half cells and special end sections entirely by electron beam
welding. Cocrect cell form is important to geach the desired resonant frequencies (accelerating mode
and some important higher frequency resonances) at specified cell- and resonator lengths.

The HOM-conpler are deseribed in this specifieation and in bill of material 9 03 7248 /D000 and
903 7248/E.000 and drawings contained therein.

The acenracy of form of single cells and the complete 9-cell stmctize as sequired by deawing
0 03 7248/0.000 call for accncate deep drawing of half cells, and suitable weld preparation and
control of welding parameters.

This specification is an opdate of the former DESY specification of 24 welded 1.3 GHz
Snpercondncting Resonators for TESLA Test Facility TTF. There are changes which are based on
the expesience with the last cavity production: tight frequency control of half cells and dumb-bell,
more tight welding conditions, compensating slight contonr deviations of the half cells by trimming
the equator region at the stage of dumb-bells, more chemical cleaning of half cells and HOM pasts,
more strict quality control on mechanical tolerances and an extended description of cleaning and

handling necessities.

2 FABRICATION DRAWINGS

The DESY drawings are listed with actualization index in Appendix "13.12". Upon any change in a
deawing, it will receive a new actralization index and a new deawing kst will be issued which
inwvalidates earlier issues.

Oan the basis of the DESY drawings the contractor produces his own fabgecation deawings for the
zesonator. The dimensions in these deawings omst allow for the material removwal by etching and
weld shenkage such that after etching and welding the tolecances specified by the DESY dravwings
are achieved. He also prepares presenptions for chemical treatment and controls of deawings of tools
and fixtures for production. For the content of the documents he prepares the contractor is
respoasible exclusively.

DESY 1s fugushed wath a full set of the above mentioned fabocation docnments at least 2 weeks
prior to their nse for production. DESY will check if the specified characteristics of the resonator
may be achieved with these documents. Possible comments from DESY pectaning to these
documents are without any liability. DESY finally receives a set of the docnments actzally nsed for
production. In view of the still ongoing development work, DESY may wish to modify details of the
cnerent design of the resonator. Such modifications will be carded out by the contractor.
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3 SUPPLY OF MATERIAL

3.1 Nk QUANTITY

The nichinm stock is furnished by DESY. Appendix "13.1" lists all pasts needed to fabricate one
G-cell resonator. DESY delivers this amonat per cavity plus a reserve of ca. 10 %%, If the contractor
requires still more stock, he may buy more from DESY. All stock for the half cells is eddy encrent
scanned by DESY to detect and sort out matedal with inclnsions of foreign materials or other
defects. Any left over niobinm stock and scrap pieces of more than 20 grams will be retumed to
DESY with the last resonator shipment.

3.2 INCOMING INSPECTION

Upon receipt, the contractor will inspect the niobinm stock for conformity with specification. In
case of nonconformity DESY will mnspect the matedal at the contractor's plant and replace the
material

3.3 SHEET MATERIAL FOR HALF CELLS

Al sheet material for the half cells has been eddy cnzrent scanned at DESY. The later "ontes"
sucface 15 marked by DESY by methods to be agreed on by the contractor. This mark should be
visible after deep drawing, welding and chemical cleaning. The opposite sheet sucface iz the "inner”
susface which carnes the superconducting sucface cucrent. Thas sucface shall not be contaminated by
any handling procednre (see Appendixz "13.4, 13.10™

4 PRODUCTION OF PARTE

4.1 NbTi FLANGES (DRAWING NO. 3 03 7248/0.001, 3 93 2214/0.021, 4 93 2214/0.022,
303 7248/D.004)

All flanges (2 x beam pipe, 1 = pick np, 1 = input coupler, 2 x output of HOM conpler) are made
from NbTi A rod of diameter 147mm NbTi material is farnished by DESY. The smaller diameter
flanges are made from inner the ent out of the large flanges. The sealing sucface must have a very
good sucface guality (Fa 0.8) and must be free of any seratches, especially radial ones. Thetefore the
susface finish mmst be done with a method which removes the mategial tangential to the circle of the
sealing asea. The finished sealing sucface shall be protected by plastic half cells (soft polyvinyl
chlogide is acceptable). The removal rate for NbTi by the standard chemical etching mixture (see
App. "13.3") 15 a factor of two larger as compared to nichinm.

The connecticn of the NbT: flanges to the Nb tube was done in the last produnction by EB
welding from the front side (sealing surface) of the NbTi flange. The surface finish of this weld was
not always smooth, as required. Furthermore there was a gap between the NbTi flange and the Nb
tube at the backside of the flange. Therefore it may be considered by the contractor to carry ot butt
welding between the NbTi flinge and the Nb tnbe at the backside of the NbT:i flange. The
contractor is requested to reconsider the welding procednre of all subgronps containing NhTi flanges
and consult with DESY oa the welding proceduce.

4.2 BEEAM TUBES (DRAWING NO. 393 2214/B.006, 393 2214/ C.005)

Seamless tubes of length 105 mm (zhort end twbe) and of length 140 mm (long end tobe) are

Niowave, Inc. TBI9NRO015 39



Cavity Fabrication Final Report

Niowave, Inc.

fucnished by DESY.

4.3 HOM COUPLER PARTS (DRAWING INO 1 03 72458/D.000, 3 03 7245/D.001, 3 03 72458/ D.002,
403 7248/D.003, 3 03 T248/D.004, 103 7248/E.000, 3 03 7243/E.001, 2 03 T248/E.002)

The HOM conpler will carry sizeable BF surface currents (inner sncface of "coupler housing”, "F
part”). Therefore these parts nmst be treated with the same care as the inner surface of the half cells
and domb-bell. The inner sucface of the coupler housing as delivered by DESY has a smooth,
seratch free sudface. This sudface shall not be contaminated by other matedal or seratches. The
surface of the "F pact" must fulfill the surface conditions as desccbed for the inner surface of the
half cells and dumb-bells.

4.4 STIFFENING RING (DRAWING NO 4 93 2214/ A.002)

Stiffening dngs are welded to the outer side of the half cells when completing the dumb-bells. It
is mecessary to assuce a 100 % penetration weld in ocder to avoid cracks at the backside of the
stiffenng ongs. This would weaken the mechanical strength and gisk contamination by chemistry,
since the acid cannot be removed out of the cracks. The geometry of the welding ent at the stiffening
ong and at the mating part of the outer sucface of the half cells mmst be chosen to assure the quality
of the desired welding.

4.3 PICEUP AT LONG END TUBE AND HOM COUPLERSE

The small pick np tube is EB welded to the large diameter beam pipe. It is important to produce
a 100 % penetration weld. In case of gaps or cracks at the inner sucface, acid will penetrate ducing
etching and contaminate that region. In some of the recently produced cavities inner grnding was
applied to eliminate those cracks. This method cannot be accepted, becanse it is very diffienlt to
inspect this area for any remaining small crack. Therefore a welding geometry has to be chosen by
the contractor which assures a full penetration welding seam.

4.6 CONICAL DISKE (DRAWING INO 4 93 2214/B.004, 4 93 2214/C.003)

The conical disk is the connecting part between Wb cavity and Ti tank. For a tight fit of the
connecting parts to the Ti tank it is important to establish an oaly small planarity eccor at the onter
shonlder (2 186mm and ©1%4. 8mm, please note that the conical disk at the short and long end tube
are of different outer diameter). Thes is established by eutting the shoulder (3 mm) after finishing all
welding to the conical disk For the welding to the Ti tank it is required that a cylindrical part
(@ 186 mm and @ 194.8 mm) of at least 0.5 mm remains in order to avoud a blow through of the
welding heam.

4.7 CONNECTING FLANGE (DRAWING MO 3 93 2214/0.002)

The connecting flange will locate precisely the tnner assembly and serve as reference for
alignment of the cavities. Therefore a tight tolerance, as given in the drawings, is necessary. As
consequence the final machining mnst be done after finishing all welding to avo:d deformation of the
connecting flange.

1/23/2012

5 PRODUCTION OF SUBGROUPS

3.1 HOM COUPLER

The "F-part” is cut from a 8.5 mm thick RRE. 300 Nb sheet. In order to save Nb materal, the
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"F-part” shonld be arranged in an interlaced geometry. Cutting the Nb matecal should not
deteriorate the bulk properties. Water cntfting or spark ercsion can be nsed for this purpose. A
removwal of the damaged snsface layer of 0.5 mm is necessary after the last mechanical treatment. The
"F-part” must have a smooth, defect free and scratch free sucface.

Before welding the "F parts” to the conpler housing, both parts mnust be cleaned by semoving
20 pm by the standard chemustey for Wb (see App. "13.3"). Cleaning with nltrapure water, drying and
storage shall be done according to conditions deseribed in App. "13.3, 13.4". If welding cannot be
carried out within 8 hours after the chemical cleaning, another flash of 3 m chemical etching is
necessary immediately before welding,

5.2 END GROUPS

The sub-assemblies called: “short end gronp™ (drawing ne 1 03 7248/A.000) and “long end gronp™
(drawing ao 1 93 2214/B.000) are shown for the cavity version with welded HOM conpler. The two
end half cells as well as the two end tnbes of the resonator are different.

No more than 8 honrs before welding the snrfaces of the end tubes and end tube sections (“end
tube™) are degreased, ultrasonic cleaned, etched by 3 [m, dnsed with ultcapure water, deed and
stored deseribed in section “13.3, 13.47.

The resonance frequency of the end half cells (before welding to the connecting flange) has to be
measuzed according to "6.3". At this stage the end half cells are longer by 1 mm at the equator (in
addittion to the expected welding shonkage at equator and 1ns). Another frequency measusement shall
be done after welding the connecting flange plas part of the beam tnbe to the end cell. As in the case
of dumb-bell frequency measugement, possible contour changes by the welding proceduse will be
nacovered hereby. The frequency measnrement will determine the amount of trmming at the
equator. The end tube s joined wia the end tube section to the iris of the end half cell by welding
from the inside.

The connecting flange among other things serves the same fonction as the stiffening ring of the
dumb-bell and carries the conical disk The short ead tube is made from the same stock as the long
end tube. For all welding of the end gronp, “General electron beam welding requirements™ ("13.6")
needs to be observed.

The finished sealing snsfaces of the above mentioned flanges shall be protected by plastic caps (soft
polyvinyl chloode is acceptable) at all imes, except for flange dimensions measugements and
inspection of finish of sealing snrfaces.

After finishing all welds, the connecting flange and conical dise are machined, with the end group
held from the inner sucface of the half cell, analogously as described i "6.2".

As pointed out in "Error! Reference source not found.", the cylindrical part of the shoulder at the
conical dise (@ 186 mm, @ 194.8 mm) shonld have 3 minimuem width of 0.5 mm. The exact contonr
of the connecting flange should be checked with an original assembly ring of the tuner. DESY will
supply this assembly dng.

Finally, the end group is chemically cleaned (“13.37) with 20 um of remowal (the NbTi flanges mmnst

be protected from the acad), then inspected for defects, and treated in all respects like the dumb-bell
[Anodising and grinding "6.6").
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5.3 FREQUENCY MEASUREMENT OF END GROUFPS

The frequency of the ead half cells is measnred according to "6.3" and "7.3", steps 4 to 8. After
welding the end half cell to the end group the frequency of this unit is measured. Afterwards the
equator is tommed to length accordingly.

L] PRODUCTION OF CELLS

6.1 DEEF DRAWING OF HALF CELL

From the square plates provided, dises with or without a central hole are produced (depending on
choice of conteactor) and then deep drawa into half cellz. It mmst be assuged, that the marked sheet
sucface will be the outer half cell sucface after deep drawing. The "inner” sncface of the Nb sheet
mnst be handled with greatest care to aveid any contamination and damage by the deep drawing
process. One of the scrap corness of each plate 15 marked identically to the half cell made from the
plate, and stored in a sealed plastic bag for possible future material tests.

For establishing the form of the deep-doawing tooling the spung-back and thickness tolerance of the
niobinm sheet material has to be taken into consideration. It is also important that at the end of the
deep-deawing operation the mner sudface of the half cell 15 everywhere in intimate contact waith the
mandrel. Possible seizing marks or other damage on the inner resonator surface mnst be stricthy
avosded. The sucfaces of the tookag and the nichmm dise must be carefully cleaned pror to each
deep deawing operation, such that no dirt, metal particles or other matter can become embedded in
the nichinm sucface. As stated before, any Inbrdcants or deep-drawing foil used must be completely
remavable by the ensning cleaning operations.

Further, the form of deep-drawing tooling munst also take into consideration the change of
mechanical dimensions cansed by etching the dumb-bell. For first deep-drawing tests copper has
been successflly used. As mateqal for the mandrel, aluminnm alloy, hard ancdized, is secommended.

6.2 PREPARATION OF HALF CELLE FOR DUME-EELL WELDING

The weld preparation of the half cells has three main purposes:

» It omst allow assembly of half cells into a resonator with the acenacy required by deawing
003 7245/0.000 while considering weld shrinkage and material semoval by etching. It may also
be so shaped as to ceater the half cells with respect to each other.

* It mmst produce correct and uniform wall thickness at iris (smaller diameter) and equator (larger
diameter) to avoid locally bucning theough dunng welding and to achieve a smooth weld sudface
on the inner sucface of the resonator if welding proceeds from the ontside.

» It omst allow longitudinal and radial locating of the prefabdeated stiffening nings in proper
relation to the inner snrface of the half cell.

It 15 adwisable to machine in one clamping i a lathe all the weld preparations of the half cell

inchiding that for the stiffening ring. For this the half cell is located on a fixture from its inner surface

wlich mmst not be damaged thereby. By this method unroundness at the equator can be elmanated
guring the machining operations, and the varions weld preparations can be prepared at the proper
location with respect to the contous of the inner sucface of half cell.

At this stage the iris is out to a length which takes into acconnt the welding shrnkage. At the equator,

the half cell is longes by 1 mm plus welding shrnkage. The equator will be cnt to the right length

after frequency measnsement of the dumb-bell (see section "6.5") again taking into consideration the
weld sheinkage. The details of the weld preparations contemplated by the contractor need to be
approved by DESY.
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The finished half cells must be inspected with respect to inside contour and the proper relation of
the varions weld preparations to it. Use of templates, among other tools, is acceptable for this
pupose.

At a rate of 5 % of the half cells, the inner contons has to be measured by 3D technigue. The
samples are selected randomly. All end half cells have to be measured by the 3D technique.

6.3 FREQUENCY MEASUREMENT OF HALF CELLS

After degreazing the half cells, the resonant frequency is measured for all parts. Equipment and
manpower is supported by DESY. This frequency measnrement will deliver information about

»  the acenracy of the contonr of the half cells by the average value of the rezonant frequencies,
*  the reproducibiity of shaping the half cells by the spread of resonant frequency,
»  the status of the half cells before dumb-bell welding.

Non acceptable dewmations of the resonant frequency of half cells or a too lagge spread in
frequency mnst be reduced by modifring tocls or forming parameters.

6.4 WELDING OF DUME-BELL

The half cells are nltrasonically cleaned, etched 20 um (one side) rinsed. dried and stored as specified
in"13.2, 13.3, 13.4". No longer than 8 h before EB. welding are the niochmm parts etched 3 pm (one
side), rinsed, dded and stored as specified in ©13.47,

Two normal half cells (deawing 1 93 2214,."'A.CH31] are welded together at their irises into a “dumb-
bell”. The selection of two half cells for one dnmb-bell is guided by the evaluation of the resonance
frequency measnrement "8.3" to vield an average frequency as close as possible to the design value.
The requirements of welding conditions (“13.67) have to be cbserved. It is recommended that thas
weld recerves its smooth snrface on the inside by welding from inside. To the dumb-bell is welded
the stiffening ong (deawing 4 93 2214/A.002). Execution and sequence of welds while considesing
weld shrinkage have to be chosen as to produce dumb-bells with which the cell form tolerance in
deawzngs 0 03 7248 /0.000 15 aclhueved. If needed, form correction by plastic deformation of dumb-
bell is acceptable after coordination with DESY.

The execntion of a full penetration weld at the stiffening ring might result in a slight distortion of the
cavity shape. Just underneath the weld of the stiffening ring there might be a slight elevation. This
local distortion nmst be investigated by test welds and will be mdged by DESY for approwval.

It seems adwvisable to use a welding fixture that ensures parallelism of the equator planes of the 2 half
cells to be joined, while leaving axial freedom to accommodate weld sheinkage. The fixture must aot
tonch the inner half cell sucface.
The dumb-bell is finally inspected for correct dimensions and weld chasacteristics.

6.5 FREQUENCY MEASUREMENT OF DUME-BELLS

After completion of the dumb-bells (105 and stiffening rng welding) the resonance frequency 1s
measuced again. The evalnation of this measnrement will determine the amonat of trimming at the
equator to achieve simultaneously the cocrect length and the cosect frequency of the fnushed

10
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resonator. It also serves as a measuge of contour change and reproducibility of ics and stiffening cing

welding.

Both ends of the dumb-bell will be eut to the length determuned by the evalnation of the
frequency measnrement done at DESY. For the trimming the dumb-bell is located on a fixture from
the inner surface which must not be damaged theseby. By this method both equatocial planes will be
out parcallel.

6.6 ANODISATION AND GRINDING OF DUMB-BELLS

Next, the dumb-bell is degreased, nltrasonically cleaned, etched by 20 um, rinsed and dried as
required in “13.2, 13.3, 13.47. An anodization is now made ("13.7"). The RF-sucface 1s inspected
jointly with DESY and, where deemed to be defective gronnd with abrasive material according to
appendixz "13.8",. If no grinding needs to be carried out, the dumb bell is stored in accordance with
appendixz “13.47. The anodization will be removed by the 3 pm pre-welding etching.

Grinding shonld be avoided as much as possible. If, however, grinding has to be applied, the dumb
bell is etched another 20 pm, ginsed, dded, ancdized again, and stosed as prescdbed in appendix
"13.2,13.3, 13.4”. If again sucface defects are detected, another sequence of grnding, etching and

anodization is necessary.

7 WELDING OF CAVITY

7.1 WELDING OF DUMEB-BEELL TO DUMEB-BELL

B dumb-bells, a long end group and a short end gronp are joined in accordance with “13.6™ with
equator-welds from the outside. The contractor may also elect to execute the equator welds from the
inside. Please note that a repair of an equatorial weld defect cannot be accepted (see "13.6").

Omt-of-roundness of half cells at the equator, if present, resnlts in a deviation from planarity of the
weld preparation at the equator. The planacity, necessary for avoiding gaps at weld seam, can be
achieved by nsing a tool that keeps the half cells round during tack welding.

Also in these welds, niobinm vapor mmst be prevented by snitable shields from being deposited on
vet nnwelded weld preparations. Since a complete shielding is very diffieunlt it iz requested to
chemically clean (3 pm) the neighbonng two equator areas before the next welding,

7.2 WELDING OF END GROUP TO DUME-BELL

Welding of the end group to the dumb-bell is done in the same way as welding dumb-bell to
dumb-bell. Please note, that a repair of a weld defect of the equatonal weld cannot be accepted (see
"13.6").

7.3 ZEQUENCE OF HALF CELL AND DUMEB-BEELL TREATMENT, CLEANING AMND
WELDING

In the following ovesview the sequence of half cells, dumb-bell and cavity body fabrication is
summarized.

11
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L

10.

11

1z,

18.

19.

20.

21

22,

24,

Niowave, Inc.

Optical, mechanical inspection of Nb sheets
Cutting Wb sheets to dise
Deepdrawing of half cells (Minner side" of half eells!)

Cutting half cells to length T = Loam + 8L + 8Liss + 1 mm (Laos = nominal length, SLegu
= welding shrinkage at equatos, BLig = welding sheinkage at inis + stiffening ring)

Prepare welding steps at iris and stiffening ring

Degreasing, nltrasonic cleaning, rinsing

Frequency measurement, selection of half cells for dumb-bells

20 pm chemical cleaning of half cells (inner and onter surface), rinsing, storage
3 pm chemical cleaning at iris area, rinsing

Welding of iris within 8 hours after step 9

Welding of stiffening ring

Frequency measnrement of dumb-bells

. Cnutting equators of dumb-bells to dght length accordiang to frequency measnrement ("12"),

machining welding area (deawing Neo 393 2214/ A.000)

. Degreaszing

. Frequency measurement of domb-bells, selection of dumb-bells for welding sequence of

cavity

. Degreasing of dumb-bell

7. 20 pm chemical cleaning of dumb-bells

Ancdising of dumb-bells

Inspection of "inner" dumb-hell surface for defects, if O, continne at step 23
Grinding of defects

20 pm chemucal cleaning of dumb- bells for cleaning of susface from guading duct

go back to step 18

. Storage of dumb-bell

3 pm chemical cleaning at equator region of the dumb-bell to be welded

12
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25, Welding of two dumb-bells at equator within § houss after step 24

26. Repeat step 24 with longer cavity section

] FIMAL TEET OF CAVITY

8.1 LEAK CHECK

Before lowering the internal pressuge, the gesonator must be constrained against becoming
shoster and thus being permanently deformed, by fming its connecting flanges to external braces.
Silicon grease mmst be steictly avoided.

The finished resonator is subjected to a leak test. The presceibed leak-tightness of

15107 mbar1/s
must be determuned with the sensitvaty of the helinm leak tester such that full range of its instoament
corresponds to

<1107 mbacl/s
A plot of the indication of the leak tester as function of tume shall be made over ca. 5 min before and
ca. 5 min after application of ca. 1 bar helmm, with time of application of He marked in the plot.
This plot shall be included in the guality control docnmentation.

Repair of leaks requires in all cases prior approval of DESY as to the method, and possible cisks.

8.2 MECHANICAL MEASUREMENT

Dimensions, mnner sucface, welds and othes features of the resonator are inspected as per paragraph

mygw

All results of measurements and inspections age recorded in a protocol and seat to DESY prior to
shipment of resonator.

9 PACEKING AND SHIFPPING

The degreased resonator, with all plastic flange caps in place, is sealed into a clean polyethylene foil
and mounted in a transpost box. The resonator is to be fastened oaly on the 2*! and §® cell and
mnst be secnred against axial displacement. Transport :s by tonck or airplane (raid excluded).

10 TIME SCHEDULE

A reliable time schedule has to be provided by the contractor when signing the contract. It must
contamn reascnable details to follow closely the production as well as state nulestones, e.g. frequency
measturement of half cells and dumb-bells, start of welding the cavity body and delivery of indrridual
resonators.

11 PROGRESE REPORT
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The contractor shall submit a monthly progress repost to the DESY technical representative.
The progress teport shall provide full detals concerning the contractor’s progress dudng the
previons month. The progress report shall be submitted until the 15™ day of the following menth in
which progress :s repocted.

12 QUALITY ASSURANCE DOCUMENTATION

Appendiz "13.12" lists tables of guality assurance measnrements. The individual parts (see
section "4"), subgroups (see section "5") and cavity body componeats (see section "6" and "7T") have
to be measured. The method of measnement 15 proposed by the contractor and mmst be agreed on
by DESY. Any nonconformity of parts, suhgronps or cavity body items with the specification has to
be reported to DESY poor to continnation of the production. DESY will decide whether to use o

reject the part.

14
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13 APPENDIX

13.1 LIET OF PARTS

Matecial (Quality) Delivered amonat MMaterial Purpose

RERE 300 18 Wb sheets 265 = 2656 = | Half cell
28

NhTi 2 Nb rings 220 = 100 = 5 | Conical disk
+ 02 mm

REE 40 Length 217 nym MNh sheets 3£ 015 = Stiffening ring

360 = fabrication

length (= 2134 mm)

REEF 300 Length 50 mm Nhb sheet 1000 = 300 = | Inner part, conpler
85102 mm

ERE 40 Length 50 mm b rod 2 20 = 700 Forged bar, antenna

neck

REEF 300 1 Seamless Nh tubes IF | Short end tmbe
T8E02x3+03=x
105 mm

ERE 300 1 Seamless Mb tubes I | Long end tube
TBX02x3103=x
140 mm

REEF 300 1 Seamless MNb tubes IZ | Mainconpler port
40+015=25+015
x 135 mm

RERE 300 2 Forged Nb dings 135 = | Connecting flange
75x 27 mm

REEFE 300 2 Pre-formed part Conpler housing
according to DESY
MPL drawing 3 93
4417,/0.001

NhTi @147 mm. Enndstab Wb 55% Ti Flange DN78

Nb T: Rundstab Nb 55% Ti Flange DN40
MbTi " Rundstab Nk 55% Tz Flange DN12
MNbTi " Rundstab Wb 55% T1 Flange DNES

13.2 DEGREASING, ULTRASONIC CLEANING, DREYING

Degreasing and ultrasonic cleaning with "Ticopus” or equivalent, followed by sinsing in de-
ionized, filtered (0.2 pum particle size) water, precedes all etching operations. Rinsing iz done until a
resistivity of 10 MClem is reached. Hot water (temperatiure about 60 'C) is preferred for more intense
cleaning action. For selection of baths for degreasing and ultrasonic cleaning the contractor will
contact DESY. Deying is carried onut in laminar airflow in a clean room of class 1000 or better. The
parts mmst be supported in places well away from the weld preparations and the EF surfaces to avoid

TBINRO15
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drying stains there.
13.3 CHEMICAL CLEANING, RINSING, DRYING

Generally, all etching operations are carried out with the niobinm part immersed in the acid mixture,
ie. over the entire sncface. The acid mixture consists of HF (48 % conc.), HNG, (65 %) and H.PO,
(85 conc)) in the volume ratio 1 : 1 : 2, respectrvely. All acids are p.a. grade. The remorwal rate is
roughly 1 jim /min for fresh acid at 15°C, but depends on agitation as well as niobinm content and
temperatuce of acid muxtice. Before etchung resonator pacts, a test etching must be made. After
etching, the parts are quickly (within max 15 sec) immersed in a rinsing bath. At no time duging
etching and transfer to the rinsing bath may the acid temperature be pecmitted to exceed 200C.

The acid mixture is replaced when its niobmm content reaches 10 g/1 comresponding to an etch mate

of about 0.5 pm,/min.

For all etclung operations there shall be recorded in a protocol: Pact type and senal number, bath
temperature, duration and thickness removed (determined by weighing of at least one sample ont of
each batch).

Removal of thickness always 15 undesstood to refer to one susface only.

The etched parts are rinsed with de-ionized, to 0.2~Wm particle size fltered water nntil resistivity of
10 Mem is reached.

Diying is cacried out in laminar sicflow in a clean room of class 1000 o better. The parts must be
supported in places well away from the weld preparations and the BF sucfaces to avoid deying stains
there.

13.4 HANDLING AND STORAGE CONDITIONS

Contact of the niobmum sucfaces with substances that the cleaning and etching processes descabed in
#13.2, 1537 will not completely remove mmst be prevented. Such forbidden materials include silicone
products, chemically very stable plastics such as Teflon, fngerprints and others. They can distnch
etching processes and limit RF performance. General precantions against contamination of the Nb
pacts include nse of suitable Lint free gloves, keeping work areas and tools nsed in clean condition,
and protection against dust during storage and assembly of cavity components.

Anpdization of niobinm surfaces serves for the detection of possible snrface defects and handling
pollntion (e.g. fingerprints). The details of the anodization process are described in appendiz "13.7"
Cleaned parts are protected dunng storage and transport from dust, contact with “forbidden™
materials and mechanical damage. For this pnrpose clean, closed polvethylene boxes have proven
usefizl.

The parts should not be snpported on weld areas. The half cells should be supported on the outer
sucface. The dumb bells mmst be stored with horizontal axis.

13,5 WELDING PREPARATION

Before welding, all parts must be cleaned by 3 lm chemucal etching at the welding area. Welds at
the equator and iris of cells and at the HOM conpler parts will be exposed to high magnetic or
electric fields. Therefore absolutely clean conditions must be assured durdng welding. These pasts

must ondergo a chemucal cleanung of 20 pm after the last mechanical treatment. Ancther 3 Jim

16
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chemical cleaning is necessary if the time between last chemical cleaning and welding exceeds &
homes. Touching the weld preparation area after the last cleaning must be stdetly avoided. Especially
storing the half cells or dumb-bells with the equator,/iris weld preparation area touching the storage
table is not allowed. Also wiping the welding step with some alcohol soaked "dust free” cloth mmst
be avoided. A last cleaning of the welding step from dust by blowing with clean and dry nitrogen gas
is recommended. Jonized gas may be helpfinl to remove dust.

13.6 GENERAL ELECTRON BEEAM WELDING CONDITIONS

To prevent oxidation and other contamination of weld preparations, welding shall generally
commence within the same work shift in which the parts were cleaned. etehed. rinsed and deed.

The pressuce in the welding chamber has to be less than 5 x 10-* mbar during welding. The welding
chamber shall be vented with clean nitrogen only after the temperature of the niobhinm part has
dropped to 100 °C at the hottest spot.

All welds maust have full penetration, be smooth and of uniformly wide soot on the inside sucface of
resonator and mmst neither protmde nor stay back by more than 0.1 mm with respect to the
neighbonng sucface. Some larger protmsion might oceur locally naderneath the stiffening nng
welding (see section "6.4"). Welding from the inside (RF-side) is recommended, wherever possible.
Wiggling the electron beam according to a sutable pattern has been fouad to be very nseful in
prodncing naiformly wide and flat roots and to reduece risk of burning holes. By suitable shields
niobinm vapor from welding must be prevented from contaminating weld preparations elsewhese.

The contractor shall, after optimization of welding parameters, demonstrate by test welds to DESY
that the RRR in the welds and weld overlaps is not degraded by morge than 10 % over that of the
nawelded niobinm. Mo cracks, pores, inclnzsions of foreign materials or other defects are allowed in
welds. DESY will check that these requurements are met on test- and production welds by eddy
current- and other methods. During the weld tests the welding-chamber gas is analyzed with a mass
spectrometer (DESY can ass:st with equpment and personnel). The final welding parametess for
prodnction are suhject to approval by DESY.

The experience with the eacier eavity production has provided clear evidence, that there exists no
appropriate proceduce to repaic a hole in the equatodal weld. Although the visual appearance of a
repaired weld looks good, the RF performance of such a cell is degraded: quenches at the repaired
area limit the accelerating gradient far below the design valne of 25 MV /m._ Therefore a repaired
equatonal weld cannot be accepted. In such a case the contractor has to mform DESY and propose a
procedure to ent the damaged cell and replace it by a cell which is free of welding defects. The repair
procednre has to be agreed on by DESY but will be carried ont at the contractor's risk and cost.

Any repair of a weld other than at the eqnator, contemplated by the contractor, requires in each
instance priog approval of the methods by DESTY.

13.7 ANMODISIMNG

1371 INTRODUCTION

Anodization means the electro-chemical oxidation of metal snrfaces like alnminnm, titaninm or
niobmm. It results in a colorated sncface depending on the expenmental conditions. For the

17
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production of niobinm cavities the better contrast of the coloated sucface allows the detection of
defects and inclusions of foreign material.

1372 PROCESS

The electro-chemical process of anodization budds np an oxide layer of NbyOs thicker than the
natural layer formed in air. Due to the inference of reflected light, the color of the surface is
cocrelated directly to the thickness of the oxmide layer.

The thickness of the layer grows with 2 nm per volt. Each voltage leads to a typical color. For
example, for niobinm a voltage of 20 V results in a dark blue color with good contrast to other
matecials. Matesials not affected by the electro-chemical reaction like stainless steel, brass etc. retain
their ogpinal color. Alnminum shows up in different color, but the color of titaninm is close to that
of niohinm.

The coloration of the niohinm depending on the voltage is shown in Table 1.

The Nbz0s layer is an electrical insulator, while the niohinm has a low electrical resistivity. If the
voltage is appled, the nichim piece — nsed as the anode — the electocal conducting solution and the
cathode constitute almost a short cirenit for the power supply. The cnurrent flowing in the bath has to
be Lhouted. Dugag the fornung of the pent-ozide layer, the cucrent density reduces exponentially. The
oxide layer is formed nniformly, when the enegent has reduced to 1/e of the starting valne.

For a controlled process the power snpply needs to be voltage stabilized and the mazimnm encrent
flow in the beginning of the process has to be limited. Too high cucrent densities j = 5 mA/em?) can
lead to the formation of sub-ozides (Wb, NbO:) with completely different characteristies.

To prevent contamination of the nichium piece to be checked, the bath containers should be made
of polyethylene or any other acid/alkaline resistant plastic. The power leads and contacts have to be
made from Nb of reactor grade or better. Any tooling necessary in the solution should be fabacated
of either polvethvlene (acid/ alkaline resistant plastic) or Wb of reactor grade or better.

Safety regnlations for handling and storage of the acid /alkaline as well as electrical precantions have
to be checked with the local anthorities.

1373 PROCEDURE

Solution: Two mixtires are in nse for the process:

1) A mixture of deionized (DI} wates (= 10 MOem) and nitric acid (HNO, in ‘pro
analysi/ selectipue’-queality) i a composition of 521 to 9: 1.

by A miwtnre of DT water (= 10 mcmj and ammenia-hydroxide NHy (OH) (in ‘pro
analysi/ selectipus’-quality) in a composition of 5: 1.

The solution is mized well and the temperatnre has to be 20 — 25 °C befoce starting the anodization.
The Nb pieces, cleaned by 20 um chemieal etching ("13.3") ace placed in the bath and connected to
the power supply. The contacts are on the backside of the surface to be checked. Within the solution

Nhb engrent leads have to be used.

The voltage of the power supply is inereased from 0 to 20 V. The encrent flowing in the bath has to
be controlled and limited to aronad 1 mA fem® A cucrent density of 5 mA /cm® must not be

18
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exceeded. At the nominal voltage of 20 V the current reduces exponentially. The cucrent can be
switched off, if it is aronad 0.1 mA fem®.

The Nb pieces are removed from the solntion withont tonching the surface and dipped in DI water
(= 10 MQlem). Exteasive sinsing under fowing DI water (= 10 MClem) has to be done. The onsing
and drying procedures have to be done carefully in a clean environment (cleanroom class 10000 or
better). Mo mechanical contact to the Nb sucface to be checked 15 allowed and no deying stains or
residues of the chemical shonld remain on the surface.

Handling the Nb pieces during the whole process after precleaning nntil the completed inspection
has to be done wearing latex or mibber gloves. Grease and sweat lead to chemical reactions affecting
the NbOQs-layver, which gets i discolorations of the snrface.

Voltage Color

ov MMetallic

10V Slightly darkened

11 -14W gold — brown (varying)

16V Pugple —ged

17 -20W Purple changing to dack blue
oV Dark blne

20 - 40V Dask blue chanmng to Light blue
=40V Fed and green colors

=100V Danger of grey oxdes

Table 1 Coloration of niobinm by an electron-chemical anodizing process

13.8 GRINDING

Grinding of defects at the "innes" cavity sucface has proven to aveid performance limitations of
superconducting resonators. Grinding should be restricted to the defect area and produce a smooth
sucface. The pressnce and velocity of the grnding wheel should be chosen so that

#® no heating of the ground Nb area ocenuss,
* no deep scratches are produced at the gronad arcea,

#® asmooth transition is gained at the border from the ground to the uatreated sucface area.

Two different types of grinding tools have been successfully applied: mbberized sbrasives of
vagious shapes (cylindess, cones, thin wheels, ..} and flapped wheel [fan shaped rotating grinding
papes). Two types of abrasives are commenly in use: silicon carbide and aleminum oxide (Komad).
Both materials are only slowly dissolved by the Nb-chemistey ("13.3"). Therefore the size of the

abrasive particles should be not lagges than 50 pm. In this case any mmbedded abrasive pasticle will be
removed from the bulk Wb when etchung a layer of 1530 pm dunng final preparation of the resonatos.

Recommended abeasive wheel: CRATEX, No. 545097, subberized abrasive 120 No 83C

Recommended flapped wheel: "Pfecd”, abrasive size 320 or highes
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13,9 NEBE SPECIFICATION

The Nb sheets for half cells are specified in "Technical Specification for Nichinm Applied for
the Fabrication of 1.3 GHz Snperconducting Cavities (RER 300 (200)), Version D".

13.10 SURFACE CONTAMINATION

The "inner" sucface of the half cell, dumb-bell and HOM counpler mmst be free of sucface
contamunations:

#®  Scratches deeper than 15um

¢ Mechanical damage larger 15 im
* Imponts of foreign materal

» Fingerprints

#* Silicon grease

13.11 CAVITY CONTOUR, FREQUENCY AND LENGTH

In the accelerator the cavity has to operate at exactly the frequency of 1300 MHz. The resonant
frequency of the cavity is determined by the shape of the cells. Major parameters are the equator
diameter and the leagth of the individual cells. The drawing of the cavity shape (drawing no

003 7248/0.000) describes the contour of the resonator as delivered. Frequeney change by
succeeding etching and thermal shankage ducing cool down age taken into accouat i the fabocation
drawing,

The change of the resonance frequency by changing mechanical dimensions is given by

a) increasing the height of a half cell by extending the equator by 0.1 mm: -0.53 MHz

b) increasing the height of one half cell by extending the irs by 0.1 mm: -0.155 MH=z

c) changing the contonr of one half cell by nniform removwal of a sucface layer of 0.1 mm (as in the
case of chemical etching): -1 MHz=

d) increasing the total length of a 9 cell resonator in the mning machine by equally tnning each of
the 9 cells: +320 kHz/1 mm

Welding shankage will influence the cavity resonance according to a) and b): contour deviations are

partially deseribed by ¢).

The delivered cavity is tined at DESY to establish the right resonance frequency and equal electrical
excitation of the individnal 9 cells. This is accomplished by skghtly changing the length of the
individual cells. Any deviation of the ideal cavity contour will be compensated hereby but with the
consequence of chanmng the total camity length. To keep the cawty length in the specified tolerance
of £ 3 mm it is therefore necessary to assure strict individual tolerances. Ideally one wonld request a
contonr deviation of no more than T 0.1 mm, which is hard to achieve. Ezperence with the previous
prodnction of half cells showed that these is a negative contour change (smaller volnme) at the icis
region whereas the equator region has a positive one. These areas are sampled by doounant electne
and magnetic field, respectively, and the resnltant frequency changes are of opposite sign so that the
result of contour changes 15 cancelled to some extent. On the other hand, the other mechanical
tolerances as given above might add np. Therefore the acceptable tolerances are
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* 0.1 mm for welding shonkage,
* 102 mm for contour change of the half cells.

Dhuring the last cavity prodnetion a 100 % frequency check of half cells and dumb-bells was
pecformed and deviations of the ideal contour were detected and corrected. Measurement and
calenlation of the height correction is done by DESY. The correction is done by cutting the height of
a cell and a dumb-bell to an intermediate length in such a way, that a too long completed cavity was
shostened the cight amonat when tuned to the cogrect frequency in the ? cell teming machine.

Most of the eavities of the latest produetion stayed within the length tolerance of £ 3 mm at the
design frequency of 1.5 GHz. The descsibed tuning philosophy iz based on adjusting contonr eccors
by tuning the fundamental mode (1.3 GHz) properties. It timned out, however, that in some cavities
important higher order mode frequencies were distosted too much. In most cases thiz was due to
imperfect end half cells, thus destroying the asymmetey of the night and left end cells. For this reason
all end half cells have to be measured with the 3D technique and frequency-checked before and after

welding.
13,12 LIST OF DRAWINGS

The list of deawings is attached sepacately.

13.13 QUALITY CONTROL REQUIREMENT

The quality control requirement is attached separately.
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FABRICATION OF 1.3 GHZ NINE-CELL SUPERCONDUCTING RF
CAVITIES

Prepared by: M. H. Foley
Date: May 1, 2006
First Revision: April 4, 2007
Second Revision: August 7, 2008
Third Revision: November 12, 2009

1. INTRODUCTION

This document describes the required specifications and conditions for the fabrication of
nine-cell SCRF cavities. The cavities described herein are designed to operate in the
TMO10 accelerating mode at a frequency of 1.3 GHz.

SCRF cavities are formed by electron beam welding multiple, deep drawn (or
hydroformed). niobmm half-cells and end assemblies. The shape of the inner surface of
these half-cells is designed so that the welded cells will electrically resonate at a precise
frequency. Mechanical tolerances are strict. Adherence to established procedures 1s
essential to avoid contamination during fabrication.

Throughout this document FNAL will refer to Fermi National Accelerator Laboratory,
DESY will refer to the German National Electron Acceleration Facility. and potential
vendors will be referred to as “the contractor™.

2. SCOPE OF WORK

The contractor will: (1) Develop their own fabrication drawings from the attached FNAL
cavity drawings, (2) Design and fabricate all required tooling and welding fixtures, (3)
Develop the required e-beam welding parameters, and (4) Fabricate 20 SCRF cavities in
accordance with the attached DESY fabrication specification [1] as amended in Section 3
below. The contractor will provide all supervision, engineering. necessary materials,
labor, QC inspections, and other services required to fabricate the cavities. All necessary
facilities (e.g., buildings, machine shop, clean room, ultra pure water system, ultrasonic
cleaning, chemical etching, devices for mechanical inspection, and leak detection
equipment) will be the responsibility of the contractor, unless otherwise specified. All
drawings, tooling and welding fixtures will become the property of FNAL upon
completion of the contract.

Records of all fabrication measurements and inspections for each cavity, as spacified in
the attached QC document [2]. will be submitted to FNAL with the completed cavities.

11/12/2009 p.-1of7
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The FNAL cavity drawings are an Americanized version of the DESY cavity drawings.
The drawings, the fabrication specification [1] and the QC document [2] are the property
of DESY, and DESY maintains all rights according to DIN 34/ISO 16016

FNAL reserves the right to observe all processes, and to invite the advice and
collaboration of established experts in the field.

2.1 Fabrication Plan

The contractor will submit a fabrication plan to FNAL for acceptance by the date
specified in the contract. The plan will identify and describe all aspects of the work to be
executed from the point of initial inspection of the niobinm material through delivery of
the cavities. The fabrication plan will include the following:

(1) Fabrication drawings for the various parts adapted from the FNAL cavity
drawings.

(2) Procedure for identification marking of niobium half-cell blanks.

(3) Proposed method for machining weld preparations on cavity components.

(4) Procedures for cleaning and chemical etching of components before welding.

(5) Procedures and proposed vessels for storage and transportation of components to
the welding site.

(6) Procedures for venifying sufficient weld penetration: 1.e.. micrographs of all
sample welds performed using the finalized, production EB weld parameters.

FNAL must accept the fabnication plan prior to the start of work.
1.2 Schedule

The contractor will submit a detailed schedule including milestones with the initial
proposal. Cavities are to be fabricated in three batches as follows:

Batch 1 6 cavities due 12 months from date of order
Batch 2 6 cavities due 21 months from date of order
Batch 3 8 cavities due 30 months from date of order

Subassemblies, including dumbbells and end groups, can be produced in batches oras a

single production mn. FNAL must approve the proposed schedule prior to the start of
work.

2.3 Quality Assurance Plan

The contractor will submit a Quality Assurance Plan to FNAL for acceptance by the date
specified in the contract. FNAL must accept the Quality Assurance Plan prior to the start
of work.
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3. DESY FABRICATION SPECIFICATION

The attached DESY fabrication specification [1] must be adhered to in all respects,
with exceptions listed below by section number. Note that in the fabrication
specification, any reference to DESY should be replaced by FNAL, excepting reference
to the supply of material or components.

1, FABRICATION DRAWINGS

A complete list of the DESY drawing numbers mapped to their corresponding FNAL
drawing numbers is attached (follow the column marked “Short End Tubes™ where
there 15 a discrepancy). A BOM listing the material necessary to build a cavity is
contained in the Appendix of this document.

3. SUPPLY OF MATERIAL

All material (Niobium and Nb55T1) will be procured by the contractor and can be
ordered at one time. FNAL approved suppliers are: Teledyne Wah Chang. Tokyo
Denkai and Plansee/Heraeus. Niobium must conform to the FNAL material
specification [3] attached to this document. Upon receipt the contractor will inspect
the material for conformity with dimensional tolerances. Niobium sheets for forming
half-cells will be eddy current scanned by FNAL to detect possible inclusions of
foreign material or other defects. FNAL may choose to conduct further analysis (e.g..
mechanical properties, RRR measurements, etc) of selected material samples. FNAL
reserves the right to reject substandard material.

4.2 BEAM TUBES

End tubes will be formed by the method of choice of the contractor: seamless tube
drawn from sheet, or rolled and seam welded tube. If seam welded, the inner weld
bead must be fully eliminated by machining. The “long”™ end tube will be shortened
to 105 mm; 1.e.. the cavity end tubes will be symmetnic in length.

5.3 FREQUENCY MEASUREMENT OF END GROUPS

After welding the end half-cell to the end group the frequency of this unit is
measured. Evaluation of the frequency measurements and determination of the

amount of material to trim from the end half-cell equators will be agreed upon jointly
by the contractor and FNAL.
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Niowave, Inc. TBONRO15 57



Cavity Fabrication Final Report 1/23/2012

6.1 DEEP DEAWING OF HALF CELLS

Half-cells may be formed by a method of the contractor’s choice (e g, deep drawing
or hydroforming). The proposed method must be approved by FNAL.

A prelimmary batch of six “proof-of-principle™ half-cells (two normal. two short end
and two long end) will be formed by the contractor and shipped to FNAL for
coordinate measuring machine (CMM) profiling and frequency measurements. This

step will verify the final die contours.

6.2 PREPARATION OF HALF CELLS FOR DUMBBELL WELDING

The contours of the inner surface of each half-cell will be inspected by the contractor
using templates or other means proposed by the contractor and approved by FNAL.
FNAL will perform 3D contour measurements (CMM) on a subset of the formed
half-cells, as specified in Section 6.2

6.4 WELDING OF DUMBBELLS

Execution of the welds at stiffening nings may cause distortion of the inner cavity
surface in the region of the weld. This distortion should be less than 0.4 mm in depth
as measured over a region ~ 5 mm x 5 mm. Local distortion must be investigated by
performing test welds and frequency measurements. Results must be approved by
FNAL.

Prior to production welding, the contractor will provide e-beam weld samples to
FNAL to be evaluated for RRR values i the weld region. Components must be
jointly inspected with FNAL.

6.5 FREQUENCY MEASUREMENT OF DUMBBELLS

Evalvation of the frequency measurements and determination of the amount of
material to trim from the dumbbell equators will be agreed upon jointly by the
contractor and FNAL.

6.6 ANODIZING

Anodizing is not necessary. Strict handling procedures must be followed.
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7. WELDING OF CAVITY

Preparation of the equator joints for EB welding will be by the method of choice of
the contractor. The proposed method must be approved by FNAL.

Equator welds on Batch 2 cavities must not be made until Batch 1 cavities have been
processed and tested. Equator welds on Batch 3 cavities must not be made until
Batch 2 cavities have been processed and tested.

13.1 LIST OF PARTS

The Appendix of this document lists the material required to fabricate one nine-cell
1.3 GHz SCEF cavity with symmetric end tubes.

13.5 & 13.6 WELDING PREPARATION/GENERAL ELECTRON BEAM
WELDING CONDITIONS

All niobium components must undergo a 20um BCP etch after the final machining
operation and before welding. If more than eight hours (= 5 days) 1s expected to
expire between the 20um etch and welding, the parts must be stored in a vacuum
vessel evacuated to less than 0.05 atm and backfilled with nitrogen, argon or other
nert gas. The parts must be stored in the vessel such that the edges to be welded do
not touch any surface. Once exposed to air, welding must occur within two hours. It
is mandatory that surfaces to be welded do not come in contact with any foreign
body or surface before welding.

If parts which have undergone the primary 20 [m BCP etch have exceeded the eight
hour requirement. or have been stored under vacoum for five or more days, they
must tndergo a secondary 3 um BCP etch before welding. After the 3 um BCP etch,
the same storage requirements as above apply.

Vacuum pumps on the EB welding machine must be oil-free or utilize silicone-free
lubricants.

The contractor may use a method of his choice to execute full penetration fusion
welds; e g__ butt welds or step joint welds.

13.13 QUALITY CONTROL
A copy of the Quality Control (QC) document [2] or equivalent traveler will follow
each cavity through the fabrication process. The contractor will record required

dimensional measurements and tolerances listed in the QC document. Any
deviations will be rectified by the contractor or discussed with FNAL.
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5. APPENDIX

Parts List for 1.3 GHz 9-cell SCRF Cavity

1/23/2012

Quality Material (dimensions/tolerances) Application  Quantity
RRR300 Nb sheet 265x265x 2.8 +/-0.1 mm Half cells 18
Nb35T1 NbT1plate @205 x 25+ 1.0/ - 0.0 mm End cap disks 2
RRER300 Nb sheet 3 +-0.15x 415 x 230 mm Stiffening rings 1
RRR300 Nb sheet 300 % 100x 10 +/- 0.2 mm F-parts 1
RRR300 Seamless Nb tube End tubes 2
D78+-02x30+-03x115mm Spool pieces
RRER300 Seamless Nb tube Main coupler tube 1
ID40+/-015%x2.5+/-0.15% 50 mm
RRR300 Forged Nb ring 135x 75 x 27 mm End disk flanges 2
Nb55T1 Rod 2147 mm +/- 0.3 mm x §0 mm Beam tube, main
(forged. annealed & surface turned) coupler, HOM 1
coupler and
pick up port
flanges
RRER300 Nbrod & 50 mm x 250 mm Long HOM coupler 2
housings
RRR300 Nbrod 200 x 150 mm Long HOM spool pieces 1
Antenna spool piece
11/12.2009 p 7of7
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The conceptional desizn of the proposed linear electron-positron collider TESLA 1s based on 9-cell
1.3 GHz superconducting niobium cavities with an accelerating gradient of E,.. = 25 MV/m at a qual-
ity factor {y = 5 % 10°. The design goal for the cavities of the TESLA Test Facility (TTF) linac was
set to the more moderate value of £, = 15 MV/m. In a first series of 27 industially produced TTF
cavities the average gradient at 0y = 5 * 10 was measured to be 20.1 £ 6.2 MV/m, excluding a few
cavities suffenng from senous fabncation or matenal defects. In the second production of 24 TTF cavi-
ties, additional quality contrel measures were introduced, m particular, an eddy-curment scan to elimmate
miobium sheets with foreign matenal melisions and strmgent prescnphons for carrying out the electron-
beam welds, The average gradient of these cavities at 0y = 5 » 10" amounts to 25.0 £ 32 MV/m
with the exception of one cavity suffering fiom a weld defect. Hence only 3 moderate improvement
in production and preparation fechmigues will be needed to meet the ambitious TESLA goal with an
adequate safety margin. In this paper we present a detailed description of the design, fabrication, and
preparation of the TESLA Test Facility cavities and their associated components and report on cavity
performance in test cryostats and with electron beam in the TTF linac. The cngoing research and devel-

opment towards higher zradients is briefly addressed.

PACS pumbers: 84.40.—x, 41.20.—q, 41.75Ht, 74.60.—w

I INTRODUCTION

In the past 30 years. electron-positron collisions have
playved a central role in the discovery and detailed in-
vestigation of new elementary particles and their interac-
tions. The highly successful standard model of the unified
electromagnetic and weak interactions and gquantum chro-
modynamics, the quantum field theory of quark-ghion in-
teractions, are to a large extent based on the precise data
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“Current address: ACCEL Instruments GmbH, Bergisch-
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collected at electron-positron colliders. Impostant cues-
tions still remain to be answered, in particular. the origin
of the masses of field quanta and particles—within the
standard model explained i terms of the so-called Higgs
mechanism—and the existence or nonexistence of super-
symmetric particles which appear to be a necessary ingre-
dient of amy cuantum field theory attempting to unify all
four forces known in nature: the gravitational, weak elec-
tromagnetic, and strong forces. There is general agreement
in the high energy physics comnmmnity that, in addition to
the Large Hadron Collider under construction at CEEN. a
lepton collider will be needed to address these fundamen-
tal 1ssues.

Electron-positron  interactions in the center-of-mass
(cm) energy range from 200 GeV to more than a TeV
can no longer be realized in a circolar machine such as
LEP since the £* dependence of the synchrotron radiation
loss would lead to prohibitive operating costs. Instead.

© 2000 The Amencan Physical Society 092001-1
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the linear collider concept mmst be employed. This new
principle was successfully demonstrated with the Stanford
Linear Collider (SLC) providing a cm energy of more than
90 GeV. Worldwide there are different design options
towards the next generation of linear colliders in the
100 GeV to TeV regime. Two main routes are followed:
colliders equipped with normal-conducting (nc) cavities
(WNLC. JLC, VLEPP. and CLIC) or with superconducting
(sc) cavities (TESLA). The normal-c ing designs
are based on high frequency structures (6 to 30 GHz).
while the superconducting TESLA collider employs
the comparatively low frequency of 1.3 GHz. The high
comversion efficiency from primary electric power to beam
power (about 20%) in combination with the small beam
emittance growth in low-frequency accelerating structures
makes the superconducting option an ideal choice for a
high-lominosity collider.

The first international TESLA workshop was held in
1990 [1]. At that time superconducting rf cavities in par-
ticle accelerators were wsually operated in the 5 MV/m
regime. Such low gradients, together with the high cost of
cryogenic equipment, would have made a superconduct-
ing linear electron-positron collider totally noncompetitive
with the normal-conducting colliders proposed in the U.S.
and Japan. The TESLA Collaboration. formally established
in 1994 with the aim of developing a 500 GeV center-of-
mass energy superconducting linear collider, set out with
the ambiticus goal of increasing the cost effectiveness of
the superconducting option by more than 1 order of magni-
tude: first. by raising the accelerating gradient by a factor
of 3 from 3 to 23 MV/m_ and, second, by reducing the cost
per unit length of the linac by using economical cavity pro-
duction methods and a greatly simplified cryostat design.
Important progress has been achieved mn both directions; mn
particular, the gradient of 23 MV /m is essentially in hand,
as will be shown below. To allow for a gradual improve-
ment in the cowrse of the cavity research and development
(R&D) program. a more moderate goal of 15 MV/m was
set for the TESLA Test Facility (TTF) linac [2].

The TESLA cavities are quite similar in their layout
to the S-cell 1.5 GHz cavities of the electron accelerator
CEBAF in Newport News, Virginia, which were made by
an industrial company [3] These cavities exceeded the
specified gradient of 5 MV/m considerably and, hence,
offered the potential for further improvement. While the
CEBAF cavity fabrication methods were adopted for TTF
without major modifications, important new steps were
introduced in the cavity preparation: (i) chemical removal
of a thicker surface layer, (1) a 1400 °C annealing with
titanium getter to improve the Nb heat conductivity and to
homogenize the material, (iii) rinsing with ultrapure water
at high pressure (100 bar) to remove surface contaminants,
and {1v) destruction of field enutters by a techmique called
high power processing.

The application of these techniques, combined with ex-
tremely careful handling of the cavities in a clean room

092001-2
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environment. has led to a significant increase in accelerat-
ing field.

The TTF has been set up at DESY to provide the neces-
sary infrastrocture for the chemical and thermal treatment,
clean room assembly, and testing of industrially produced
omiticell cavities. In addition, a 300 MeV electron linac is
being built as a test bed for the performance of the sc ac-
celerating structures with an electron beam of high bunch
charge. At present, more than 30 instimtes from Arme-
nia, People’s Republic of China, Finland, France. Ger-
many, Italy, Peland. Russia, and the U.S. participate in the
TESLA Collaboration and contribute to TTE.

The low frequency of 1.3 GHz permits the acceleration
of long trains of particle bunches with very low emittance
making a soperconducting linac an ideal driver of a free
electron laser (FEL) in the vacunm ultraviclet and x-ray
regimes. For this reason, the TTF linac has recently been
equipped with undulator magnets, and its energy will be
uwpgraded to 1 GeV in the coming years to provide an FEL
user facility in the nanometer wavelength range. An x-ray
FEL facility with wavelengths below 1 A is an integral part
of the TESLA collider project [4].

The present paper is crgamzed as follows: Sec. II is
devoted to the basics of 1f superconductivity and the prop-
erties and Limitations of superconducting cavities for par-
ticle acceleration. The design of the TESLA cavities and
the auxiliary equipment are presented in Sec. [II. The fab-
rication and preparation steps of the cavities are described
in Sec. [V, The test results obtained on all TTF cavities
are presented in Sec. V. together with a discussion of er-
rors and limitations encountered during cavity production
at industry and the quality control measures taken. The
of control and cavity performance with electron beam in
the TTF hnac are described in Sec. VI. A summary and
outlook are given in Sec. VIL where the ongoing research
towards higher gradients is also briefly addressed.

II. BASICS OF EF SUPERCONDUCTIVITY AND
PROPERTIES OF SUPERCONDUCTING CAVITIES
FOR PARTICLE ACCELERATION

A. Basic principles of rf superconductivity and choice
of superconductor

The existing large scale applications of superconductors
in accelerators are twofold: in magnets and in accelerating
cavities. While there are some commeon requirements,
such as the demand for as hugh a critical temperature as
possible,! there are also characteristic differences. In mag-
nets cperated with a dc or a low-frequency ac current. the

IThe high-T. ceramic superconductors have not vet found

widespread application in magnets mainly due to technical dif-
ficulties in cable production and coil winding Cavities with
high-T, sputter coatings on copper have shown muech inferior
performance in companison to mobium cavities.

092001-2
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SUPERCONDUCTING TESLA CAVITIES

so-called “hard” superconductors are meeded featuring
high upper critical magnetic fields (15-20 T) and strong
flux pinming in order to obtain high critical cumrent
density; such properiies can only be achieved using alloys
such as piobinm-titaninm or niobinm-tin.  In microwave
applications the limitation of the superconductor is not
gven by the opper cmtical field but rather by the so-
called “superheating field” which is well below 1 T for all
known superconductors. Moreover, strong fhux pinning
appears undesirable in microwave cavities as it is coupled
with hysteretic losses. Hence a “soft” superconductor
mnst be used and pure niobmum is still the best candidate
although its critical temperature is only 9.2 K and the
superheating field about 240 mT. Nichinm-tin (Nb;Sa)
locks mere favorable at first sight since it has a higher
critical temperature of 18 K and a superheating field
of 400 mT; however, the gradients achieved in Nb;Sn
coated single-cell copper cavities were below 15 MV/m,
probably due to grain boundary effects in the Wb Sn layer
[3]. For these reasons the TESLA Collaboration decided
to use niobium as the superconducting material, as in all
other large scale installations of sc cavities. Here two
alternatrves exist: the cavities are fabricated from sohd
nicbium sheets or a thin niobmum layer is sputtered onto
the inmer surface of a copper cavity. Both approaches
have been successfully applied, the former at Comnell
(CESR). KEK (TRISTAN), DESY (PETRA, HERA),
Darmstadt (SDALINAC), Jefferson Lab (CEBAF). and
other laboratories, the latter. in particular. at CERN in the
electron-positron storage ring LEP. From the test results
on existing cavities, the solid-niobinm approach promised
higher accelerating gradients, hence 1t was adopted as the
baseline for the TTF cavity B&D program

1. Surface resistance

In contrast to the dec case, superconductors are not free
from energy dissipation in microwave fields. The reason is
that the rf magnetic field penetrates a thin surface layer and
induces oscillations of the electrons which are not bound
in Cooper pawrs. The mumber of these “free electrons™
drops exponentially with temperatore. According to the
Bardeen-Cooper-Schrieffer (BCS) theory of superconduc-
tivity the surface resistance in the range T' < T, /2 is given
by the expression

Rucs = “;— expl(— 1.76T./T), @.1)
where f = w24 iz the microwave frequency. In the two-
fluid model of superconductors one can derve a refined
expression for the surface resistance [6,7]

] 2 2
Rucs = o wih o, (2.2)

Here o, is the normal-state conductivity of the material,
and A is an effectrve penetration depth. grven by
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FIG. 1. The surface resistance of 2 9-cell TESLA cavity plot-
ted as a function of T./T. The residual resistance of 3 nfl
corresponds to a quality factor of 0y = 101

R
A= .llr_l.lll + £af€,

where A; is the London penetration depth, £ 1s the coher-
ence length and { is the mean free path of the unpaired
electrons. The fact that o, is proportional to the mean free
path £ leads to the surprising conclusion that the surface
resistance does mot assume its minimmm value when the
superconductor 1s as pure as possible (£ & &) but rather
in the range ¢ = &, For niobinm. the BCS surface re-
sstance at 1.3 GHz amounts to about 800 nf) at 42 K
and drops to 15 nf) at 2 K: see Fig. 1. The exponen-
tial temperature dependence is the reason that operation at
1.8-2 K is essential for achieving high accelerating gradi-
ents m combination with very high guality factors. Super-
flwid helmm is an excellent coolant owng to its high heat
conductmvity.

In addition to the BCS term there is a residual resistance
R, caused by mpurties. frozen-in magnetic flux, or lat-
tice distortions. This term is temperature independent and
amounts to a few ol for very pure niobinm but may read-
ily increase if the surface is contaminated.

2. Heat conduction in niebinm

The heat produced at the inmer cavity surface has to
be guided through the cavity wall to the superfluid he-
linm bath Twe quantities characterize the heat flow: the
thermal conductivity of the bulk niobium and the tempera-
ture drop at the nicbium-helum interface cansed by the
Kapitza resistance. For mobium with a residual resistivity
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ratio? RRR of B ppp = 500, the two contributions to the
temperature rise at the inner cavity surface are about equal.
The thermal conductivity of niobinm at cryogenic tempera-
tures scales approximately with the RRE. a rule of thumb
being

A4.2K) = 0.25Rgpr [W/mK].

However, A 1s strongly temperature dependent and drops
by about 1 erder of magnitude when lowering the tempera-
ture to 2 K as shown in Fig. 2.

Impurities inflvence the ERE. and the thermal conduoc-
tonity of mcbiwm. Bulk mobmum is contaminated by -
terstitial (mostly hydrogen, carbon. nitrogen. oxygen) and
metallic impurities (mostly tantalum). The resulting FRE
can be calculated by somoung the mdividual contribu-
tions [10]

1

Rprr = (Z.ﬂ'.’"-ﬁ') s (2.3)

where the f; denotes the fractional contents of mmpurnty §
(measured in wt. ppm) and the r; denotes the correspond-
ing resistivity coefficients which are listed in Table L

A good thermal conductivity is the mam motrvation for
nsing high purity nichinm with RRE. = 3(0) as the material
for cavity production. The RER. may be further improved
by postpurification of the entire cavity (see Sec. V).

The Kapitza conductance depends on temperature
and swface conditions. For pure niobium in contact

T
1000 3 e -
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= o .;-" E i
£ s
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FIGG. 2. The measured heat conduetrvity in niobium as a fume-
tion of temperature [8]. Continuous cwrves: parametnzation
by Bomin, using the ERE and the average gram size as mput
parameters [9]. These data do not show an enhancement at
2 K (the so-called “phonon peak™) which was observed in some
earlier experiments [5].

*RER is defined as the ratio of the resistivities at room tem-
perature and at liqguid helium temperature. The low temperature
resistivity 15 measured either just above T, or at 4.2 K, applying
a magnetic fald to assure the normal state.
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TABLE I Resistivity coefficients of common impunties in
Nb [10]-

Impunty atom @ N a [ H Ta
r; in 10* wt. ppm 0.44 0.58 047 038 111

with = pid helmm at 2 K it amounts to about
6000 W/ (o' K) [11].

3. Influence of magnetic fields

Superheating fleld. Superconductivity breaks down
when the f magnetic field exceeds the critical field of
the superconductor In the high frequency case the so-
called superheating field is relevant which, for nicbinm, is
about 20% higher than the thermodynamical critical field
of 200 mT [12,13].

Trapped magnetic fhoe. Nichinm 1s, in principle. a soft
type II superconductor without flux pinming. In prac-
tice, however, weak magnetic dc fields are not expelled
upen cooldown but remain trapped mn the nicbmm. Each
flux line contains a normal-conducting core whose area 1s
roughly frgﬁf. The coherence length £, amounts to 40 nm
in Nb. Trapped magnetic de flux therefore results in a sur-
face resistance [6]

Hm:_v = {Sulf.zsr!:lﬁn B Q"u

where B,,, 15 the externally applied field, B, is the upper
critical field, and R,, is the swface resistance in the normal
state At 1 3 GHz the surface resistance caused by trapped
flux amounts to 3.5 o) /u T for nicbiwm. Cavities which
are not shielded from the Earth’s magnetic field are there-
fore limited to Oy values below 10°.

B. Advantages and limitations of superconducting

cavities

The findamental advantage of superconducting cavities
is the extremely low surface resistance of about 10 nf}
at 2 K The typical quality factors of normal conducting
cavities are 10°—10° while for sc cavities they may exceed
1019, thereby reducing the rf losses by 5 to § orders of
magnitude. In spite of the low efficiency of refrigeration
there are comsiderable savings in primary electric power.
Only a tiny fraction of the incident rf power is dissipated
in the cavity walls, most of it 15 either transferred to the
beam or reflected into a load.

The physical limitation of a sc resonator 15 grven by
the requirement that the 5f magnetic field at the inner
surface has to stay below the superheating field of the
superconductor (200240 mT for micbinm)  For the
TESLA cavities this implies a maximmm accelerating field
of 50-60 MV/m. In principle. the quality factor should

*Bamvenuti ar al. [14] attribute the magnetic surface resistance
in miobmm sputter layers to flux flow.
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stay ronghly constant when approaching this fundamental
superconductor limit, but in practice the “excitation curve”™
Oy = OylE..) ends at considerably lower values, often
accompamed with a strong decrease of (Jy towards the
highest gradient reached in the cavity. The main reasons
for the performance degradation are excessive heating at
impurities on the inner suface. field emission of electrons.
and nmltipacting *

TIhermal instability and fleld emission

One basic limitation of the maximum field n a su-
perconducting cavity is thermal instability. Temperatore
mapping at the outer cavity wall usually reveals that the
heating by tf losses is not uniform over the whele sur-
face but that cerfain spots exhibit larger temperature rises,
often beyond the critical temperature of the supercondue-
tor. Hence the cavity becomes partially normal conduct-
ing. associated with strongly enhanced power dissipation.
Because of the exponential increase of surface resistance
with temperature. this may result in a munaway effect and
eventually a quench of the entire cavity. Analytical models
as well as munerical simmlations are available to describe
such an avalanche effect. Input parameters are the thermal
conductivity of the superconductor, the size and resistance
of the normal conducting spot, and the Kapitza resistance.
The tolerable defect size depends on the RRR of the ma-
terial and the desired field level. As a typical nember. the
diameter of a normal-conducting spot must exceed 50 pm
to be able to initiate a thermal instability at 25 MV/m for
ERE = 200.

There have been many atternpts to identify defects which
were localized by temperature mapping. Examples of de-
fects are drying spots. fibers from tissues, foreizn ma-
terial inclusions, weld splatter. and cracks in the welds.
There are two cbvious and suecessfl metheds for redue-
ing the danger of thermal mstability: (1) avoid defects by
preparing and cleaning the cavity surface with extreme care

#Multipacting™ is a commonly used abbreviation for “mvul-
tiple mpacting” and designates the resonant multplication of
field emitted electrons which zam energy in the 1f electromag-
netic field and impact on the cavity swface where they mduce
secondary electron emussion.

and (1) increase the thermal conductivity of the supercon-
ductor. Considerable progress has been achieved in both
aspects over the past ten years.

Field emission of electrons from sharp tips is the most
severe limitation in high-gradient superconducting cavi-
ties. In field-emission loaded cavities, the quality factor
drops exponentially above a certain threshold and x rays
are chserved. The field emission current density is grven
by the Fowler-Nordheim equation [13]

JrE —f1ﬁk.cEXP( i) (2.5)

where E},. is the local electric field, £ is a so-called field
EI:I]JEJJCEIII.E:IIT factor, and ¢ and > are constants. There
i evidence that small particles on the cavity
mu'face (e.g.. dust) act as field emitters. Therefore, perfect
cleaning. for example by high-pressure water nnsing, 1s the
most effective remedy against field emssion By applying
this techmicue it has been possible to raise the threshold for
field emission in multicell cavities from about 10 MV/m
to more than 20 MV/m in the past few vears.
The topics of thermal mstability and field emission are
discussed at much greater detail in the book by Padamsee,
Enobloch, and Hays [16].

III. DESIGN OF THE TESLA CAVITIES
A, Overview

The TTF cavity 15 a 9-cell standing wave structure of
gbout 1 m length whose lowest TM mode resonates at
1300 MHz. A photograph is shown in Fig. 3. The cavity
15 made from solid miobizm and i3 cooled by soperflmd
helinm at 2 K

Each 9-cell cavity is equipped with ifs own titanmm he-
linm tank, a tuning system driven by a stepping motor,
a coaxial 1f power coupler capable of transmitting more
than 200 KW, a pickup probe, and two higher-order mode
(HOM) conplers. To reduce the cost for ervogenic installa-
tions, eight cavities and a superconducting quadrupole are
mounted in a common vacuum vessel and constitute the
so-called cryomedule of the TTF linac, shown in Fig 4.
Within the module the cavity beam pipes are joined by
stainless steel bellows and flanges with metallic gaskets.
The cavities are attached to a rigid 300 mm diameter he-
livm supply tube which provides positionmal accuracy of
the cavity axes of better than 0.5 mm Inwvar rods ensure

B

FIG. 3. Superconducting 1.3 GHz 9-cell cavity for the TESLA Test Facility.
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F35 TR ps o i
\\\ } : : Ny A nwilticell resonator is advantageons for maximizing
W the active acceleration ]_engf_h in a linac of a gﬂ_’eﬂ_ aize.

Iomgth of poduls 12 2m

FIG. 4. Cryogemic module of the TESLA Test Facility
linac compnsing eight 9-cell cavities and a superconducting
quadrupele.

that the distance between adjacent cavities remains con-
stant during cooldown Radiation shields at 5 and 60 K
together with 30 layers of superinsulation lint the static
heat load on the 2 K level to less than 3 W for the 12 m
long module.

B. Layourt of the TESLA cavities
1. Choice of frequency

The losses in a mucrowave cavity are proporfional to
the product of conductor area and surface resistance. For
a given length of a nmiticell resonator, the area scales
with 1/f while the surface resistance of a supercon-
ducting cavity scales with f° for Rges = R and is
independent of § for Rpcg << R, At an operating tem-
perature T = 2 K the BCS term dominates above 3 GHz
and. hence the losses grow linearly with frequency.
whereas, for frequencies below 300 MHz, the residual
resistance dominates and the losses grow with 1/f. To
minimize the dissipation in the cavity wall one should
therefore select [ m the range 300 MHz to 3 GHz.

Cavities in the 350 to 500 MHz regime are in unse in
electron-positron storage rings. Their large size is advanta-
geous to suppress wake field effects and higher-order mode
losses. However, for a linac of several 10 km length the
nicbium and cryostat costs for these tulky cavities would
be prohibitive, hence a higher frequency has to be chosen.
Considening material costs f = 3 GHz nught appear the
optummim. but there are compelling argnments for choos-
ing agbout half this frequency:

(i) The wake field losses scale with the second to third
power of the frequency (W) « 2. W, = [%). Beam emit-
tance growth and beam-induced eryogenic losses are there-
fore nmch higher at 3 GHz.

(ii) The f* dependence of the BCS resistance sets an
vpper limit* of about 30 MV/m at 3 GHz, hence, choos-
ing this frequency would definitely preclude a possible up-
grade of TESLA to 35-40 MV/m [17].

The choice for 1.3 GHz was motivated by the availability
of high power klystrons.

“See Fiz. 11.22 in [16].
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With the increasing mumber of cells per cavity, however,
difficulties arise from trapped modes, uneven field distri-
bution in the cells, and too high power requirements on
the input coupler. Extrapolating from the experience with
4-cell and 5-cell cavities, a 9-cell structure appeared man-
ageable. A side view of the TTF cavity with the beam tube
sections and the coupler ports 1s given in Fig 5.

The design of the cell shape was guided by the following
considerations: (i) a spherical contour near the equator
with low sensitivity for nmltipacting. (1) minimization of
electric and magnetic fields at the cavity wall to reduce
the danger of field emission and thermal breakdown, and
(111} a large ins radius to reduce wake field effects.

The shape of the cell was optimized using the code
UBMEL [18]. The resonator is operated in the 7 mode with
180° phase difference between adjacent cells. The longitu-
dinal dimensions are deternuned by the condition that the
electric field has to be inverted in the time a relativistic par-
ticle needs to travel from one cell to the next. The separa-
tion between two irises is therefore ¢ /(2 f). The inis radius
Ry, influences the cell-to-cell coupling® k_,,, the excita-
tion of higher-order modes, and other important cavity pa-
rameters, such as the ratio of the peak electric (magnetic)
field at the cavity wall to the accelerating field and the ra-
tio (R /) of shant impedance to the quality factor. For the
TESLA Test Facility cavities, K, = 35 mm was chosen,
leading to keen = 1.87% and Epeap /Eacc = 2. The most
impertant parameters are listed in Table I

The contour of a half-cell is shown in Fig. 6. It is com-
posed of a cirewlar arc around the equator region and an
elliptical section near the iris. The dimensions are listed in
Table [II. The half-cells at the end of the 9-cell resonator
need a shightly different shape to ensure equal field ampli-
tudes in all @ cells. In addition. there is a slight asymmetry

pick e fla
Flange

/4

10 i

TZTE

FIG. 5. Side view of the 9-cell TTF cavity with the ports for
the main power coupler and two HOM couplers.

“The coupling coefficient iz related to the frequencies of the
coupled modes in the 9-cell resonator by the formula . =
FolT + 2k cosin 7 /9) where f, is the resonant frequency
of asmgle cell and 1 = n = 9.
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TABLE II. TTF cavity design parameters ®

Type of accelerating structure Standing wave
Accelerating mode Thajo, ™ mode
Fundamental frequency 1300 MH=z
Design gradient E,,. 25 MV/m
Quality factor Jy =5 % 107
Actove length L 1038 m
Humber of cells 9
Cell-to-cell coupling 1.87%
In: diameter 70 mm
Geometry factor 70 0
R/Q 518 02
E]nak -"IEzcc 20

Breat fEace 426 mTMV ' m™'
Tuning range 300 kHz
AfF/AL 315 kHz/mm
Lorentz force detuming at 235 MV/m =600 Hz
{}.ry of mput coupler 3% 100
Cavity bandwidth at Qg = 3 % 10° 430 Hz

of pulse duration 1330 pes
Repetition rate 5 Hz

Fill time 530 ps
Beam acceleration time BOO ps

if power peak/average
MNumber of HOM couplers
Cavity lengitudinal loss factor Iy

208 kW,/1.4 kW
3

for oy = 0.7 mm 10.2 V,/pC
Cavity transversal loss factor k|
for o, = 0.7 mm 151 VpC 'm™!

Parasitic modes with the highest

mpedance: type TMan
/9 (R /Q)/frequency B0 1) /2454 MHz

2w /9 (R/Q)/ frequency 67 £1/2443 MHz
Bellows longitudinal loss factor &y

for o; = 0.7 mm 1.54 V/pC
Bellows transversal loss facter &,

for o, = 0.7 mm 1.97 VpC 'm™!

“Following common usage In ac cireuits and the comvention
adopted in Ref [19], p. 523, we define the shunt impedance by
the relation R = V* /2P, where P is the dissipated power and V
is the peak voltage in the equivalent paralle]l LCR ciremt. Note
that another defimition 15 common, which has also been used 1n
the TESLA Conceptual Design Report, R = V¥ /P, leading to
a factor of 2 larger shunt mmpedance.

between the left and right end cell which prevents trapping
of higher-order modes (see Sec. [IIE).

3. Lorentz-force detuning and cavity stiffening

The electromagnetic field exerts a Lorentz force on the
currents induced in a thin surface layer The resulting
pressure acting on the cavity wall

1 .
» = ItFEIH! SuEzJ [31)

leads to a deformation of the cells in the pm range and
a change AV of their volume. The consequence is a fre-
quency shift according to Slater’s rule
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R -

cavity axis
FIG. 6. Contowr of 2 half-cell.

af _

] . 2
— E° H=)dV . x
fo aw fn_{ﬁ‘u Ha) ) (3.2)

Here,
] ; ) 2
W = If (ggE” + poH™)dV (3.3)
v

is the stored emergy and f; 1s the resomant frequency of
the wnperturbed cavity. The computed frequency shift at
25 MV/m amounts to 900 Hz for an vnstiffened cavity
of 2.5 mm wall thickness. The bandwidth of the cavity
equipped with the main power coupler ((., — 3 % 10%)
is about 430 Hz, hence. a reinforcement of the cavity is
needed. Niobinm stiffening rings are welded m between
adjacent cells as shown in Fig. 7. They reduce the fre-
quency shift to about 500 Hz for a 1.3 ms long f pulse’;
see Fig 26,

The deformation of the stiffened cell is negligible
near the s where the electric field 15 large, but remains
nearly the same as in the unstiffened cell near the equator
where the magnetic field dominates. The deformation in
this region can be reduced only by increasing the wall
thickness.

TABLE II. Half-cell shape parameters (all dimensions

o mm).

Cavity shape parameter Mideup Endeuwp ] Endeuwp 2
Equator radius R.gu: 103.3 103.3 103.3
Ins radins R, 35 19 39
Radms Ry, of eireular are 420 403 42
Horizontal half axis a 12 10 9
Vertical half axis b 19 13.5 12.8
Length [ 5.7 56.0 57.0

"Part of this chift is due to an elastic deformation of the uning

mechanizsm.
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conical head plate

reference flange %“_ /ﬁf;lls
— |
_________ A 1 ——
i |I

\Rﬂ f IIII |III
NPAN!

sfiffening ring

FIG. 7. The end section of a cavity with stiffeming nng, comcal
head plate for welding into the helium tank and reference flange
for alignmment.

4. Magnetic shielding

As shown in Sec. [T A 3. the ambient magnetic field mmst
be shielded to a level of about a uT to reduce the mag-
netic surface resistance to a few nf). This is accomplished
with a two-stage passive shielding, provided by the con-
ventional steel vacuum vessel of the cryomodule and a
high-permeability cylinder around each cavity. To remove
the remanence from the steel vessel, the nsual demagne-
tization technique is applied. The resulting attenuation of
the ambient field is found to be better than expected from
a cylinder without any remanence. The explanation is that
the procedure does not really demagnetize the steel but
rather remagnetizes it in such a way that the axial compo-
nent of the ambient field is counteracted This mnterpreta-
tion (see also Ref. [20]) becomes obvious if the cylinder is
turned by 180°: in that case the axial field measured inside
the steel cylinder is almost twice as large as the ambient
longitudinal field component; see Fig. 8(a).

The shielding cyhinders of the cavities are made from
Cryoperm® which retains a high permeability of more than
10000 when cocled to ligqud belmmm temperature.  Fig-
ure 8(b) shows the measured honzontal vertical, and axial
components inside a cryoperm shield at room temperatore,
which was exposed to the Earth’s field The combined
action of remagnetized vacoum vessel and cryoperm shield
is more than adequate to reduce the ambient field to the
level of some 1 T. An exception is the end cells of the first
and the last cavity near the end of the cryomodule where
the vessel 1s not effective in attennating longitudinal fields.
Here an active field compensation by means of Helmholtz

8Cr_\-'crl:lemn iz made by Vacuumschmelze Hanan, Germany.
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(3) vacuum vassel

20a
ﬂ after ramagnatization
0.4

natural feld

130 y-rotation

Wgnqlchlqld [T
151
=]
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L

oo rd 1] 4.0 ED ED 10.0 1z.0 14.0
Length jm]
4
2 {b) cryoperm shicld

Magnedic Field [uT]

02 D4 B i 12

0.8 0.
Length [m]
FIG. 8. Shelding of the Earth’s magnetic field. (3) Shielding
of an axial component by the steel vacuum vessal of the crye-
module. Also shown is the arangement of the cavity sinng in
the wessel. (b) Shielding of the axial, honzontal, and wvertical
field components by the cryoperm cylinder sumounding the cav-
1ty (measured without vacuwum vessel).

coils could reduce the fringe field at the last cavity to a
harmless level.

C. Helinm vessel and tuning system

The helinm tank contains the superfluid helmm needed
for cooling and serves at the same time as a mechanical
support of the cavity and as a part of the tuning mecha-
nism The tank is made from titanium whose differential
thermal contraction relative to nicbium is 20 times smaller
than for stainless steel. Cooldown produces a stress of
onty 3 MPa in a cavity that was stress free at room tem-
perature. Titanium has the additional advantage that it can
be directly electron-beam (EB) welded to nicbhinm while
stainless steel-niobinm joints would require an intermedi-
ate metal layer.

The assembly of the cavity and helmm tank proceeds
in the following sequence: a titaninm bellows is electron-
beam welded to the conical Nb head plate at one side of
the cavity. a titanim ring 15 EB welded to the conical Nb
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head plate at the other side (see Fig. 7). The cavity is
then inserted into the tank and the bellows as well as the
titanium ring are tungsten inert gas (T1G) welded to the Ti
vessel.

The tuning system consists of a stepping motor with
a gear box and a double lever arm. The moving parts
operate at 2 K mm vacunm  The tuning range is about
*+1 min correspending to a frequency range of = 300 kHz.
The resolution is 1 Hz. The tuning system is adjusted in
such a way that after cooldown the cavity is always under
compressive force fo avoid a backlash if the force changes

from pushing to pulling.

D. Main power coupler
1. Design requirements

A critical component of a superconducting cavity is
the power input coupler. Several coaxial couplers have
been developed for TTF [21]. consisting of a “cold part.”
which is mounted on the cavity in the clean room and
closed by a ceramic window. and a “warm part.” which is
assembled after installation of the cavity in the cryomod-
ule. The warm section contains the transition from wave-
guide to coaxial line. This part is evacuvated and sealed
against the air-filled wavegnide by a second ceramic win-
dow. The elaborate two-window solution was chosen to
get optimum protection of the cavity against contamina-
tien during mounting in the cryemodule and against win-
dow fracture during linac operation.

The couplers nmst allow for some longitudinal motion”
inside the 12 m long cryomodule when the cavities are
cocled down from room temperature to 2 K. For this
reason, bellows 1n the mner and outer conductors of the
coaxial hine are needed. Since the coupler connects the
room-temperature wavegnide with the 2 K cavity, a com-
promise must be found between a low thermal conductivity
and a high electrical conductrnty. This is achieved by sev-
eral thermal mtercepts and by using stamless steel pipes
or bellows with a thin copper plating (10-20 wm) at the
radio frequency surface. The design heat loads of 6 W at
TOK 0.5 Wat 4K and 0.06 W at 2 K have been undercut
in practice.

2. Electrical properties

An mstantaneons power of 210 KW has to be transmit-
ted to provide a gradient of 25 MV /m for an 800 us long
beam pulse of 8 mA. The filling time of the cavity amounts
to 530 us and the decay time, after the beam pulse is over.
to an additicnal 500 ws. At the beginning of the filling,

*The motion of the coupler ports 15 up to 15 mm in the first
cryomodules but has been reduced to about | mm in the most
recent cryostat design by fixing the distance between neighbor-
ing cavities with 1mvar rods.
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most of the rf wave is reflected leading to voltage enhance-
ments by a factor of 2. The external quality factor of the
coupler is Oy, = 3 % 107 at 25 MV/m By moving the
mmner conductor of the coaxial line, (.., can be vared in
the range 1 % 10°-9 * 10° to allow not only for differ-
ent beam loading conditions but also to facilitate an in situ
high power processing of the cavities. This featnre has
proved extremely useful on several cccasions to eliminate
field emtters that entered the cavities at the last assembly
stage.

3. Input coupler A

The couvpler version A is shown m Fig 9. It has a
conical ceramic window at 70 K and a commercial planar
wavegnide window at room temperature.

A conical shape was chosen for the cold ceramic
window to obtain broad band impedance matching. The
Hewlett-Packard high frequency structure simmlator pro-
gram HFSS was used to model the window and to optimize
the shape of the tapered inner conductor. The reflected
power is below 1%. The ceramic window is made
from ALO; with a purity of 99.5%. Oxygen-free high-
conductance copper rings are brazed to the ceranue using
Au/Cu (35%,/65%) braze alloy. The inner conductors on
each side of the ceramic are electron-beam welded, the
owter conductors are TIG welded. The ceramde is coated
on both sides with a 10 om titanmm mitride layer to reduce
mmltrpacting.

The wavegnide-to-coaxial transition is realized using a
cylindrical knob such as the impedance-transforming de-
vice and a planar wavegmide window. Matching posts
are regquired on the air side of the window for impedance
matching at 1.3 GHz.

4. Input couplers B, C

Coupler version B also uses a planar waveguide win-
dow and a doorknob transition from the waveguide to the
coaxial line, but a cylindrical ceramic window at 70 K
without direct view of the beam Becanse of a shortage in
commercial wavegnide windows, a third type. C. was de-
veloped using a cylindrical window also at the wavegunide-

4 thwsmrial

-
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FIG. 9. A zimplified view of the power mput coupler

version A.
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coaxial transition. It features a 60 mm diameter coaxial
line with reduced sensitivity to multipacting and the pos-
sibility of applying a dc potential to the center conduc-
tor. In the case of the LEP couplers [22]. a dc bias has
proved very beneficial in suppressing multipacting. Simi-
lar observations were made at DESY. All couplers needed
some conditioning but have then performed according to
specification.

E. Higher-order modes

The intense electron bumches excite eigenmodes of
higher frequency in the resonator which mmwst be damped
to avoid multibunch instabilities and beam breakup. This
is accomplished by extracting the stored energy via HOM
couplers mounted on the beam pipe sections of the 9-
cell resonator. A problem arises from “trapped modes”™
which are concentrated in the center cells and have a low
field amplitude in the end cells. An example is the TE;;;
mode. By an asymmetric shaping of the end half-cells,
one can ephance the field amplitude of the TE2) mode
in one end cell while preserving the “field flatness™ of
the fundamental mode and also the good coupling of the
HOM couplers to the untrapped modes TE;; ., TMy.
and TM;,,. The effects of asymmetric end cell tuning are
sketched in Fig. 10

The two polanzation states of dipole modes would, in
principle. require two orthogonal HOM couplers at each
side of the cavity. Im a string of cavities, however, this
complexity can be avoided since the task of the “orthogo-
nal” HOM coupler can be taken over by the HOM coupler
of the neighboring cavity. The wviability of this idea was
verified m measurements.

HOM coupler design

The HOM couplers are mounted at both ends of the
cavity with a nearly perpendicular orientation'” to ensure

TMD11 TE121
e TMO10, TELL1, TM110 ~— P

TEIN TMO11
il T
left end cell right end cell

FIG. 10. The effect of asymmetric end cell shaping on van-
ons modes. The main acceleratng mode Thy;, and the higher
modes TEj;p and TMya are not affected whale Thdayy is en-
hanced mn the loft end eell and TE,;, i enhanced in the nght

end cell Usmg HOM couplers at both ends, all higher-crder
modes can be extracted.

"Tha angle between the two HOM couplers iz not 90° but

115° to also provide damping of quadripole modes.
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damping of dipole modes of either polarization. A 1.3 GHz
notch filter is mcorporated to prevent energy extraction
from the accelerating mode. Two types of HOM couplers
have been developed and tested. one mounted on a flange,
the other welded to the cavity.

The demounntable HOM coupler is shown in Fig. 11(a).
An antenna loop couples mainly to the magnetic field for
TE modes and to the electric field for TM modes. The
pickup antenna is capacitively coupled to an external load.
The 1.3 GHz notch filter is formed by the inductance of
the loop and the capacity at the 1.9 mm wide gap between
loop and wall. A nichinm bellows permits mumng of the
filter without opening the cavity vacuum. The antenna is
thermally connected to the 2 K helmm bath. In a continn-
ous wave (cw) test at an accelerating field of 21 MV /m the
antenna reached a maximum temperature of 4 K which is
totally uncritical.

The welded version of the HOM coupler is shown in
Fig. 11(b). It resembles the couplers wsed in the 500 MHz
HEFA cavities which have been operating for several years
without gquenches. The good cooling of the superconduct-
ng inner conductor by two stubs makes the design insen-
sitive to y radiation and electron bombardment.

Both HOM couplers permit tuning of the fondamental
mode rejection filter when mounted on the cavity. It is pos-
sible to achieve a )., of more than 10" thereby hnuting
power extraction to less than 30 mW at 25 MV/m.

(a)

capaciive
coupling

output

FIG. 11. The higher-order-meods couplers: (2) demountzble
HOM coupler and (b} welded HOM coupler.
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IV. CAVITY FABRICATION AND PREPARATION
A, Cavity fabrication
1. Niobium properties

The 9-cell resonators are made from 2.8 mm thick sheet
nicbium by deep drawing of half-cells, followed by trim-
ming and electron beam welding. Nicbinm of high pu-
ity 1s needed  Tantalum with a typical concentration of
500 ppm 1s the most important metallic impurity. Among
the interstitially dissolved impurities, oxygen is dominant
due to the high affinity of Nb for O, above 200°C. In-
terstitial atoms act as scaftering cemters for the unpaired
electrons and reduce the RRR and the thermal conductiv-
ity; see Sec. IIA. The niocbinm ingot 15 highly purified by
several remelting steps in a high vacunm electron beam fior-
nace. This procedure reduces the interstitial oxygen, nitro-
gen, and carbon contamination to a few ppm. The nicbinm
specification for the TTF cavities 1s listed in Table IV.

After forging and sheet rolling. the 2.8 mm thick Nb
sheets are degreased. a 5 pm surface layer 13 removed
by etching, and then the sheets are annealed for 1-2 h
at 700°C-800°C in a vacuum oven at a pressure of
107°=10"% mbar to achieve full recrystallization and a
unniform gram size of about 50 pm.

2. Deep drawing and electron-beam welding

Half-cells are produced by deep drawing. The dies are
usnally made from a high yield strength aluminnm alloy.
Te achieve the small curvature required at the inis, an ad-
ditional step of forming e coming may be needed.
The half-cells are machined at the inis and the equator.
At the inis the half-cell is cut to the specified length (al-
lowing for weld shrinkage) while at the equator an extra
length of 1 mm 1s left to retain the possibility of a precise
length trimming of the dumbbell after frequency measure-
ment (see below). The accuracy of the shape is controlled
by sandwiching the half-cell between two metal plates
and measuring the resonance frequency  The half-cells
are thorounghly cleaned by ultrasonic degreasing, 20 pm
chemical etching, and wltrapure water rinsing. Two half-
cells are then joined at the inis with an EB weld to form
a “dumbbell.” The EB welding is usually done from the

TABLE IV.
cavities

Technical specification for niobium used i TTF

Impunty content

in ppm (wt} Mechanical properties

T =500 H =2 REER =300
W =70 N =10 Grain size =50 pm
v =50 0O =10 Tield strength =50 MPa
Fe =30 C =10 Tensile strength =100 MPa
Mo =50 Elengation at break 30%
Ni =30 Vickers hardness

HV 10 =50
092001-11
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inside to ensure a smooth weld seam at the location of the
highest electric field in the resonator. Since niobium is a
strong getter material for oxygen, it is important to carry
out the EB welds in a sufficiently good vacuum. Tests have
shown that ERR. = 300 niobium is not degraded by weld-
ing at a pressure of less than 5 > 10~ mbar.

The next step is the welding of the stiffering ring. Here
the weld shrinkage may lead to a slight distortion of the cell
shape which needs to be corrected. Afterwards, frequency
measurements are made on the dumbbells to determine the
correct amount of timming at the equators. After proper
cleaning by a 30 pwm etching, the dumbbells are visually
inspected. Defects and foreign material imprints from pre-
vious fabrication steps are removed by grinding. After the
inspection and proper cleaning (a few pom etching followed
by ultraclean water ninsing and clean room drying). eight
dumbbells and two beam-pipe sections with attached end
half-cells are stacked in a precise fixture to canry out the
equator welds which are done from the outside. The weld
parameters are chosen to achieve full penetration. A reli-
able method for obtaining a smooth weld seam of a few
mm width at the inner surface 15 to raster a slightly defo-
cused beam in an elliptic pattern and to apply 50% of beam
power during the first weld pass and 100% of beam power
in the second pass.

B. Carity treatment

Experience has shown that a damage layer of the or-
der of 100 wm has to be removed from the inner cavity
surface to obtain good f performance in the supercon-
ducting state. The standard method applied at DESY and
many other laboratories is called buffered chemical pol-
ishing (BCP). using an acid moxture of HE (48%), HNO;
(65%), and H; PO, (85%) 1n the ratio 1:1:2 (at CEBAF the
ratic was 1:1:1). The preparation steps adopted at DESY
for the industrially produced TTF cavities are as follows:
A layer of 80 pm is removed by BCP from the inner sur-
face and 30 pm from the outer surface !! The cavities are
nnsed with ultraclean water and dried in a class 100 clean
room. The next step is a 2 h annealing at 300 °C in an ul-
trahigh vacvum (UHV) oven which serves to remowve dis-
solved hydrogen from the niobmim and relieves mechameal
stress in the material In the inifial phase of the TTF pro-
gram mamy cavities were tested after this step, applying a
20 pm BCP and ultraclean water rinsing before mounting
in the eryostat and cooldown.

Presently, the cavities are ninsed with clean water after
the 800°C treatment and then immediately transferred
to another UHV oven in which they are heated to

These numbers are determined by weighing the cavity be-
fore and after etching and represent, therefore, the averaze over
the whaole surface. Frequency measurements indicate that more
material 1z etched away at the ins than at the equator.
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1350°C—-1400°C. At this temperature. all dissolved
gases diffuse owt of the material and the BERE increases
by abowt a factor of 2 to values around 500. To capture
the oxyzen comung out of the micbinm and to prevent
oxidation by the residual gas in the oven (pressure
<1077 mbar), a thin titanivm layer is evaporated on
the inmer and cuter cavity swface, Ti being a stronger
getter than Nb. The lugh-temperature treatment with Th
getter is often called postpurification. The titanmum layer
is removed afterwards by a 800 pwm BCP of the inner
surface. A BCP of about 30 pm is applied at the outer
sniface since the Kapitza resistance of titaninm-coated
nicbium immersed in superfluid helinm is about a factor
of 2 larger than that of pure micbinm [11]. After final
heat treatment and BCP the cavities are mechanically
tuned to adjust the resonance frequency to the design
value and to obtain equal field amplitudes in all 9 cells.
This is followed by a slight BCP, three steps of high-
pressure water rinsing (100 bar), and drying in a class 10
clean room. As a last step, the f test is performed in a
superfluid helinm bath cryostat.

A severe drawback of the postpunfication iz the con-
siderable grain growth accompanied by a softening of the
nicbium. Postpurified-treated cavities are quite vulnera-
ble to plastic deformation and have to be handled with
great care.

V. RESULTS ON CAVITY PERFORMANCE AND
QUALITY CONTROL MEASURES

A, Overview

Figure 12 shows the excitation curve of the best 9-cell
resonator measured so far; plotted is the quality factor™
(Jy as a function of the accelerating electnic field £, . An

P N N N S T
o 5 1o 15 20 ) 30 s

E, POVia]
FIGG. 12. Excitation curve of the best TESLA S-cell cavity

measured to date. The cavity was cooled by superflud helium
of 2 E.

12The quality factor is defined as Oy = F/AF. where f is the
resonance frequency and Af is the full width at half height of
the resonance cwve of the “unloaded™ cavity.
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almost constant and high value of 2 % 10'" is observed up
to 25 MV/m.

The importance of various cavity treatment steps for
arrving at such a good performance 1s illustrated in the
next figure. A strong degradation is nsually observed if a
foreign particle is sticking on the cavity surface, leading
either to field emmssion of electrons or to local overheating
in the rf field. At Cornell University an in situ method for
destroying field emitters was imvented [23], called “high
power processing.” which in many cases can improve the
high-field capability; see Fig. 13(a). Remowval of field-
emifting particles by hish-pressure water rinsing. a tech-
nigue developed at CEEN [24]. may dramatically improve
the excitation curve [Fig. 13(b)]. The beneficial effect of
a 1400 °C heat treatment. first tried out at Cornell [25] and
Saclay [26]. is seen in Fig. 13(c). Finally, an incomplete
removal of the titaninm surface layer in the BCP follow-
ing the 1400°C heat treatment may strongly limit the at-
tainable gradient. Here additional BCP is advantageous
[Fig. 13(d)].

B. Results from the first series of TIF cavities

After the successful test of two prototype 9-cell reso-
nators, a total of 27 cavities equipped with main power
and HOM coupler flanges were ordered at four Eure-
pean companies. These cavities were foreseen for mstal-
lation in the TTF linac with an expected gradient of at
least 15 MV /m at 0y = 3 % 10°. However, in the speci-
fication given to the companies no guaranteed gradient
was required.  According to the test results obtained at
TTF these resonators can be classified into four categories:
(1) 16 cavities without any known material and fabrication
defects, or with muner defects which could be repaired;
(2) three cavities with serions material defects; (3) six
cavities with imperfect equator welds; (4) two cavities with
serious fabrication defects (not filly penetrated electron
beam welds or with holes bumed dunng welding; these
were rejected). One cavity has not yet been tested.

The test results for the cavities of class 1 in a verti-
cal bath cryostat with superfluid helinm cooling at 2 K
are summarized in Fiz. 14 It 15 seen that the TTFE de-
sign goal of 15 MV/m is clearly exceeded. Nine of the
rescnators fulfill even the more stringent specification of
TESLA (Euee =25 MV/mat 0y = 5 x 10°).

The excitation curves of the class 2 cavities (Fig. 15)
are characterized by sudden drops in quality facter with
mncreasing field and rather low maxinmm gradients.

Temperature mapping revealed spots of excessive heat-
ing at isclated spots which were far away from the EB
welds. An example is shown in Fig. 16(a). The defec-
tive cell was cut from the resonator and subjected to for-
ther umvestigation [27]. An eddy-current scan, performed at
the Bundesanstalt fiir Materialforschung (BAM) in Berlin,
showed a pronounced signal at the defect location. With x-
ray radiography. also carried out at BAM, a dark spot with
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FIG. 13. Improvement in cavity performance due to varous freatments: (a) high power processing (HPP), (b) high pressure water

rm:mg (HPE), (e} successive application of 300 °C and 1400 °C heat treatment (HT), and (d) removal of surface defects or fifanmum

in grain boundanes by addifional BCP.

a size of 0.2—0.3 mm was seen [Fig. 16(b)] mdicating an
inclusion of foreign material with a higher muclear charge
than nicbinm Newtron absorption measurements at the
Forschungszentrom GESS in Geesthacht gave no signal.
indicating that the neutron absorption coefficient of the un-
known contamination was similar to that of Nb. The identi-
fication of the foreign inchision was finally accomplished
using x-ray fluorescence at the Hamburger Synchrotron-
strahlungslabor (HASYLAB) at DESY. Fluorescence was
observed at photon emergies comesponding to the charac-
teristic x-ray lines of tantalum L, = 11.682 keV, Lo =
11136 keV, and L; = 9881 keV.

The synchrotron radiation fluorescence analysis method
features sufficient sensitivity to perform a scan of the
tantalum contents in the nicbinm by looking at the
lines TaK,; = 57.532 keV, TaK ., = 56.277 keV, and
TaK g = 65223 keV. The average Ta content in the bulk
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a
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o
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FIG. 14,

number of cavities

Nb was about 200 ppm but rose to 2000 ppm in the spot
region. The REFR. dropped comrespondingly from 330 to
about &0

The six cavities in class 3 were produced by one com-
pany and exhibited premature quenches at gradients of
10-14 MV/m and a slope in the Q(E) curve (Fig. 17).
Two of the resonators were imvestizated in greater de-
tail [28]. Temperatwre mapping revealed strong heating
at several spots on the equater weld [Fig. 18(b)]. The
temperature rise as a function of the surface magnetic
field is plotted in Fig. 18(c) for one sensor position above
the weld and three posttions on the weld. In the first
case a growth proportional to B* is observed as expected
for a conmstant swface resistance. On the weld, how-
ever, a mmch stronger rise is seen ranging from A° to
B®  This is clear evidence for a contamination of the
weld seam.

4 T T T T T T T

5

10 15 20 25

E,, [MVim]

30 3% 40

{a) Excitation curves of the best 9-cell resonator of each of the fowr manufacturers. (b) Dismbution of maximum gradients

for the resonators of class 1, requiring a quality factor (Jp = 5 = 10°.

092001-13

TBINRO15

092001-13

74



Cavity Fabrication Final Report

PRST-AB 3

B. AUNE et al.

1/23/2012

092001 (2000)

|D|1

Ciu '

10°

FIG. 15, Excitation curves of three cavities with serious mate-
rial defacts (class 2). Cavity C5 (&) exhibited a jump m quality
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{a) Temperature map of cell 5 of cavity C6 showing
excessive heating at a localized spot. (b} Positive prnt of an

x-ray radiograph showing the “hot spot™ as a dark point.

092001-14

Niowave, Inc.

TBINRO15

Once the reason for the reduced performance of the cavi-
ties in class 3 had been identified. a new 9-cell resonator
was manufactured by the same company applying careful
preparation steps of the weld region: a 2 um chepucal
etching not more than 8 h in advance of the EB welding,
rnsing with ultrapure water and drying in a clean room
A rastered electron beam was used for welding with 50%
penetration in the first weld layer and 100% in the second.
The new cavity indeed showed excellent performance and
achieved 24.5 MV/m; see Fig. 17. The same applies for
later cavities made by this company.

The average sradient of the cavities without serions ma-
terial or fabrication defects amounts to 20.1 + 6.2 MV/m
at Oy = 5 » 10°, where the error represents the rms of
the distribution.

C. Diagnostic methods and quality control

The deficiencies encountered in the first series produe-
tion of TESLA cavities have initiated the development of
diagnostic methods and quality control procedures.

1. Electron microscopy

Scanning electron microscopy with energy-dispersive
x-ray analysis (EDX) is used to identify foreign elements
on the surface. Only a depth of about 1 pm can be pene-
trated. so one has to remove layer by layer to determune
the diffusion depth of titanium or other elements. Alter-
natively, one can cut the material and scan the cut region.
The titanivm laver applied in the hizh temperature treat-
ment has been found to extend to a depth of about 10 pm
in the tulk niobium The sensitivity of the EDX method
1s rather imited; a Ti fraction below 0.3% is undetectable.
Aunger electron spectroscopy offers lugher sensitivity, and,
using this method, titanim migration at grain boundaries
has been found to a depth of S0-100 xm. Hence this large

1011

QI} 100 |

E, . [MV/m]

FIG. 17. Excitation curves of six cavities with mmperfect equa-
tor welds {class 3). Also shown is a resonator () made later
by the same company, following stingent cleanmg procedures
at the equator welds.
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cavity sur'ace A practical device for the quality control of all niobium
s sheets going into cavity production is a high-resolution
eddy-cutrent system developed by the BAM in Berlin The
| apparatus is shown in Fig. 19. The frequency used is
12¢m
equator weld i
Personal
Computer
(a)
AT [K]
| g 0250
. ﬂ E Step-Motor ’ Pneumatic
| Device Control Device
3 3§ F B T B m '
(b)
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FIG. 18. (a) Location of temperature sensors to determme

heating at the equator weld (b) Temperatuwre map of the
equator region from cell 5 of cavity C9 just below the quench.
(c) Temperature nse at various locations as a function of
(B /By)* with n between 2 and 8 and By, = 50 mT.

thickness must be removed from the 1f surface by BCP af-
ter postpurification with a Ti getter. The detrimental effect
of insufficient titanium removal has already been shown
in Fig. 13(d). The microscopic methods are restricted to
small samples and cannot be used to study entire cavities.

2. X-ray fluorescence

The narrow band x-ray beams at HASYLAB permit ele-
ment identification via fluorescence analysis. In principle
the existing apparatus allows the scanning of a whole nio-
bium sheet such as 1s used for producing a half-cell; how-
ever, the procedure would be far too time consuming.

092001-15

TBINRO15

FIG. 19. (a) Schematic view of the xy eddy-curent scanning
system. (b) Photograph of the new rotating scanning system.
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100 kHz corresponding to a penetration depth of 0.5 mm
in michium at room temperature. The maxinmm scan-
ning speed is 1 m/s. The scanning probe containing the
inducing and recerving coils floats on an awr pillow to
avoid friction The machined base plate contains holes
for evacnating the space between this plate and the Wb
sheet. The atmospheric pressure is sufficient to flatten the
265 % 265 mm® niobium sheets to within 0.1 mm_ which
is important for a high sensitivity scan. The performance

Ta-Deposit E: @=0.2 mm

Ta-Deposit D =02 mm Ta-Deposit C: FH=1 mm

Ta-Deposit A: @=0.5 mm

(&)

Ta-Deposit B: E=1 mm

(b)
FIG. 20. (a) Eddy-cwrent scan of a2 specially prepared Nb
sheet with Ta implantations at § locations. The vertical lines
are caused by microphonics. (b) Neutron activation analysis of
the same sheet
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of the apparatus was tested with a Nb test sheet contain-
ing implanted tantalum deposits of 0.2 to 1 mm diame-
ter. The scanmed picture [Fig. 20(a)] demonstrates that
Ta clusters are clearly wisible. Using this eddy-curent
apparatus the tantalum inchusion in cavity C6 was easily
detectable.

In the meantime an improved eddy-current scanning
device has been designed and built at BAM which operates
similar to a turntable and allows for mmch higher scanning
speeds and better sensitivity since the accelerations of the
probe head ocowrming in xy scanms are avoided A fwo-
frequency principle 1s applied in the new system  Scanning
with high frequency (about 1 MHz) allows detection of
surface uregularities while the low frequency test (about
150 kHz) 15 sensitive to bulk inclusions. The high and low
frequency signals are picked up simuitanecusly. Very high
sensitivity is achieved by signal subtraction.

3. Neutron activation analysis

The eddy-current scan allows the detection of foreign
materials in the miobmm but 1s not suitable for identifica-
tion. Neutron activation analysis permits a nondestructive
determination of the contaminants provided they have ra-
dicactive isotopes with a sufficiently long half-life. Expen-
ments were carried out at the research reactor BER II of
the Hahn Meitner Institut in Berlin. The niobinm sheets
are exposed to a thermal nevtron flux of 10° em 257!
for some 5 b The radioactive isotope * Wb has a half-
life of 6.2 min while ' Ta has a nmch longer half-life of
115 days. Two weeks after the irradiation the ™ Nb activ-
ity has dropped to such a low level that tantalum fractions
i the ppm range can be identified Figure 20(b) shows
the implanted tantalum clusters in the specially prepared
Nb plate with great clarity. Also, the uniformly dissolved
Ta 1s vistble and the inferred concentration of 200 ppm 15
in agreement with the chemical analysis. The actrvation
analysis is far too time consuming for series checks but
can be quite nseful in identifying special contaminations
found with the eddy-current system. Ten Nb sheets from
the regular production were uwestigated without showing
any evidence for tantalum clusters.

D. Present status of TTF cavities
1. Imprevements in cavity production

For the second series, 23 cavities have been ordered at
four firms. The second production differed from the first
one in three main aspects:

(1) Stricter quality confrol of miobium. The niobium
sheets for the second series were all eddy-current scanned
to eliminate matersal with tamtalum or other foreipn in-
clusions before the deep drawing of half-cells. From 713
sheets. 637 were found free of defects. 63 showed grind-
g marks or imprints from rolling. and 15 exhibited large
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signals which, in most cases, were due to small iron chips.
No firther Nb sheets with tantalum inchusions were found.
Most of the rejected sheets will be recoverable by applying
some chemical etching. The iron wclusions were cansed
by mechanical wear of the rolls used for sheet rolling. In
the meantime new rolls have been installed. The eddy-
current check has turned out to be an important quality
confrel not only for the cavity manufacturer but also for
the supplier of the niobmm sheets.

{2) Weld preparafion. Stringent requirements were im-
posed on the electron-beam welding procedure to prevent
the degraded performance at the equator welds encoun-
tered in the first seres. After mechanical trimming the
weld regions were requested to be cleaned by a slight
chemical etching. vltrapure water rinsing, and clean room
drying not more than & h in advance of the EB welding.
The success of these two additional cuality control mea-
sures has been convincing: no foreign material inclusions
nor weld contaminations were found in the cavities tested
so far.

{3) Replacement of Nb flanges by NbIT flanges. In
the first cavity seres the flanges at the beam pipes and
the coupler perts were made by rolling over the 2 mm
thick niobium pipes. The sealing against the stainless steel
counter flanges was provided by Helicoflex gaskets. This
simple design appeared satisfactory in a number of prote-
type cavities but proved quite unreliable in the series pro-
duction, mainly doe to a softening of the nicbium during
the 1400°C heat treatment. Most of the 9-cell cavities
had to be flanged more than once to become leak tight in
superfluid helium  This caused not only time delays but
also severe problems with contamination and field emis-
sion. Therefore an altematrve flange design was needed
[29]. The material was selected to be EB weldable to mio-
binm and to pessess a surface hardness equivalent to that
of standard UHV flange material (stainless steel 316 LI/
DIN 4429). Nicbiom-titaniumn conforms to these require-
ments at a reasonable cost. Confrary to pure mobium  the
alloy NbTi (ratio 45/35 in wt. %6) shows no softening af-
ter the 1400°C heat treatment and only a moderate crys-
tal growth. O-ring-type aluminum gaskets provide reliable
seals in superfluid helinm and are easier to clean than He-
licoflex gaskets. During cavity etching the sealing surface
must be protected from the acid.

2. Test results in vertical cryostat

All new cavities were subjected to the standard treat-
ment described in Sec. IVB, mcluding the postpurifica-
tien with titaninm getter at 1400°C. Twenty resonators
have been tested to date. Only one 1f test was performed
for each resonator in the first round. If some limitation
was found, the cavity was put aside for further treatment.
The results of the first test sequence are summarized in
Fig. 21. It is seen that eight cavities reach or exceed the
TESLA specification of Faee = 25 MV/m with a quality
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FIG. 21. Test results of the second cavity series (crosshatched
bars); plotted 15 the highest pradient achieved in the first +f test
of each cavity at @y = § * 10°. Cavities with poor initial per-
formance were subjected to an additional BCP and hugh pressure
water rmsing and tested again (open bars). Field hmutation by
amplifier power (pw) or thermal breakdown (bd} 15 indicated
for the best gradient.

factor above 5 % 10°. Eight cavities are in the range of 18
to 23 MV/m while four cavities show a nmch lower per-
formance. In cavity C43 a hole was turned during equator
welding which was repaired by welding in a nicbhinm plug;
the cavity quenched at 13 MV/m at exactly this position.
It is rather vnlikely that C43 can be recovered by repeating
the repair. Therefore, in fiature cavity production repaired
holes in EB welds will no longer be acceptable. The cavi-
ties C32, C34, and C42 showed very strong field emission
in the first test. They have been improved in the meantime
by additional BCP and high pressure water nnsing; see
Fig. 21. Excluding the defective cavity C43. the average
pradient is 25.0 = 3.2 MV/moat gy = 5 * 10°.

3. Tests with main power coupler in horizontal cryostat

After the successful test in the vertical bath eryestat the
cavities are welded mto their liguid helinm container and
equipped with the main power coupler. The external O
is typically 2 * 10°, while in the vertical test an input
antenna with an external ¢ of more than 10" is vsed
Four cavities of the first production series and 13 of the
second series have been tested together with their main
power coupler in a horizontal cryostat. The accelerating
fields achieved in the vertical and horizental test are cquite
similar, as shown in Fig. 22. In a few cases. reduced
performance was seen due to field emission while several
cavities mmproved their field capability due to the fact that
with the main power coupler pulsed operation is possible
instead of the cw operation in the vertical cryostat. These
results indicate that the good performance of the cavities
can indeed be preserved after assembly of the liquid helinm
container and the power coupler provided extreme care is
taken to aveid foreign particles from entering the cavity
duning these assembly steps.

092001-17

78



Niowave, Inc.

Cavity Fabrication Final Report

PRST-AB3 B. AUNE et al.

1/23/2012

092001 (2000}

40 AL L R L

30

[MV /m] horizontal test

10

e

o
=
L i e R N R N RN RN R
-
[ ]

D prvr e b e b ey Ly

0 10 20 30 40
E‘__ [0V /m] wvertical test

FIGG. 22. Companson of vertical and honzontal test results.
The average accelerating field achieved in the vertical test with
ew excitation 15 22.3 MV /m, in the honzontal test with pulsed
excitation 22.5 MV,/m. Most of these cavities are from the
second production

4. Cavity improvement by heat treatment

The beneficial effect of the 800°C and 1400°C heat
treatments has been shown in Fig. 13(c). Ten of the 9-
cell cavities have been tested after the intermediate 300°C
step yielding an average gradient of 20.7 MV/m. The
1400 °C treatment with titanmum getter raised the average
gradient to 244 MV/m. It should be noted that part of
the 3.7 MV/m improvement may be due to the additional
etching of about 80 pm An interesting correlation 1s ob-
tained by plofting the maximmm gradient as a fonetion of
the measuwred FRE. of the cavity; see Fig. 23. Tius fig-
ure clearly mdicates that a higher heat conductivity leads
to higher accelerating fields, at least if the standard BCP
treatment is applied to prepare the cavity surface.
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VI EF CONTROL SYSTEM AND PERFORMANCE
OF THE CAVITIES WITH ELECTRON BEEAM

A. General demands on the rf control system

The requirements on the stability of the accelerating
field in a superconducting acceleration stucture are com-
parable to those in a normal-conducting cawvity.  How-
ever, the nature and magmitude of the pertubations to
be controlled are rather different. Superconducting cavi-
ties possess a very narrow bandwidth and are therefore
highly susceptible to mechanical perturbations. Sigmfi-
cant phase and amplitude errors are induced by the re-
sulting frequency variations. Perturbations can be excited
by mechanical vibrations (mucrophonics). changes in he-
livm pressure and level. or Lorentz forces. Slow changes
in frequency, on the time scale of minutes or longer. are
cotrected by a frequency tuner, while faster changes are
counteracted by an amplitude and phase modulation of the
incident rf power.

The demands on amplitude and phase stability of the
TESLA Test Facility cavities are driven by the maximum
tolerable energy spread in the TTF linac. The design geal
is a relative spread of o /E = 2 % 1077 implying a gra-
dient and phase stability of the orderof 1 % 107 and 1.6°,
respectively. For cost reasons, up to 32 cavities will be
powered by a single klystron Hence it 15 not possible to
control individual cavities but only the vector sum of the
field vectors in these 32 cavities.

One constraint to be observed is that the of power needad
for contrel should be mimmized. The rf control system
mmst also be robust against variations of system parameters
such as beam loading and klystron zain.

The pulsed structure of the rf power and the beam at
TTF, shown in Fig 24, puts demanding requirements cn
the rf control system. Amplitnde and phase control is
obviously needed during the flattop of 800 us when the
beam 15 accelerated, but 1t is equally desirable to control the
field dunng cavity filling to ensure proper beam imection

l‘,__Flllnz

Flalhep

srtphiudfach. urd]

FIG. 24. Pulse structure of TTF cavity operation. Shown are
accelerating voltage with 500 ws flling time and 80 s flattop,
incident power, beam current. cavity phase, and cavity detuming.
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conditions. Field contrel is aggravated by the transients
induced by the subpicosecond electron bunches which have
a repetition rate of 1 to 9 MHz.

For a detailed discussion of the basic pnnciples of of
systems used in superconducting electron linacs and their
operational performance, refer to Refs. [30,31]

B. Sources of field perturbations

There are two basic mechanisms which influence the
magnitude and phase of the accelerating field in a super-
conducting cavity: (1) variations in klystron power or beam
loading (bunch charge) and (1) moduolation of the cavity
resonance frequency.

Perturbations of the accelerating field through time-
varymg field excitations are donunated by changes in beam
loading. One mmst distingnish between transients cansed
by the pulsed structure of the beam cwrent and stochastic
fluctpations of the bunch charge. The transients cansed
by the regular bunch train in the TTF lnac (800 sub-
picosecond bunches of 8 nC each. spaced by 1 ws) are of
the order of 1% per 10 ws: the typical bunch charge fluc-
tuations of 10% induce field fluctuations of about 1%. In
both cases the effect of the fast source fluctnations on the
cavity field is diminished by the long time constant of the
cavity."?

Mechanical changes of the shape and eigenfrequency of
the cavities caused by microphonics are a source of ampli-
tude and phase jitter which has bothered superconducting
accelerator technology throughout its development. In the
TTF cavities the sensitivity of the resonance frequency to
a longitudinal deformation is about 300 Hz/um Heavy
machinery can transmit vibrations through the ground, the
suppert, and the cryostat to the cavity. Vacoum pumps can
interact with the cavity through the beam tubes, and the
compressors and pumps of the refrigerator may generate
mechanical vibrations which travel along the He trans-
fer line into the cryostat. Alse. helivmn pressure varia-
tions lead to changes i resonance frequency, as shown
in Fig. 25(a). The mms frequency spread doe to micro-
phonics, measured in 16 cavities, 15 9.5 * 5.3 Hz and is
thus surprisingly small for a superconducting cavity system
[see Fig. 25(b)].

At high accelerating gradients the Lorentz forces
become a severe perturbation. The corresponding
frequency shift is proportional to the square of the ac-
celerating field according to Af = —KE2_ with K =
1 Hz(MV 'm 'Y, Figure 26(a) shows a cw measure-
ment of the resonance cuwrve with a strong distortion

13The cavity with power coupler is adjusted to an external () of
3w 107 at 25 MV /m, corresponding to a time constant of about
T ps. The consequence 15 a low-pass filter characteristic.

092001-19

TBINRO15

detuning [Hz)

5
§ W0r
E
g 10
Al
80 10 1] 10 20
££, [H]
()

FIG. 25, Fluctuztions of the cavity resonance frequency.
(a) Slow drifts caused by helium pressure variations. The
sensitivity 15 10 Hz/mbar. (b) Random vanations of resonance
frequency after comrection for the slow drift.

cansed by Lorentz forces. In cw operation the frequency
shift can be easily corrected for by mechanical tning. In
the pulsed mode employed at the TIF linac this is not
possible since the mechanical tuner is far too slow. Hence
a time-dependent detuning is unavoidable. In order to
keep the deviation from the nominal resonance frequency
within acceptable limits the cavities are predetuned before
filling. The measured dynamic detuning of cavity C39
during the 1.3 ms long «f pulse is shown in Fig 26(b)
for accelerating fields of 15 to 30 MV/m Choosing a
predetuning of + 300 Hz. the eigenfrequency at 25 MV/m
changes dynamically from + 100 to — 120 Hz during the
800 pes duration of the beam pulse.

In steady state (ow) operation. at a gradient of 25 MV/m
and a beam cument of 8 mA a klystron power of 210
kW 15 required per 9-cell cavity. In pulsed mode =515%
additional rf power is needed to maintain a constant accel-
erating gradient in the presence of cavity detuming. The
frequency changes from microphonics and  helinm
pressure fluctuations lead to comparable extra power
requirements.  The kiystron should be operated 10%
below satwation to guarantee sufficient gain in the feed-
back loop.
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FIG. 26. (Celer) (2) Influence of Loventz forces on the shape of
the resonance cwve of 2 se cavity in ow operation. The left part
of the curve was mapped out by approaching the resonance from
below, the nght part by commg from above. (b) Dhvmamical
detuning of cavity C39 dunmng the TESLA pulse. In pulsed
operation the resonance 13 approached from above.

C. rf control design considerations

The amplitude and phase errors from Lorentz force de-
tuning, beam transients. and microphonics are of the or-
der of 5% and 20°, respectively. These errors mmst be
suppressed by 1-2 orders of magnitude. Fortunately, the
dominant errors are repetitive (Lorentz forces and beam
transients) and can be largely eliminated by means of a
feedforward compensation It should be noted, however,
that bunch-to-bunch fluctuations of the beam current can-
not be suppressed by the 1f control system since the gain
bandwidth product is limited to about 1 MHz due to the
low-pass characteristics of the cavity, the bandwidth limi-
tations of electronics and klystrons, and cable delay.

Fast amplitode and phase control can be accomplished
by modulation of the incident of wave which is commen

092001-20

TBINRO15

1

|
|
|
|
|
|
|
|
FIG. 27. (Color) Schematic of the digital 1f control system

to 32 cavities. The control of an individual cavity field
is not possible. The layout of the TTF digital if control
system is shown in Fig. 27. The vector modulator for the
incident wave is designed as a so-called “T/Q) modulator”
controlling the real and imagmary parts of the complex
cavity field vector instead of amplitude and phase. This
has the advantage that the coupling between the two feed-
back loops is minimized and the problem of large phase
uncertainties at small amplitode is avoided.

The detectors for cavity field, incident, and reflected
wave are mnplemented as digital detectors for the real and
imaginary parts. The rf signals are comverted to an in-
termediate frequency of 230 kHz and sampled at a rate of
1 MHz, which means that two subsequent data points yield
the real and the imaginary parts of the cavity field vectors.
These vectors are multiplied with 2 % 2 rotation matrices
to correct for phase offsets and to calibrate the gradients
of the mdnridual cavity probe signals. The vector sum
15 calculated and a Kalman filter 15 applied which pro-
vides an optimal state (cavity field) estimate by correcting
for delays in the feedback loop and by taking stochastic
sensor and process noise into account. Finally, the nom-
inal set point is subtracted and a time-optimal gain ma-
trix is applied to calculate the new actuator setting (the Re
and Im contrel inputs to the vector modulator). Adaptive
feedforward is realized by means of a table containing the
systematic variations, thereby reducing the task of the feed-
back loop to control the remaining stochastic fluctuations.
The feedforward tables are continmously updated fo take
care of slow changes in parameters such as average detun-
ing angle, microphonic noise level, and phase shift in the
feedforward path.

D. Operational experience

The major purpose of the TESLA Test Facility linac is
to demonstrate that all major accelerator subsystems meet
the technical and cperational requirements of the TESLA
collider. Currently the TTF linac is equpped with two

cryomodules each containing eight cavities. The cavities
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are routinely operated at the design gradient of TTF of
15 MV/m, providing a beam energy of 260 MeV.

An important prerequisite of the proper functioning of
the vector-sum contrel of 16 to 32 cavities is an equal re-
sponse of the field pickup probes in the individual cavities.
A first step is to adjust the phase of the incident f wave
to the same value in all cavities by means of three-stub
tuners m the wavegmides. Secondly, the transtents induced
by the bunched beam are used to obtain a relative calibra-
tion of the pickup probes, in terms of both amplitude and
phase. Typical data taken at the imitial start-up of a linac
men are shown in Fig. 28, [deally the lengths of the field
vectors should all be identical since the signals are induced
by the same electron bunch in all cavities. The cbserved
length differences indicate a variation in the coupling of
the pickup antenna to the beam-induced cavity field, which
has to be corrected. The different phase angles of the field
vectors are mainly due to different signal delays. The com-
plex field vectors are rotated by matrix nmitiplication in
digital signal processors to yvield all zero phase. Moreover
they are normalized to the same amplitude to correct for
the different couplings of the pickup antennas to the cavity
fields. Once this calibration has been performed the vector
sum of the 16 or 32 cavities is a meaningfol measure of the
total accelerating veltage supplied to the beam. The cali-
bration 15 verified with a measurement of the beam energy
il A magnetic spectrometer.

The required amplitode stability of 1 % 107 and phase
stability of &y = 1.6% can be achieved during most of the

Maasured Transient [Muim]

FIG. 28, Beam mduced transients (caaty feld vectors) ob-
tained by measunng the cavity fields with and without beam
pulses. The noise m the signals can be esimated from the er-
ratic motion at the center of the plot. This region represents
the first 50 ms of the measurement before the ammal of the
beam pulse.
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FIG. 29,  Field regulation of the wvector sum of eight cavihies
without and with adaptive feedforward. The lower graph shows
an enlarged view of the plateau region.

beam pulse duraticn with the exception of the beam tran-
sient induced when turning on the beam Without feedback
the transient of a 30 us beam pulse at 8 mA would be of
the order of 1 MV/m. This transient can be reduced to
about 0.2 MV/m by tuming on feedback The effective-
ness of the feedback system is limited by the loop delay
of 5 ps and the unity-gain bandwidth of about 20 kHz.
The 0.2 MV/m transient is repetitive with a high degree
of reproducibility. Using feedforward it can be further sup-
pressed by more than 1 order of magnitude, as shown 1n
Fig. 29. Slow drifts are corrected for by malang the feed-
forward system adaptive [32]. The feedforward tables are
updated on a time scale of minmtes.

VIL CAVITIES OF HIGHER. GRADIENTS

Both the TESLA collider and the x-ray FEL would profit
from the development of cavities which can reach higher
accelerating fields (1.e., higher particle energies) and higher
quality factors (Le., reduced operating costs of the acceler-
ators). The TESLA design energy of 250 GeV per beam re-
quires a gradient of 25 MV /m in the present 9-cell cavities.
The results shown in Sec. VD demonstrate that TESLA
could mdeed be realized with a moderate improvement
in the present cavity fabrication and preparation methods.
However, for particle physics an energy upgrade of the
collider would be of highest interest, and hence there is a
streng motivation to push the field capability of the cawn-
ties closer to the physical limit of about 50 MV/m. which
is determined by the superheating field of nicbinm. There
are three main reasons that the theoretical linit has not yet
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been attained in nmlticell resonators: (1) foreign material
contamination in the niobium, (2) insufficient quality and
cleanliness of the inner 1f surface, and (3) msufficient me-
chamical stability of the resonators. An R&D program has
been initiated aiming at improvements in all three direc-
tions. Furthermore, the feasibility of seamless cavities is
being imvestigated.

A. Quality improvement of niobinm

Niobium for microwave rescnators has to be of high pu-
rity for several reasons: (i) dissolved gases such as hydro-
gen. oxygen and nifrogen reduce the heat conductivity at
ligquid heliim temperature and degrade the cocling of the
of surface; (if) contamination by foreign metals may lead
to magnetic flux pinming and heat dissipation in 1f fields;
(i) normal-conducting or weakly superconducting clus-
ters close to the rf surface are particularly dangerows . The
Nb ingots contain about 500 ppm of finely dispersed tan-
talum. It appears unlikely that the Ta clusters found
some early TTF cavities muight have been caused by this
“natural” Ta content. Rather there is some suspicion that
Ta grains might have dropped info the Nb melt during the
various remeltings of the Nb ingot in an electron-beam
melting fomace because such furnaces are often nsed for
Ta production as well. To avoid contamination by foreign
metals. a dedicated electron-beam melting fumace would
appear highly desirable but seems to be too cost inten-
sive in the present R&D phase of TESLA.  Also. more
stringent requirements on the cuality of the furnace vac-
vum (lower pressure, absence of hydrocarbons) wounld im-
prove the Nb purity. The production steps following the
EE melting (machining, forging, and sheet relling of the
ingot) may alse introduce dirt. The comesponding facili-
ties need careful mnspection and probably some wpgrading.
The present TTF cavities have been made from nicbinm
with gas contents in the few ppm range and an RRR of
300. Ten 9-cell cavities have been measured after both
800°C and 1400°C firngs. The average gain in gradi-
ent was about 4 MV/m It would be highly desirable to
eliminate the tediows and costly 1400 °C heat treatment
of complete cavities. One possibilify might be to pro-
doce a nichinm ingot with an RBR of more than 500.
This is presently not our favored approach, mainly for cost
TRas0ns.

For the present R&D program, the main emphasis is
on the production of ingots with ERR = 300, but with
improved cuality by starting from nichivm raw material
with reduced foreign material comtent, especially tantalum
well below 500 ppm. Strocter quality assurance during ma-
chining forging. and sheet rolling should prevent metal
flakes or other foreign material from being pressed into
the niobmm surface deeper than a fow pm To merease
the RER. from 300 to about 600, it 1= planned to study the
technical feasibility'* of a 1400°C heat treatment at the
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dumbbell stage (2 half-cells joined by a weld at the iris).
This procedure would be preferable compared to the heat
treatment of whole cavities which must be carefully sup-
ported in a Nb frame to prevent plastic deformation, wiale
such a precawtion is not needed for dumbbells. However,
there is a strong incentive to find cavity treatment meth-
ods which would permit elmmination of the 1400 °C heat
treatment altogether According to the results obtamed
at KEK [33], electropolishing seems to offer this chance
(see below).

B. Improvement in cavity fabrication and preparatdon

Once half-cells or dumbbells of high EFER have been
produced, it is then mandatory to perform the electron-
beam welding of the cavities in a vacuum of a few times
10~ % mbar in order to avoid degradation of the RRE. in the
welds. The EB welding machines available at indnstrial
companies achieve vacua of only 5 % 10" mbar and are
hence inadequate for this purpose. An EB welding ma-
chine at CEEN is equipped with a nmch better vacoum
system. This EB apparatus is being used for a single-cell
test program For the foture cavity improvement program
a new electron-beam welding apparatus will be installed at
DESY with a state-of-the-art electron sun. allowing com-
puter-controlled beam manipulations. and an oil-free vac-
mum chamber folfilling UHV standards.

The mdustrially produced cavities undergo an elaborate
treatment at TIF before they can be installed m the accel-
erator. A 150-200 pum thick damage layer is removed
from the 1f swface because otherwise gradients of
25 MV/m appear inaccessible. As explained in Sec. IV,
the present method 15 BCP which leads to a rather rough
surface with strong etching in the grain boundaries. An
alternative method is “electropolishing”™ (EP) in which the
material 1s removed in an acid mmxinre nnder current flow:
Sharp edges and burrs are smoothed out and a very glossy
surface can be obtained. For a mumber of vears remarkable
results have been obtained at KEK with electropolishing of
1-cell niobmim cavities. Recently, a collaboration between
KEK and Saclay has comvincingly demoenstrated that EP
raizes the accelerating field by more than 7 MV/m with
respect to BCP. Several 1-cell cavities from Saclay. which
already showed good performance after the standard BCE.
exhibited a clear gain after the application of EP [34].
Conversely, an electropolished cavity which had reached
37 MV/m suffered a degradation after subsequent BCP.
These results are a strong mdication that electropolishing
is the superior treatment method.

At Cornell University cavities have been successfully fab-
nicated from EER = 1000} matenal. Likewise, the TTF cavity
Cl9 was made from postpunfied half-cell: and showed zood
performance.
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FIG. 30. (Coler) Exeitation cwrve of a TESLA %-cell cavity
showing a drop of quality factor without any field emission.

CERN, DESY, KEK and Saclay started a joint R&D
program with electropelishing of half-cells and 1-cell cavi-
ties in August. 1998, Recent test results vield gradients
arcund 40 MV /m [35] and hence the same good perfor-
mance as was achieved at KEK. The transfer of the EP
technology to 9-cell rescnators requires considerable ef-
fort. It is planned to do this in collaboration with industry.

Recently it has been found [36] that an essential prereq-
uisite for achieving gradients in the 40 MV/m regime is a
baking at 100°C to 150 °C for up to 48 h while the cavity
is evacuated, after the final high-pressure water rinsing. In
electropolished cavities this procedure removes the drop
of cuality factor towards high gradients which is often ob-
served without any indication of field emission Such a
drop 1s nsually alse found in chemically etched cavities;
see, for example. Fig. 30. Expeniments at Saclay [37] have
shown that a baking may improve the () curve; how-
ever, part of the {J reduction at high field may be due
to local magnetic field enhancements at the sharp gramn
boundaries of BCP treated cavities [38].

C. Mechanical stability of the cavites

The stffening rings joimng neighboring cells n
the TESLA resconator are adequate to limit Lorentz-
force detuning up to accelerating fields of 25 MV/m.
Beyond 25 MV/m the cavity reinforcement provided
by these rings is insuffictent Hence, an altemnative
stiffening scheme mmst be developed for cavities in the
35-40 MV/m regime. A promising approach has been
taleen at Orsay and Saclay. The basic idea is to reinforce a
thin-walled niobinm cavity by a 2 mm thick copper layer
which is plasma sprayed onto the outer wall. Several
snccessfil tests have been made [39]. The copper plating
has a potential danger since Nb and Cu have rather dif-
ferent thermal contractions. The deformation of a cavity
upon cooldown and the resulting frequency shift need
uwestigation  Another phenomenon has been cbserved
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sheets: when these cavities were quenched. a reduction in
quality factor (4 was observed [40]. An explanation may
be trapped magnetic flux from thermoelectric curents
at the copper-miobium interface. It is unknown whether
this undesirable effect happens also in copper-sprayed
cavities. An alternative to copper spraying might be
the reinforcement of a nicbmm cavity by depositing
some sort of metallic “foam.” using the plasma or high
velocity spraying techmique. If the layer is porous. the
superfluid helmm penetrating the voids should provide
ample cooling.

The cavity reinforcement by plasma or high-velocity
spraying appears to be a promising approach. but consid-
erable R&D work needs to be done to decide whether this
is a viable technicue for the TESLA cavities.

D. Seamless cavities

The EB welds in the present resonator design are a po-
tential risk.  Great care has fo be taken to avord holes,
craters, or contamination in the welds which usually have
a detrimental effect on the high-field capability. A cav-
ity without weld connections in the regions of high elee-
tric of magnetic 1f field would certamnly be less vulnerable
to small mistales during fabrication. For this reason the
TESLA Collaboration decided several years ago to imves-
tigate the feasibility of producing seamless cavities. Two
routes have been followed: spinning and hydroforming.

At the Legnaro National Laboratory of INFN in Italy.
the spinning technigque [41] has been successfully applied
to form cavities out of niobium sheets. The next step will
be to produce a larger quantity of 1-cell, 3-cell, and, finally,
S-cell cavities from seamless Nb tubes with an RRE of 300.
In the cavities spun from flat sheets a very high degree
of material deformation was needed, leading to a rough
inner cavity surface. Gradients between 25 and 32 MV/m
were obtained after grinding and heavy etching (removal
of more than 500 pm) [42]. Starting from a tube, the
amount of deformation will be much less and a smoother
inner surface can be expected. This R&D effort is well
underway and the first resonators can be expected in early
2000.

The hydroformuing of cavities from seamless niobium
tubes is being pursued at DESY [43]. Despite initial
hydroforming  difficulties, related to inhomogeneous
mechanical properties of the nicbium tubes, four single
cell cavities have been successfully built so far Three
of these were tested and reached accelerating fields of
23 to 27 MV/m. In a very recent test'” 32.5 MV/m was
achieved at (J; = 2 * 10", Most remarkable is the fact

UPreparation and testing of the hydroformed cavities were
carried out by P. Kneicel at Jefferson Laboratory, Newport News,
Virginia.
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that the cawvity was produced from low REE nicbinm
(FRE. = 100). It received a 1400°C heat treatment
raising the RRE to 300-400. The swface was prepared
by gnnding and 250 pm BCE

E. Niobium sputtered cavities

Recent imvestigations at CERN [14] and Saclay [44]
show that single-cell copper cavities with a nichinm sput-
ter layer of about | pwm thickness are able to reach accel-
erating fields beyond 20 MV/m. These results appear so
promising that CERN and DESY have agreed to initiate an
E&D program on 1.3 GHz single-cell sputtered cavities
aiming at gradients in the 30 MV/m regime and quality
factors above 5 * 107, High-performance sputtered cavi-
ties would certainly be of utmost interest for the TESLA
project for cost reasens. Another advantage would be the
suppression of Lorentz force detuning by choosing a suf-
ficiently thick copper wall.

F. The superstructure concept

The present TTF cavities are equipped with one main
power coupler and two higher order mode couplers per
9-cell resonator. The length of the interconnection between
two cavities has been set to 34,/2 (A = 023 m is the f
wavelength) in order to suppress cavity-to-cavity coupling
of the accelerating mode. A shortening of the inferconnec-
tion is made possible by the “superstructure”™ concept, de-
vised by Sekutowicz [45]. Four 7-cell cavities of TESLA
geometry are joined by beam pipes of length A/2. The pipe
diameter is increased to permit an energy flow from one
cavity to the next, hence one main power coupler is suffi-
cient to feed the entire superstructure. One HOM coupler
per short beam pipe section provides sufficient damping
of dangerous higher modes m beth neighborng cavities.
Each 7-cell cavity will be equipped with its own L He ves-
sel and frequency tuner. Therefore, in the superstiucture
the field homogeneity tuning (equal field amplitude in all
cells) and the HOM damping can be handled at the subunit
level The main advantages of the superstructare are an in-
crease in the active acceleration length in TESLA—the
design energy of 250 GeV per beam can be reached with
a gradient of 22 MV/m—and a savings in 1f components,
especially power couplers.

A copper mode] of the superstructure is presently used to
verify the theoretically predicted performance. This model
allows mdrvidual cell tuning, field profile adjustment. -
vestigation of transients in selected cells, test of the HOM
damping scheme, and measurement of the cavity couplings
to the fundamental mode coupler. Also, the influence of
mechanical tolerances iz studied. First results are promis-
ing [46]. A nichinm superstructure prototype is under con-
struction and will be tested with beam in the TTF linac in
early 2001.
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PR Hinddl el
e B Moo

- e PLANSEE
- Fez AL

RaHz QUALIFIED

OeS

T irwrs s zn

INSFECTION CEFH;IFIGATE I T

o, 1o DIN BH 10004 - 3.1 e o ety

Report Ma 26546061 B30001D
Lt 13.41.2009
Cudlomr. NHYWAVE, INC. 7 US
PLANSEE Ol Re P No:  BEAS26T 1 10
PLANSEEM Foro-fe : 1141247

PansESegmont ( Fos. f @ f Schenk ! 1232

Cortomaor Defor Hos 03-002Z3-0071  doted 185.11.200B

Spoification Mo

Wabelal | Product NBEM / MoM-RRR 300 sheet 540xB00xE 8 mm ;
Condiion of matartyl | Geality  f :

Diswarians 28 +-0,15 x 540 x 800 mm
Chrandy | Wedght: 20,630 K5/ KG . ‘
[y ONANS4AENY 20650 WG i

FHEET No.: 225,330,

CHEMICAL AHALYSIE {INGDT H2212 ) :

- Ta = G0 po o o= <2 Fe = 3 ppig
- g = 7 gy W= 3ur Wi = & pglg
Ma - 4y Hf = < uaf
L = 1 pg'o M = 3 pafa Qa = 2 pgig
H = 1 1y Nb  rémainder
GAS CONTENT (AMAL PRODUET)
Coo= <10 iy H = <5y o = <397

H -~ <1u33q

HECHANICAL PROPERTIES [FINAL PRODULCT): acc. lo DI BN 10002-1
LONGITUDINAL DIRECTION TRANIVERSE DIFECTION

0.2 % Yietd strezs @Urams) BS - FT EF - /4 ;
UHimale (ensile dwength (M) 141 - 165 148 -« 170 !
Fercenzsge edanoation ) 48 -T2E 2,1 - 6r¢

Hardnesa HV{0: aco. to O IR0 6507 45,4 - 64,1

Graln six Mo ace, o ASTM Ef12 BE.D - 7.5 [100% morystellization)

RER; 338 - 423

BIRFACE ANISH:

Boih wdes hewe compaeable eurfecs finled, thamfore no markng of FlFs.ude waE made.
Surfare rooghhsix:: acc Lo DN BY BO 4287
Ra: E95-1.11 pm Re: 6.37-7.82 pm Frnex: 12, 34-14,16 m

ANAL QUALITY OF SHEST:
Shaet(s) menufactursd by rolling-aufece tragtment-final keat trestmesi-grinding By maching
foweralll-manyal ginding of local defectz-wishinfinal inspection,

REMARKS: -
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PLARLEE Mok | Lk
4wl b

™
Foa:
—— Al ETon A

[NSPE{:TtON CER_I—IFICATE B0 WZ0N WAL

i PLANSEE
=l 0

RaHE QUALIFIED

Ofels

S7STVEM CERTIZ-FR

E R e KL #I1IH

gco. to CRNW EM 10204 - 31 SHEAL 1EIMT R AN

Foport Mo BES4TAT 2000010
Dot 17.12.2008
Customen NIDWAVE, INC. | U5

PLANSES O N lFoctto:  GEABIET 1 30

FLANSEE Materishho 11531120

PLAMSEE Sagrnant @ Fo~. f w0 [ Bchenk [ $232

fustomar Grdar Ho= GE-0026-001  agea 13.41.200G9
Gpetlicetn oo

Mintwrind [ Product NBM ! NBM -RRR300 zheet 2TD x 270 x 2.2 mm

Tomdtion of natefd ! Gy

Niowave, Inc.

Dirvermbarme 28 #4410 x 270 + 4,0 x 27D + -1,0 mm
Guantity | Wedaht B2.015 KGS /[
Etnhieeyr (FEPEERL T B2, 15 #E
SHEET Meo: 303-313,315-332,334-351.

CHEMICAL ANALYSES [INGLIT H3212 )

Ta = 106 poig Xr = <2 pafg Fe 3 pglg
& = T pag W = 5 ugfg K = 3l
Mo = 4 oy HE = 4 woig

[H = 1 pghg ) = 3 paig 1} = 2 pgig
H = 1 ngfg Nb  remainder

GAag CONTENT (FHAL PRODUCT)

[ 5 <10 pgrg ] = =5 ua'g ] = < B pyig
H = =1y

MECHANICAL FROPERTIES (AL PRODLUICT]: acc. to OIW B4 10002.1
LOMNGITURINAL DIRECTION TRANEVERSE DIRECTION

0.2 % Yicld gtraza Wmm') EH - T7 BF - T4

Uitimete Jasdle stoamgih (Wmm?y 141 = 168 148 - 170
Percantage ekngatlon (%) 48,3 - T2.6 EZ1 - 67,7
Hamdnesa HV1 D geo. o B 180 BSOS -1 45 4 -B4.1

Lrain size Moo ace, bo ASTM E142 G0 - T.5 (100% racrystallizatfon)
R 330 - 424

HIRFALE RNZH:

Boin sldes hawa comparaside qurface Memh, therelfore no makbheg of RESTHEe wes e,
Swrface roasgbnget; - Lo DIk BY B0 4287
Ra: 085111 pm 33 G,07-7,0Z ym Rmax: 12,93-14,18 pum

ANAL QUALITY OF EHEET:
Sheetls) tmawfactons] by reling-swface troatment-final heat ireabment-ginding by maching
foveralfrrrnusd gringing of lacal defectsetchingfinal inepaction.

REMARKE: circurmferance wabar jeb cablet
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PLAKLEL: Yod! sl
4. F00 Lecx

bk PLANSEE
= AT

gy

FRTE A TR

INSPECTION CERTIFICATE

R+HE QUALIFIERD

OfelS

.--.-.-1-. r1 s |||-||-|

Iﬂ1m1lm M-‘HIJIH

ace, to OR BW 10204 - 3.1 LN THR IO R

Fnpar Me BA4SETAADO0010
Db 17.11.2009
Custamar: HICWAVE, INC. | US

PLAKGEE Owder MoPosNe: GEASZET ¢+ 30

FLANGEP W rterta; 11531120

PLAKREG St | Poc. | = f Belernk | 1232

Custanar Order Mo 08-0028-001  cmed 18.17.2008
Apecilcation Ke.:

Mutorial | Fresue: NBM [ NBM -RRR3I00 zshest 270 x 270 x 2.8 mm

condehon of matereod ! Quatry [

Niowave, Inc.

[ ———— 28+~ 006 %270 + A0 x 2T + -{,0 mm
quantity | Welghd: 6T 0 KG | HG
Eaohiost: opapannETy &7,910 KS
SHEET Huo.: 201-214,218-218,220,222 203, 226-220, 292255, 227-248 245248,

CTHEMICAL AMALYIIS [INGOT H2212 )

Ta = 106 walg Zr - =32 pag Fe = & palg
5i o= T opgp W= 4 'y M = 3 ug'g
Mz = 4 paf HF = 4 malyg

G = 1 gy N = 3wy o = 2
H = L] PRI

GAS CON TENT IFRLAL HEIUUCT}

o3 = =10 ppg ] - < 5 ppg m} = = & pgly
H = <1mg

MECHAMMCAL PROPERTIES (FINAL PRODUCT) o Lo OIW BN iod0e.?
LONGITUDNAL DIREGTICN  TRANSYERSE RIRECTION

1,2 % Yicld stress JWimm?) 8 - 77 g7 =74

Ulthvete tensie strength (Mimm®y 144 - 188 148 - 170

Pemanrtege alongalion (%3 493 - 12,5 52,1 -87.7

Hadneess HY10: acc, to EM 150 6507 45,4 - B4

GErpin atze Me: aoc. to ASTM E11Z G0 - 7.5 [R0% matyslalizztion)
RRR; 333 - 428

FAIRFACE ANISH:

Beth aidas hewe comparesitie surfess fineh, therefora o marking of AFside was midde.

Burface rougtwress: a6 Lo OIN BN 120 4287

ka: 0,85-1,11 pm Rz B E7-T.B2 pm Frmaz: 12.84-1415 pm

FINAL QUIALITY OF SHEET:
Sheatis) tranofactured by solling-sufase trastmen-find heal trealment-grinding by machine
fowerallmanual grindimg of ppal defectg-afchig-fingl ingpection.

TBINRO15 90
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P bRE Mol Gy
LogE Rmcw

p” PLANSEE
Fr. = IR T

ReHS QUALIFICD

eQL

Macald,dus e ryl

INSPECTION CERTIFICATE e
are, do DIM B 10204 - 5.1 T i 4B casn
Repoet Ha, BE412018000010

D! 0Z2.11.200%
Buclmr NIOWAVE, INC. | US
PLANBEEChiket M/ Pos M BR4A526T ¢+ 3D
PLANEEEM atorta| He.; 118551120
HANSEESogmant ¢ Pt m [ Sehenk | 1232
Cartomar Qmor Moo DE-QO2E-001  axtaa 18.14.2008

Rueasifulion Nod

Matwrinl [ Mroduct NBM | NBE -RRR200 sheat 270 x 270 x Z,B mim
Conditan of materal | Daadby

Dirmermlons 2,3 + -D,'III ¥ 270 + -1|¢ X 7D+ '1::' mn
Glmlty | Waight 36,390 KG /! KG

Etcriml OHGRIETT A 334 WS
SHEET M 1RI-165,167-179,181-188,

CHEMICAL AMALYSIS [INGCT H3205 )

. Ta = 145 pgly Ir = T U kR = 3 pg'g

= % = 7o W~ 20 pglg Moo= 3w
Mo = 4 g Hf = & o
C = = pgg N = 4 oy o} = g pglg
H = T g ME  renxender .
GAS GONTENT (FMAL PRODUICT) §
o= =10 iy W = =5 pgig o = =5 pglg
H - <1 wgig

-MECHANIGAL PROPERTIES (AMAL PREODUCTE ase, to OIN BN 1600241
LOKGITUDNAL DIRECTION TRANSVERIE DIRECTION

© 0,2 % Yleld strese (M) 62 -T2 T« BT
LNtimate tensle wrength Mane?y 155 - 181 183 - 182
Percenbage cdongation (%) 464 - 505 457 - 661
Hardnes: V0! goz to BM IS0 6507-] 470 - 4574 :
Crain size Mo ae. to ASTM Ei12 54 - 6.5 {100% racryetallzalion)
REFR: A0 - 405

SURFACE FHIEH:

Both sod=s hawe cormparesids urface Tinigh, (herafons m muﬁ;jng nf FRFsige vt Ay,

Burfece roughness:: acc. to DIW B 150 4287

Mo 0.95-1.11 um Fz: g,B7-7,82 tm Rz 12,94 - 14,16 wum

FINAL QUALITY DF SHEET:

Bhewd 2] manwfacieed by rallingesufore irestmentfinal beat tressmani-orinding by maching
foveralll-manud grinding of local defects-atching-fird inepactlan.

REMARER: -
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" PLAMSEE M 3zl

L e PLANSEE
INSPECTION CERTIFICATE e

ece. to DIM ER tO234 - 31

Rapart No.: 5733538000010
Dot 30.01_2009
Cuttampes NIDWAYE, INC_ | US
M. ANEEE Ordnr Mo P Ho: 6962614 , 10
PLANSEE Atmigria-No: 11503096
PLAMEEESegmant / Poc. ¢ R { Schenk f 1232
Cumiramiar Qroer Kz Jarry Hollistar oo 29.07.2009

Smacifoatton Mo
Blaronnl ! Pl MNEM I.I'IbM-HHH 260 Shaet B40xBMIxZ2.8 mm

Cimanaiars: 50 x 800 x 2.8 +£0,15
Cuameity ¢ Ivalghe 20,840 KG /| KG
Baighles]: PHISaESA X TR 20,04 K5

SHEET Wo.: 124, 125

CHEMIGAL ANALYGIS {INGDT 3201

Ta = 76 ugg W = =& mfh I o= <3 pgy
Hf = <4 unig Fa = <3 jafg i = <3 malg
Si = =7 uglfg Mo = <8 gufy

H = T My M = ¥ g < = 2 i
e = 3 wafn Wb resnaindar

GAS CONVTENT (FRAL PROIMICTY

H = <1 pglg M L € pgfy

o - ¥ opgi c - 1 ugla

MECHANICAL FROPERTIES (FIMAL FRODUCT): enc. to DIM EM 100021
LONGITUDINAE CHRECTION

0,2 % Yledd smess (N/mmd] 65 . 70

Uitmate tansila strength (WjmmT} 137 - 147

Parcantege alongation (%] 54,2 - 582

Hardness HY10: acc. to EM IS0 6507-1 40 - 80

Gran size WNo.: ooco. to ASThe E112 6.2 - 68 {(100% recrystalazationt
ELECTRICAL FROPERTIES:

RRA: 285 (meamned Al HERAEUS]
Sewfaca Fnish:

Both sides have compareable surface finish, therefure ne marking of AFRde was made.
Surfave roughness:; acc. to BN EN 130 4287 Fo +.23 - 1,40 m

Rz 7,83 - 5,31 um
Fmax B A6 - 12,48 gm
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PLAKZER Msall GebH
A - 4N e

o ficpe PLANSEE

s s RoHS QUALIFIED
INSPECTION CERTIFICATE e
acc. o DIN EM 10204 - 3.1 CHERE WO IET KR BIIHE

[ 86159167000010
Date: 21.07.2009
Customer: NIOWAVE, INC. / US
PLANSEE-Order NoJPos.No:  GB45267T ¢ 10
PLANSZE S aferial No.: 11491247

PLANEEE Segment | Pol. | { Schenk | 1232
Cusstomar Ordor No.: " 08-0028-001  deted 18.11.2008

Spacication Me.:

Matarial | Product: NBM / NbM-RRR 300 sheet 540x800x2,8 mm
Condition of materal f Qusiy |

Bimanslons: 2,8 + 0,15 x 540 x 800 mm
Gruantity | Weight: 134,550 KG / KG
Batchleal BoBa5i2418 434,550 KG
SHEET Mo.: 128-132,135,136,139,142,143,145,146,148,149.

CHEMICAL ANALYSIS (INGOT H3205 )

Ta = 145 pgfg Zr = 2 pglfg Fe = 3 pgfg
S = T7yuglg W = 29 ugig N = 3 palg
Mo = 4 palg Hi = 4 pgla

¢ = 2w Moo= 4 gy o = 5wy
H = 1 pgig Mb  remainder

GAS CONTENT (FINAL PRODUCT)

€ = <10 gy N = <5pgfg 0 = <5y
H = =1 uglg

MECHANICAL PROPERTIES (FINAL PRODUCT): acc. to DIN BN 10002-1
LONGITUDINAL DIRECTION TRANSVERSE DIRECTION

0,2 % Yiedd stress (N/mm?) B8 - 73 72 - Bi

Uttimate tensile strength (W'mm?*) 153 - 161 162 - 182
Percentage elongation (%) 46,4 - 59.5 45,7 - 86,1

Hardness HV10: acc. to BN IS0 65071 44,7 - 48,2

Grain size No.: acc. o ASTM E112 4.7 - 7.5 (100% recrystallization)
RRR: average 317,86

SURFACE FINISH:

Both sides have compareable surface finish, therefore no marking of RFside was made.
Surface roughness:: acc. to DN BN 150 4287
Ra: 0,95-1,11 pm R= §,87-7,82 pm Rmax:  12,04-14,18 pm

FINAL QUALITY OF SHEET: |
Sheet{s) manufactured by rolling-surface trestment-final heat treatment-grinding by maching
(overall}-manual grinding of local defects-etching-final inspection.

Niowave, Inc. TBONRO15 93



Cavity Fabrication Final Report

Niowave, Inc.

INSPECTION CERTIFICATE

ace, DIMN BN 10204 - 3.1 Report Mo BE158167000010 pete: 20.01.2010

Caetified thal {he suppiseissndices detailed hercon have besn inspected and lested in accordance with the condilions
and requirements af the conlract of purchags erder and unless. gtherwise noted below, conform in ell respects to
the spacifications). drawingis) relevant thersto,

This certificabe has been generated by computer and need nol 16 be signed for validity acsarding to BN 10204
PLANSEE Matall GenbH

High Parformancs Matardals
Autivortend incpection rop Inspaction Dopartmant QM

{Or. Thumar} (Partmer )

TBINRO15
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N

NINGXIA ORIENT TANTALUN INDLUSTRY CD., 170

.H‘_" ATDIEE s PO ROY 10E, SETALUTSHAN LY, 5T KL 0530580, PRI T a
FLL: 36 032 0TE354 FA KD NO-DIZ-200HAED
Quality Control Report
For Nb35Ti Plate
COsemer: Wi e, HETER T I
Lot 2010-4-9.285-1 0167 5 Staln. Annosled
sl A dREA0 A (M) Soncar?: Tecinica SoecTlicerons WEisTiAliey
Y e B Wer Wzizhn 532 kg
CA0 e 131183 GTE
1. Cremnizal Cempeeition
ontenl FITRT i T A enis Rug L3
13 Hafis e EER)
L w2 0% Laye2
iy BT Bt 2005
Y X 2058
E- =L % P
& e H
Fu L F LG1E
- =0 000
Hi R CLhs
2. Cendiziens and Mioostoehoe
Imem Reesterient Bgmalts,
. Vorgas e A
Choedidims - Acmealed o

- - Machizes

LA Pt LA T R L Feroystaliiee G dogroe: Wi 05 PET
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NINGXIA ORIENT TANTALUM INDUSTRY CO.LTD

—  ADDRESS:PO BOX 105:3HIZUISHAN CITY NINGXIA 73000 CHINA
TEL:88-D52-200 BGZ8 FAX:B86-952- 30132018

CERTIFICATE OF QUALITY /’V é
NES5%Ti alloy bar
Customer: Niowave,Inc Dafe: June? | 2040
Specificatian: NbhS5UTI alley Vershon A Numbar : 2
Lot Me: Nbh-55TID-2-10001 Met weight @ B3 (k)
Purchass arder number:10-1105-005 Size: ©142=500(mm}
Impurities:
ELement CoWalue (U, wtd Element @ Value (%, wi)
c 0.0036G Fe 018
- O 0.072 i 0.00s
N f1.008 Ni 0.003
H - 0.0005 Ti 8578
w 0.005 Ta G.00e4
Properties:
Recrystallization degree HW/ 10N
295 —_ lemmeenIr

QUALITY ASSURANGE . REPRESENTATIVE

SIGNATURE i id
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Q NINGXIA ORIFNT TANTALLM INDUSTRY CQ., LID

ANDRESS: POLBOX [0F, SHTZUTSHAN CITV, MIMGRES 753000, PR A LN A
- _ TEL: $6-952-2098558 FAX: 86-052-20988R0

Quality Conirol Report

For Niobium Plute

Cuslomers: M ioveave. Ino, Taate; Chet 13, 20
Lat o 2010-49-3G8- 111018 Brare; Arelss?
S 22ARINABLN () Slanderd: DESY /l/ S
- 2 a5
Cusnnity: 2 Fel Mel Weight: 32.00kg

FO 1o, D0-1105-0035

1. Chemiesd Compusidion
The ngat meets the chemical analysis for following elements

Cromient guaraniesd Smalysis Hesil:
Ta O 0
W 200 0.0012
Ti 005, ~HQ00F
Ta = (h043% o000
I H = (003%, Q0000
b Lo RIS (LI
ML L0 <0000
Cuolenl o wlerstlial elements in the annzalsd K
Cunlent guranled Analyveiz Baosull
I . % 2ppm 1
™ = I
4] = 1mpm
Ly = 10 ppm T

2. Mechanical Properiies (Toom Temjperatire)

1Iem Fequitem=nt Results
|
f

188 Y-~igs .2

: varn]lel THlectic:

I Tensils stranzty, RII:.{N-‘II‘.WI‘IJ} i P12t a - ) |
162 20830

| | {Orthogomd Ditezsnn] |

: B0 2--825 |
| LT P i " amoat! H I T P

.20 hnqunpaﬂ@ﬁl gnempgtion, Rpl.? SHeHp 2210 [Parallel T2irectinng
| et B0, 704,56

ovthngonal Taesting]
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NMINGXIA ORIENT TANTALTM INDUSTRY (0. L.TD

ADIRB-RS: LOBUKR LS, SHIFUISHAN CTUV, NINGETA 15300, PIRLCHINA

TEL: §6-3572- 2098858

FAX: B6-052-20935R9

Onality Control Report

For Wichiom Mate

NY-22 2z

Cushoer: Nwowave, Toc.,

Lons o 2052006810111
Sl 28w 10CE10 min
Qeumlie: 2 Pes

PO Me 101125005

Da'es Mose 0y, 2010
Stera: Aonnealzd
Ltandard; LYEG

et Weight 1345z

1. Chemical Composition
The inzot mects dre chewos aabvsis for Tallaving elemeals
ntent ey Araleaia Remall
L Z0.05% 0.07
W =2 N7 [(H
T = 00553 < Q05
F= A ekt MG0s
ki #0100 GG
51] GG
I: - : 00055
Conezct of inbeestitias alemeats 51 the ernzaled X1
Clontiemnl wurrgayed Analysis Kesch
h G ppTa 2
M EN LU 5
3] = [0y 5
LN = 10pm 3
L. Mevhuniesl Mropertivs (Heom Jertperatere
! e : Revuizmnanl Fesult: :
! ! Bade- kS !
: = Facal'ei L ecting I'
Ternsile strene L. B (RAnn™; ' =Ll ——— ===
. 183880 Y
o o _ iPrteoperal Dirscier)
TP L
02k h'r.mpmpu:.liunal -'T‘iunuz::iun, Fr0.= SEeTpr <100 L _ (I_”_:ﬁl!g[ Dl'b..-_'l.'lil o ll
SAzae . | A 54D I
_ S _! orlwoeral Diveztioa) |
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GEI‘JG}{D\ ORIENT TANTALUM INDUSTRY CO.. LTD

DLRESS: POEOX 105, SHITUIEHAN CITY, NINGXLA 753000, PR CHINA
TLL: 84-052-20FE85R

A

FaX: 86933 2094839

For Niolvivum Flale

Chiality Control Report

Crusborser: Miowave, Inc.

Lot Moo 201 0-2-0- T 6 §-T00 5800

Bimer E=E 123
Creantioe 1 Ps

I Moz L0110

LR ]

5005

Thare: Sep.29, 2010

Stare: Anneslad

Slendasd: DERY

Bl Wewighi: 55,3

1. Chemical Composition
The ingel raesls 15 cherial anatisis Tt Tallowing elements

Conteat muarantesd Analvsiz Keaul
T Z|LA5Sh HENHK]
W ENTH Q67
™ LGRS, L0
Fe o OGS ThOG A
i L0 % fhL20
oo 0 CAYE 00310
i LR IR L <003
Contens of intatssitial elamants in the mrnazlad Wh
oyl et FuaEnTed Ana'rsis Resuh
H < e !
Y| = 1 0oom ]
(] = opm 3
L = W0opin 5
2._3-'1[_t¢l.‘l_|<1_rliﬂl| Properiies (R oto Terperadong
}r ligrn Rsuaremeni ! Fasulz
! : TLA1T56
]! Temsile strengsh, Rm At Rri=id | \Paralel Livedtior.
1 | 1TrT-1Th 4
:' I idhognga Miraction)
i L 303
il 01.2% MarmpropocTiomal uilr:r‘rﬁtinn, Rpo= ST 2 0 : (Pazallei Drvection)
\ Il | F5d--5ikA
| | {Orthoganal Drirzctinn
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q NINGXLA ORIENT TANTALUM INDUSTIRY CO.. LTD

ADDRESS: POLBOX L0S, SAIZUESHAN CIT'Y, NING K14 751, PR CHINA
TEL: #6-952-2008865 FAX: Bo.052-200R880

Quality Control RHeport

Fer ) cer
For Wicbium Plate TR ey
Cogham 2z Wonwavs, Tne. Dite: Sep B, 2000
Tt M. 204 -5-508- (Ha00 Banes Anneiled
Sire: 2 BN 10K B0 fmrn’ pq-1F Fanda-d; TESY
Luargice. A Mo et Wiigh 63 e
el oz 10-1105.0K5
1. Chemical Composition
I'tie Inzot mects the shemical sralvsis 1or following lements
Conmten A HER I |1 Analvsis Fesuit
Ta L0054, 005
- W 01 (k017
Ti <(LIHILS
Le RIS
3 Leadrzo
o 000 00010
I £k D3 0004
Contert of Tterslila slemesls iz he eunesled >ib
Ciortemt suaranteed Aeiyars Mezalt
3 £ 1
I ENE 1
i L1 Iy 4
T *=10=prm 3
2. ¥achanleal Prapeviics (Hovn ‘Temperaturet
r ki — —
ller R ecuizement ‘ Aesults
- _ | (713175 6
e oot Fim (P i e 140 {Pecalel Diection]
ngile stcergthy, B (Himon ™) Boe™ ‘ Ry, i
I ! Qrihugaue] Diceetion}
_ | 9.0~ 8.3
[ 1724 N'."':I'.J'.'r‘::-l.‘".l:.l:i:.'lrli.il .ell.\l:gl:iun, Rpe.2 S0RgG2<190 | {Pg?fll;e'l ﬁirﬁ...ru-ﬂl
mmi fE R

{{hrhognnal Trroctiond
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NINGXLA ORIENT TANTALUM INDLSTRY CO., LTD

1
!
i
ATIMRFSS: POLUHROE 105, SA0AL RHAN CFLY. NIRGALL 735040, B H.CHINA H
1

TFL: RA-USZ2N0858R © AN HO-US2 RN

Quality Control Report

For Niohiom Plate

e inwgve, L Thver g, A
Lt oo 20 00-0-0-108. TeE T Bliter Avroa ad
AT S8 N HACI R 0 S Sanaland: JlnY
9 TRV [ I e Mo el NG

[ B T R TR T M

b O homieal Cempusition
The ol e e coenucal coaalvais o toulssing eires
oz enl TR TS Py Aamslvsis esnln
I [UBRH -'::'.ii':'.‘
W LTS gl
= <IN
i RATRITER R nanes
HE
HEH
<L L |

i G

A
i

Curnenn o 1Leralilie, 2 ernerle i e el s S

siza Ll Anztygis Hoslit
1
£

[ s

L R o =
L Werhanical Properiig (Roem Lamperatuec |
Lo RN AT R RV —— _— !
(] ERC TN ] Hesnisy I
e —_ - — !
AIERERT A
. - dElE 1 sction ;!

Tesmnie slmze mile Mo i o110 v IFeiz.| b l:-l!ILE—

BN VR

t0vtherony T

N H !

o Nerpromarivral clongoicn, $20.2 R e A : TFarzlle: Thirzenomg |
. ATt : .
I ' T RS

o hesan e
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NINGXLA ORIENT TANTALUM INDLSTRY CO., LTD

1
!
i
ATIMRFSS: POLUHROE 105, SA0AL RHAN CFLY. NIRGALL 735040, B H.CHINA H
1

TFL: RA-USZ2N0858R © AN HO-US2 RN

Quality Control Report

For Niohiom Plate

e inwgve, L Thver g, A
Lt oo 20 00-0-0-108. TeE T Bliter Avroa ad
AT S8 N HACI R 0 S Sanaland: JlnY
9 TRV [ I e Mo el NG

[ B T R TR T M

b O homieal Cempusition
The ol e e coenucal coaalvais o toulssing eires
oz enl TR TS Py Aamslvsis esnln
I [UBRH -'::'.ii':'.‘
W LTS gl
= <IN
i RATRITER R nanes
HE
HEH
<L L |

i G

A
i

Curnenn o 1Leralilie, 2 ernerle i e el s S

siza Ll Anztygis Hoslit
1
£

[ s

L R o =
L Werhanical Properiig (Roem Lamperatuec |
Lo RN AT R RV —— _— !
(] ERC TN ] Hesnisy I
e —_ - — !
AIERERT A
. - dElE 1 sction ;!

Tesmnie slmze mile Mo i o110 v IFeiz.| b l:-l!ILE—

BN VR

t0vtherony T

N H !

o Nerpromarivral clongoicn, $20.2 R e A : TFarzlle: Thirzenomg |
. ATt : .
I ' T RS

o hesan e
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Kk /15
’NINGXIA ORIENT TANTALUM INDUSTRY CO., LTD

ADDRESS: P.O.BOX 105, SHIZUISHAN CITY, NINGXLA 753000, P-R.CHINA
TEL: B&-952-2098888 FAX: 86-952- 2098889

Quality Control Report

For Niobium Plate

Customer: Miowave, Inc. Date: Dec.7, 2010
Lot Mo.: 2010-4-%-368-101207 State: Annealed
Size: 350%230%9.5 {mm) Standard: DESY
Quantity: 1 PIECE Met Weight: 6.5kg

PO Mo 109-1105-005

1. Chemical Composition
The ingot meets the chemical analysis for following elements

Content guaranteed Analysis Result

Ta =0.05% (.61

W =0.007% L0011

Ti =0.005% =0.0005

Fe =0.003% 0.0005

Si =0.003% 00010

Mo =0.005% 0.0010

Mi =0.003% =<0.0005

Content of interstitial elements in the annealed Nb
Content guaranteed Analysis Result

H =2ppm 1

M = 10ppm 5

O = 10ppm 5

C = 10ppm 7

2. Mechanical Properties (Room Temperature)
Item Requirement Fesults
2152~223.1
5 1 {Parallel Direction)
Tensile strength, Rm (N/mm®) Riti==140 SIS A=D1
(Orthogonal Direction}
; 90.1~93.1
0.2% Monproportional elongation, Rpd.2 {Paralle]l Direction)
: (Nfmm’) SR 93.1~95.6
(Orthogonal Direction )

Niowave, Inc. TBI9NRO015 103
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31.2~324
Percentage elongation after fracture Using >30% (Parallel Direction)
min 30 mm Gauge Length, AL30 31.2~36.0
(Orthogonal Direction)
Hardness, HV10 =60 1*
1* (HVS/10N)
r No. 1#
37.6
Result ~
59.9
3. Inspecture results
Item Requirement Results
RRR values 2300 306
<ASTM 46 or finer
in Si ASTM 7.0-8.
Crom e -Local grain sizes ASTM 4-5 M08
Surface roughness Ri<I15¥m <i5um
Surface flatness according to =
Fltnems -ASTM B 708: 2% or better i
Ultrasonic measurements No defects ok
(1) Non niobium material,
(2) Visible clusters from niobium oxides,
segregation, cracks, blisters. '
Surface inspection (3) 3Grease and finger prints on the surface. X i
(Defects) (4) Scratches and marks of more than Rt=15 9
u m for the RF side or of Rt=60 1 m
for the back side, even if free from
non niobium material.
Visual inspection No defect ok
Size 350%230%9.5 ok
QC Judgment Pass
Quality Control Representative

Signature: @,@
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NORTHWEST RARE METAL MATERIAL INSTITUTE
ADDRESS: POROX 05, SHIZUISHAN — (ITY, NINGXIA T5M00.PRCHINA
TEL:86052-2098206  FAX:B6-052.2098205  E-mailmmiecq@public.ye pron

Quality Control Report
For Niobiom Plate

CustinrmerMIOWEVE TH. Dave: hdee 23 2000

Lot Mo.: W2000-02. 16000323 Magerial Mo BT 16

SizeAN6TSXTTS  (mm) Cuartity: 10 Pos Wet Weipht: 108.9 kg
2.8XG70X330 (mm) 2 Pos Net Weight: 10.7 kg

State : Apmesled PO Na,: 080006006

1. Chemical Properties
Chesnical compasition of nishimm ingot (wi?a):

Elerment Bequitement Analysis Result,
Ta =0.050 G000 e
L <0007 LIEL 1) LU
T =g =00M5 =
Fe = 0003 OOts o
8i 0,003 =00 fs
- Ma 01005 0angg e
Hi = 000805 =000E 5
Content of lnterstitial elements in the annealed pioblum phie
Flzrment Feguirerment Analyzis Resoll
H = 2ppmm 1
N < 10ppm 10
o <10ppm 5
c, = 1ppm £
2. Mechanical FropertiesiRoom Temperature)
Resulis
17 UNimpt Tengike Strength {Nimm ) |78 21877
23 412% Monpeoporliored loogation (Mo’ K. 2ela
T2 1bongtan (%) A0mem A L) 535068
4] Hardnay CHVS0EM: 565508
5) RER I3-—~420
) f3min Sirc . ORSIMED e

T
QUALIFY Cﬂnmdl;ﬁrﬂ:g;azgtﬂ;}lm
Py LESRIATS

9"3“*’*“’“1,. é{/?ﬁ; '

WANG LLUFWA .
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Elatt 11 Abnahmeprifzeugnis 3.1
i Inspectlon certificate 3.1 H a5
N SFOELIS
. |
= 0] W oT.EAOAE EM 10204/5.1
Laleiner Hicierave " pradogt Miabfwm RRF 306 m
[ THE I . _ . 1 F‘f\c-.‘.'.'kl_ B 132 « 836 mm
part Mo, 31 057 A8 _\Ide-rlt Ko, B 06T F18
Falepr __ B gleertde .
spaciiicatien Ma, i quarAty 1 pes
Eﬂ_&il:}ri‘i. o - ]Hﬁ[ﬁllutr-;&l _ ]
order Mo, 171 i 6B Crnabetal Mhb
LR TR . Wethelel __ o
purcieBes erder do, P& o504 lad M, EREERERCERE S
sk deted 18.03.2010 Siegeechr. —]
Pa=. . Profparmiet=r Henoriwerl bakwmrt Eamamwg
et MEpacilion FArg— W e uAE ST reraiks
I - -
[ngat ! | mmica| rofuiramamts acqording
. — - o= —_ _ . ftr AT Bafadd.R04210
1 MR g ramaltdar RT3 INLEr
% [vatuglat . <dak J__sc- T - T T
a’ |arpoin) T T Y R R -
. 1 . R —1 -— R
4 Felugm L [ 11H] <3
B B_Eln:pg.l';-]_r - = £1 tT_P - - T T
L "R - -:su[';'_i = T 7]
[ Tigow T ___MII- R
§ojwosmg T R I - -
F o um; T oame =
) BT T T\
[ 11 TR = 144 : 7o - T -
[ 43 |0 (ugiy) T e
i [ (e _ Thae T 0 T - —
14 |RRE - #5000 =9 - T/
 Abhabm tboanftragter T ey
FL Flarca cgnakony -
. g ATy
) Capm  OB.O8.20ME
| ale
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Blait 1/1 T Abnahmepriifzeugnis 3.1
: . e " L .
Inspection certificate 3.1 H@ﬁ*fﬁgﬂqﬁg%
PR : il E RS e
a0k
[2] 2A.0T. 2010 Bk EMN 10204531
custemer Elivn caw praduosl Mioklum KRR 200 rod
“und= Mo L1t 194 = 570 mm
rart bto, 41 DET A48 iderig M. Gl 06T 345
[[3E0 iwfa
apeciiestizn Mo, T quantity 4 pos
Spczakzllans M- L _ jUefevmerge _— e
ardar Mo, 170 D0 B2 maizrizl Hl
arlragsi- Werkismaff
pucchaes aTler Mo, PO AR-1105-004 int Mim, 199 ) 5 TLA0AG
Ficalal-pr. dadnd 150220010 Shangoa ]
R
Pos, Prlfparamatar HNennwar Isfer g EamarkLing
kxm inspeclion paraeler roar . v EENTE]] reraarks
Mgt o ‘ chemical regulsemante am::l:-minu
1o A5 M B 39201-RO4EE0
1 INI:: (g ramalndar remaindcr
2 Ta(up =300 [ -
T = ag I <z < -
4 Feipgal PR PE] 7]
5 Elpalpl < Ef =7
,
:
o |W egtgh = §0 15
T |mrcpergi = it =3 -
TTE Mo ppin ] oy
s Hf (noig) wza =
W Tl T 2
1% H [ppi <100 i B
1z iu wate] =250 o ]
13 |H (e <15 4
N 1
! |
1% FRR | =30 a4k -
i
1 -
i i g
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Blatt 171 Abnahmepriifzeugnis 3.1
Inspection certificate 3.1 E‘“’E@ﬁ@@i o
Ausyake §F i e .,._j
0] £5.07.2010 2K EM 10204539
cusiamer [ |eadue Mlaklum RRER 300 rod
Lree - Practiiat 41 w 48 x SGE wirn
s Mo, 21 0¥ 274 [UETLECTFR St AT 373
cole-br Iga=h, o
peciicatlon e, - quantity 9 poe
smezlllsalkes-Hr. o o o Litfes nenc
ardar Me. 171 B0 ER [ izl N
L dlrags-Hr 'E-E'?_IEB!RHT
plrclaas ardar Mo, P 10-1105-004 1ot Mo 3188 12 103034
SiazAt-Hi dafod 419.03. 2010 Zhanzesa-hi
P, FrilEparematar hey e lslwert Eamerkung
|[4:5 Insp=s o0 ouranyle [RETHACE FY -] alina| P e
Inyod J chamlcal ra qtllre-.rrﬁ:.ﬁs accordlng'
| - . to ASTH B392-03R04210
1 b fpighifh i remalndar remainder
| -
1 [va (eatop & 300 5y
A IZr ipgig) = 20 “E
L i
4 Eeunha <100 | =3
6 %iupig) 5 | a7 ;
5 Wipai| =500 | 13 '_ ’
7RI = i =3 ——
0 [Wio (ppim) = 200 <4
5 iy T zpd <d i -
! . I |
10 C [patet EETT I 2 |
M Hpe@m <100 F | -
12 0 oimal < 250 4 !
i . ) S
13 |H (Hai) : =15
..... o i
1+ 'RRR - | =500 EEr)
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Blatt11 | Abnahmepriifzeugnis 3.1
. Inspection certificate 3.1 Heraeus

) Ausgabe 1 '
- DRI RUE- EM 10204/3.1

cuatomer Niowrawve Ine, E product Coupler Howsing NE 30

Keaca _ Fisdakt 5002 F0266,20

part e lab=tk M. 24 003 36D

Tmile-h-, L Ideab-Nr.

epecification Ne. Qusniiy T pez

Sr-a;iﬁke.ﬁmﬂr.__ o _ _ _ Liufer-rau:!,[s _______

ardar No. 1700007 matarial Nb RRR 00

ALpraga- ] _ o Jwemtedor

purchaes gridar Mo. PO 000124032 ot D7 201D | Tok Mao. a2

Searinl-fn Clargea-N-

Niowave, Inc.

Fos. _ Prifparamater I Nentwert | twert Ecmerklng
=] | insprctlan paramezr Anm. ushe | acen : [
—— —rllﬁnt_ - | T T i ghemical requirensgnts acconding
N 4 to ASTM B 391-03-RO4200
1 |Nh [{TTa1: )] ramnalnder | vkl et
z e ‘e <1000 | B5 - - T
'3'!%{[9-9_} T T _'_-:5_0'_‘(__-:?__*_ - - -
& ,IEI{ﬁnF!;;j Y ' I R . ,: Tt T T T T
" Twame T T i | e e
e e T T BT S R i
T :Mu[pgfgll I P e I S
& |Ti (uvol T T 7T Tezod Er -
a  [Zrippfay = 2 <z *
b — - - . . e _—_— - = -
T T TN 2 W -
1B l::: tugia) <180 3 'I**' ST T T T T
T W e [ =15 1 P -0
_12_-:ﬁf_ng:|_______T_-c_mﬁ' ] :"' T T
43 RrRR I > 300 - | A -
L
1

= mekalilc imourities detammired at the lngot
=* interatitiala determined at the final product
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e. Component Fabrication Travelers
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NIOWAVE, INC

1012 North Walnut Street
Lansing, M1 48906
Phone: (517) 999-3475
Fax: (317) 999-3626
www.niowaveine.com

Certification of Processing
1.3 GHz 9-Cell Cavity Leak-check

cwvityl: T BIwR IS T

{Reference PO, # 593451)

Procedure:

Remove protective flange covers

Install flanges with rubber gaskets on all flange surfaces
Perform helium leak check

Remove flanges & gaskets from all sealing surfaces
Re-install protective flange covers

Check One

E Cavities conform to FNAL helium leak check specification
(No detectible signal found with a minimum sensitivity of at least < 1 x 10" mbar Lfs)

[ ] Cavities failed leak check

Signature: 2o o — 2  Date:__f0-4/ —{f
Ti hade
Atcelerator Engineer

Niowave, Inc. TBI9NRO015 172
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NIOWAVE, INC

1012 North Walnut Street
Lansing. MI 48906
Phone: (317)999-3475
Fax: (517) 999-3626

WWAL niowaveinc.com

Certification of Processing
1.3 GHz 9-Cell Cavity Leak-check

CavityID: _ 0 RANR C/d x

(Reference P.O. # 593451)

Procedure:

Remove protective flange covers

Install flanges with rubber gaskets on all flange surfaces
Perform helium leak check

Remove flanges & gaskets from all sealing surfaces
Re-install protective flange covers

Check One

Cavities conform to FNAL helium leak check specification
(No detectible signal found with a minimum sensitivity of at least <1 x 10" mbar L/s)

[ ] Cavities failed leak check
Signature: e AL Date: (0 -1/ -]/

Tim Schade
Accelerator Engineer
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NIOWAVE, INC

1012 North Walnut Street
Lansing, MI 48%06
Phone: (517)999-3475
Fax: (517)999-3626
www.niowaveinc.com

Certification of Processing
1.3 GHz 9-Cell Cavity Leak-check

Cavity ID: _J_KINLIL

(Reference P.O. # 593451)

Procedure:
e Remove protective flange covers
e Install flanges with rubber gaskets on all flange surfaces
e Perform helium leak check
o Remove flanges & gaskets from all sealing surfaces
¢ Re-install protective flange covers

Check One

Q/Cavitics conform to FNAL helium leak check specification
(No detectible signal found with a minimum sensitivity of at least <1 x 10" mbar L/s)

[ ] Cavities failed leak check

Signature: : Date: _jO~ 1/~ i
Ti hade
Accelerator Engineer
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NIOWAVE, INC

1012 North Walnut Strect
Lansing, MI 48906
Phone: (517) 999-3475
Fax: (317) 999-3626
www.niowaveinc.com

Certification of Processing
1.3 GHz 9-Cell Cavity Leak-check

Cavity ID: 746'7/(/6 ‘Q//rd

(Reference P.O. # 593451)

Procedure:

Remove protective flange covers

Install flanges with rubber gaskets on all flange surfaces
Perform helium leak check

Remove flanges & gaskets from all sealing surfaces
Re-install protective flange covers

Check One

g Cavities conform to FNAL helium leak check specification
(No detectible signal found with a minimum sensitivity of at least <1 x 10™"° mbar L/s)

[ ] Cavities failed leak check

Signature: ’7—:://2// % Date: ('0__ =7

Tim ﬂS/chﬁe
Accélerator Engineer
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NIOWAVE, INC

1012 Morth Walnut Sireet
Lansing, MI 48906
Phone; (517) 009-3473
Fax: (317) 999-3626
WWW. Niowaveine.com

Certification of Processing
1.3 GHz 9-Cell Cavity Leak-check

Cavity 1D: TB':?M.‘Q ﬁ(‘fl'l

(Reference P.O. # 593451)

Procedure:
+ Remove protective flange covers
s Install flanges with rubber gaskets on all flange surfaces
¢ Perform helium leak check
s HRemove flanges & gaskets from all sealing surfaces

Re-install protective flange covers
Check One

Cavities conform to FNAL helium leak check specification
(No detectible signal found with a minimum sensitivity of at least =1 x 10" mbar L/s)

|| Cavities failed leak check
Signature: o 2T = Date: /- 1f— If
_Fifit Schade -

Accelerator Engineer
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NIOWAVE, INC

1012 Morth Walnut Street
Lansing, MI 489
Phone: (517) 999-3475
Fax: (317) 999-3626
Www. niowaveinc.com

Certification of Processing
1.3 GHz 9-Cell Cavity Leak-check

Cavity ID: ___ 3 c'fﬂf'f(@/f'rz-

{Reference P.O. # 593451)

Procedure:
= Remove protective flange covers
+ Install flanges with rubber gaskets on all flange surfaces
+ Perform helium leak check
s  Remove flanges & gaskets from all sealing surfaces

Re-install protective flange covers
Check One

Cavities conform to FNAL helium leak check specification
(No detectible signal found with a minimum sensitivity of at least <1 x 107" mbar L/s)

|| Cavities failed leak check

————— & -
Signature: /ﬂﬂﬁffﬁé%— Date: (C-//-J{

Ti:n/Sdﬁdc
Aécelerator Engineer
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NIOWAVE, INC

1012 Maorth Walnut Sireet
Lansing, M1 48906
Phone: (517) 999-3475
Fax: (517) 999-3626

WW W _NIWRVE NC.Com

Certification of Processing
1.3 GHz 9-Cell Cavity Leak-check

Caviy ID: 7 RY Nf?(ﬂ 13

(Reference P.O. # 593451)

Procedure:

Remove protective flange covers

Install flanges with rubber gaskets on all flange surfaces
s Perform helium leak check

»  Remove flanges & gaskets from all sealing surfaces
# Re-install protective flange covers

Check One
E Cavities conform to FNAL helium leak check specification
§ (No detectible signal found with a minimum sensitivity of at least <1 x 10" mbar L/s})

I:l Cavities failed leak check

Signature: ﬂjﬁ’ PR
Tiqﬁdﬁde
Accelerator Engineer

Date: IFG,.,'." -'fl'l
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NIOWAVE, INC

1012 Narth Walnut Street
Lansing. M1 48906
Phone: (517) 9993475
Fax: (317)990-3626
WWW. niowaveinc.com

Certification of Processing
1.3 GHz 9-Cell Cavity Leak-check

Cavity ID: 72)7?&] g2

(Reference P.O. # 393451)

Procedure:

Remove protective flange covers

Install flanges with rubber gaskets on all flange surfaces
Perform helium leak check

Remove flanges & gaskets from all sealing surfaces
Re-install protective flange covers

- @ @ @* @

Check One

m;-'itiﬁ conform to FNAL helium leak check specification
(No detectible signal found with a minimum sensitivity of at least < 1 x 107" mbar L/s)

[ ] Cavities failed 1

Signature:

Michael DeRosia
Accelerator Engineer
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NIOWAVE, INC
1012 North Walnut Street

Lansing, MI 48906

C%} Phone: (517 999-3475
Fax: (517) 999-3626

wWWW.niowaveine.com

Certification of Processing
1.3 GHz 9-Cell Cavity Leak-check -

Cavity ID: TQ?MEC} ,|rf’

(Reference P.O. # 593451)

Procedure:

Remove protective flange covers

Install flanges with rubber gaskets on all flange surfaces
Perform heliom leak check

Remove flanges & gaskets from all sealing surfaces
Re-install protective flange covers

[ T N B ]

Check One

Cavities conform to FNAL helium leak check specification
(No detectible signal found with a minimum sensitivity of at least<1x 10" mbar L/s)

[ ] cavities failed leak check

Signature: = . Date: /[—{9-12Z
inrSchade

Accelerator Engineer

Niowave, Inc. TBONRO15

180



Cavity Fabrication Final Report 1/23/2012

NIOWAVE, INC

1012 North Walmat Street
Lansing, M1 48906
Phone: (517) 999-3475
Fax: (517) 999-3626
WwWWw. niowaveine.com

Certification of Processing
1.3 GHz 9-Cell Cavity Leak-check -

Cavity ID: ":}-501 f!//(?(:-) i'é

(Reference P.O. # 593451)

Procedure:

Remove protective flange covers

Install flanges with rubber gaskets on all flange surfaces
Perform helium leak check

Remove flanges & gaskets from all sealing surfaces
Re-install protective flange covers

Check One

Cavities conform to FNAL helium leak check specification
(No detectible signal found with a minil::rum sensitivity of at least <1 x 10" mbar L/s)

[] cCavities failed leak check
Signature: : ’W Date: ] —2C -/ z

Tinf Schade
Accelerator Engineer

Niowave, Inc. TBONRO15
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9_cell Equator Weld Repair Plan
(Cavities TBONRO015, TBINRO016)

FNAL 1.3GHz 9-cell
10 cavity order

01/20/12

FNAL PO # 593451

A NIOWAVE

www.niowaveinc.com
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NIOWAVE, INC

1012 North Walnut Street
Lansing, MI 48906
Phone: (317) 9993475
Fax: (517) 999-3626
WWW.Niowaveinc. com

EBW Observations

Two cavities out of the ten cavity order had a weld blow-through during the electron beam welding
(EBW) of the end assembly equators. All components had been cleaned per DESY specification
DESY_Cavity_Spec2005 prior to EBW. The equators that had the EBW blow-throughs looked
like the other 18 full penetration welds from this cavity batch, with the exception of the blow-
thronghs. Niowave did observe mtermittent weld spatter during the 20 equator welds and believe
that this 1s due to an unstable vapor column with these weld parameters. The cavity purity is still
mtact and Niowave proposes to repair these two cavities utilizing the same fabrication techniques
for the repairs as the omginal welds. All Nb will be handled per DESY specification
DESY Cavity Spec2005 i order to maintain cavity purity and performance for these repairs. The
cavittes will also be photographed both before and after the reparr for future reference.

Cavitv Repair Steps

NOTE: UTILIZE NITRILE, LATEX, OR APPROPRIATE CLEAN GLOVES WHEN HANDLING
COMPONENTS. DO NOT TOUCH EQUATOR BLOW THROUGH REGIONS OR INTERIOR.

1. Mask off cavity exterior surrounding blowthrough to mimimize exterior surface contamination
2. Machine hole of known dimensions to remove blowthrough
a. UTILIZE VACUUM TO REMOVE ANY CHIPS DURING MACHINING
3. Machine plug of RRE 300 Nb to match thickness of equator weld prep
4. Engrave beam flange to indicate timing of equator blowthrough for future reference
5. Utilize BCP to perform a 20 pm etch of both the weld region and plug
6. After both cavity and plug are ultra-pure water rinsed & dry in class 100 clean room, install Nb
plug i cleanroom
7. Bag cavity in dry nitrogen
8. EBW plug & mspect mterior prior to removing from EBW chamber
1.3GHz 9-cell Equator Weld Repair Plan Page 2 of 6
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NIOWAVE, INC

1012 North Walnut Street
Lansing, MI 48906
Phone: (517) 999-3475
Fax: (517) 999-3626
WWW.niowaveinc.com

Cavity Repair Photographs

Figure 2 Cavity TBINRO15 blow-through (after repair preparation)

1.3GHz 9-cell Equator Weld Repair Plan Page 3 of 6
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NIOWAVE, INC

1012 North Walnut Street
Lansing, MI 48906
Phone: (317) 999-3475
Fax: (517) 999-3626
WWW.niowaveinc.com

Blow through
timing mark

Figure 3 Cavity TBI9NRO15 blow-through (after repair)

1.3GHz 9-cell Equator Weld Repair Plan Page 4 of 6
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NIOWAVE, INC

1012 North Walnut Street
Lansing, MI 48906
Phone: (517) 999-3475
Fax: (517) 999-3626
WWW.niowaveinc.com

Figure 5 Cavity TBINRO16 blow-through (after repair preparation)

1.3GHz 9-cell Equator Weld Repair Plan Page 5of 6
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NIOWAVE, INC

1012 North Walnut Street
Lansing, MI 48906
Phone: (317) 999-3475
Fax: (517) 999-3626
WWW.niowaveinc.com

. Bloyv through
timing mark

mm

———
Figure 6 Cavity TBINRO16 blow-through (after repair)

1.3GHz 9-cell Equator Weld Repair Plan Page 6 of 6
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