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• Linac4 RFQ Facts

• How it all came about that we looked into the structure…

• Linac4 RFQ Inspections on 7 and 8 January 2020

• Linac4 RFQ Inspections on 11 February 2020

• Irradiation of Cu collimator mask and inspection

• The material and construction quest

• The way forward

Linac4 RFQ – Introduction
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• The L4 RFQ performs according to the original specification

• The RFQ has received beam on the vanes

• The RFQ shows surface modification

• The surface profile could not be measured

• The surface variation is less than could optically be resolved

• The RFQ worked fine in the last test run

• RFQ voltage was reduced slightly to ease operation

• Breakdown recovery needed to and will be improved

• The RFQ was vented and will need reconditioning

• There is no reason to expect immediate degradation

Linac4 RFQ – Facts
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• It is well known from other institutes that RFQs degrade with time
• However

• The Linac4 RFQ operates at low duty cycle <0.1%

• So far no degradation in operation seen

• Linac2 RFQ had a spare that was never used

• Strategy: no inspection to avoid venting of the RFQ – Linac4 is an operational machine
• However

• Beam induced surface damage on chopper beam dump found

• Coloration in the LEBT found

• Surface damage on test masks on the test stand (w/o RFQ)

• Decision to continue endoscopy into the RFQ

Linac4 RFQ – How it all came about…
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Linac4 RFQ – What is the risk?

• 4-vane RFQ is built “monolithically” – there are no individual spare parts

• Prior thoughts and preparation:

• The only Linac4 structure with a detailed risk analysis – EDMS1560355 (2015)

• Budget for spare manufacturing was reserved

• Material was purchased in advance

• Manufacturing requires 20 months

• Spare had not been built yet due to pending studies on a new geometry

• Other study clarified that the current RFQ is close to reasonable BD limits
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• RFQ inspection on 7 and 8 January 2020:
• Endoscopy of RFQ via entry at pre-chopper, beam stopper, vacuum valve and solenoid
• Endoscopy through vacuum ports of RFQ

• Found usual craters all along the RFQ vanes
• Craters are a typical signature of breakdowns
• Breakdowns are part of conditioning of a structure

• Found damage on front face & start of the RFQ vanes
• Beware: endoscopy images can be misleading
• The analysis is based on more images than shown

Linac4 RFQ Inspection
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L4 RFQ vane front face
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Breakdown craters
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L4 RFQ vane front face
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Vane front face damage
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Vane front face damage
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Vane entrance damage – groove?
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• Damage on the surface layer of front face – first ideas
• Appears to be beam induced
• Superficial hydrogen implantation in Cu >1018ions/cm2

• No hydride formation in copper, instead H-bubbles
• Literature: blistering & exfoliation by heat deposition

• Detailed analysis at Peking University (2017) shows
• Visual material damage by 40 keV beam ~1018ions/cm2

• Simulations show dislocations at ~0.2µm depth
• Higher beam energy, less visible damage

• Literature on the phenomenon is sufficiently available

Linac4 RFQ – Inspection 07.01. – 08.01.2020



6/13/20 S. Ramberger: Linac4 RFQ issues

Linac4 RFQ – Inspection 11.02.2020
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• Solenoid removal, pictures taken by normal camera:
• Presumed damage turns out to be mostly variations in surface texture
• No profound features were found
• Surface profile could not be measured
• Aperture of opening too small to use hand held laser metrology devices
• Space is tight for the installation of a laser measurement head with XY table
• Copper surfaces have strong reflections
• 3d endoscope had major issues with surface texture

• AI image reconstruction in the visible freq. range has similar shortcomings as our eyes.

Linac4 RFQ – Inspection 11.02.2020
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Material tests on copper mask - (A. Perez Fontenla)
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Top view
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54 degrees tilted Pt deposit to protect 
the surface during ion 
milling

Pt layer

Cu
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nano-voids coalescence

initiation

micrometric cavity

Spongy copper layer
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Material received beam on the L4 source test stand exactly in place of an RFQ
What appears as a change in coloration are:
• Changes in surface roughness with micron-sized features
• Little hydrogen cavities under every bump in the surface
• Spongy material areas going 400nm into the surface
• The Bragg peak at the proton implantation energies is expected at 200nm
• Areas w/o coloration have 400nm of perturbed non-spongy structure

• Probably due to material production
• The material is not representative for the RFQ – more beam tests required
• More care will need to be taken to reproduce the situation on the RFQ

Material tests on copper mask
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• 99.99% copper

• Has been used in the Linac4 RFQ design

• Yield strength strongly dependent on grain size: <300 N/mm^2, hardness: HV <100

• High conductivity: 59.6 S/m, 101% IACS (International Annealed Copper Standard)

• Loses strength with thermal treatment due to grain growth

• Can be brazed

The material quest – Copper (Cu-OFE)
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• Material received beam on L4 source test stand exactly in place of an RFQ
• What appears as a change in coloration are:
• Changes in surface roughness with micron-sized features
• Little hydrogen cavities under every bump in the surface
• Spongy material areas going 400nm into the surface
• The Bragg peak at the proton implantation energies is expected at 200nm
• Areas w/o coloration have 400nm of perturbed non-spongy structure

• Probably due to material production
• The material is not representative for the RFQ – more beam tests required
• More care will need to be taken to reproduce the situation on the RFQ

Material tests on copper mask
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Linac2 RFQ – for comparison
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Linac2 RFQ – for comparison
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• ~1% Chromium, ~0.1% Zirconium

• A standard alloy available from various manufacturers

• Hot forging, precipitation hardening and thermal ageing

• Has been used in the Linac2 RFQ design: Elmedur X, Thyssen, Stuttgart

• Higher yield strength: >300 N/mm^2, higher hardness: HV <160

• Relatively high conductivity of ~80% IACS

• Zirconium forms hydride, might inhibit blistering

• Can be brazed in general

Copper-Chromium-Zirconium (CuCr1Zr)
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Elmedur X  I  Wieland Duro

Short Name CW106C Chemical Cr Zr Cu

Code CuCr1Zr Composition 0.8 0.08 balance

Material-Nr.(old) 2.1293 (Reference values in %)

Material-
Properties

Precipitation hardened copper alloy with excellent hardness and high electrical and thermal conductivity.

Products Bars in round, square, rectangular and flat, discs and rings, forgings, electrodes for spot seam-, projection- and 

butt welding, castings on request (Available sizes can be found in our current stock list).

Classification DIN ISO 5182 Class A 2/2

R.W.M.A. Class  2

UNS C18150

Mechanical
Properties 
(Reference values)

Conditions solution annealed and aged

Cross section Ø 21–50 mm Ø 51–200 mm other products **)

Hardness HB 62,5/2,5 150 120 130

Tensile strength N/mm² min. 440 min. 360 min. 350

Yield strength N/mm² min. 350 min. 260 min. 250

Elongation L = 5 D % min. 10 min. 18 min. 18

Modulus of elasticity kN/mm² 108 108 108

Modulus of torsion kN/mm² 45 45 45

Squeeze strength % 95–100 % of yield strength

Physical
Properties
(Reference values)

Electrical conductivity

20 °C (293 K)

MS/m

% IACS

43–50 
(min. 75 % I.A.C.S.)

Electrical resistance

20 °C (293 K)

Ω•mm²

    m

0.021

Coefficient of 

electrical resistance

0–300 °C (273–573 K)

1

K

0.00367

Coefficient of 

thermal expansion

0–320 °C (273–593 K) 

1

K

17,0•10-6

Specific heat   J

g•K

0.367

Thermal conductivity

20 °C (293 K)

  W

m•K

ca. 320

Density g/cm³ 8.9

Applications  – Electrodes and cap tips for spot welding as well as for spark erosion
 – Contact tips for MIG/MAG welding
 – Parts in electrical equipments under high stress conditions if high electrical conductivity is required
 – Application predominantly at low mechanical load if simultaneously very high heat elimination is desired

Elmedur X (for universal applications)

Technical Datasheet

*) resp. coextensive of cross section
**) forged discs and rings up to Ø 400 mm, forged or rolled plates can be found in our current stock list
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• Solution annealing at 980–1000°C for 30–60 min.

• Water quench

• Aging at 460–500°C for 2–4 h

• Note: the curves have been
collected from various sources
and CuCr1Zr materials and 
should just serve for illustration

CuCr1Zr Raw Material Hardening
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elements. Fig. 4 presents magnified SEM images and EDS analysis
results of solute-rich particles in the Cu–Cr and Cu–Cr–Zr–Ni–Si al-
loy. Solute-rich particles in Cu–Cr alloy mainly contain Cr element,
while Cr, Si elements exist in the spherical or short-rod solute-rich
phases in the Cu–Cr–Zr–Ni–Si alloy. The results indicate that the
additions of Zr and (Ni, Si) reduce the segregation degree of solute
elements in the Cu–Cr alloy, and promote a homogeneous distribu-
tion of solute elements due to the formation of dispersed particles.

3.3.2. Effect of additions of alloying elements on stacking faults and
twins

Fig. 5 presents1 TEM images of aged Cu–Cr–Zr–Ni–Si alloy. Two
rows of parallel fringe contrast arising from planar faults are ob-
served in the alloy as the red arrows point at. Stacking fault, which
is not common in the pure copper, is probably caused by the low
stacking fault energy induced by additions of Zr and (Ni, Si) in the
Cu–Cr alloy. Other microstructural features, which depict twins
and perpendicular parts separating the twin facets, are observed in
Fig. 6a and typical selected area electron diffraction (SAED) pattern
is presented in Fig. 6b. Indexing result of the pattern shows that
the pattern is consistent with the features of twinning seen in f.c.c
alloys, which twinning plane (K1) and undistorted plane (K2) are
both {111} and shear directions are h112i. The features of twinning
further corroborate the assumption that stacking fault energy would
be lowed by additions of Zr and (Ni, Si).

3.3.3. Effect of additions of alloying elements on peak-aged precipitates
Fig. 7 shows the TEM micrographs of solution-treated and peak-

aged Cu–Cr system alloys. All micrographs show that fine precipi-
tates are dispersed in the matrix. The difference of the peak-aged
precipitates between the alloys is that the average size of precipi-
tates of Cu–Cr alloy is slightly larger than that of the other alloys.
This indicates that the additions of Zr and (Ni, Si) refine the precip-
itates of the Cu–Cr alloy. Since the mass fractions of solute atoms
are almost equivalent in the alloys, higher density of the precipi-
tates would been inferred in the alloy with finer precipitates.

3.3.4. Effect of additions of alloying elements on over-aged precipitates
Since the bright-field image in TEM mode exhibits a contrast of

strain field, it cannot directly display a real size and morphology of
precipitates. However, central dark field image which exhibits a
diffraction contrast of precipitates can be used to characterize
the real size and morphology of precipitates. Fig. 8 shows the
TEM dark-field images of solution treated and over-aged Cu–Cr al-
loys under [011]Cu zone axis. It can be seen that Ostwald ripening
of the precipitates, which fine precipitates disappear and large pre-
cipitates coarsen, occurs at the high aging temperature and long
aging time, and the interface between the precipitates and matrix
varies from coherent to semi-coherent or non-coherent [25]. The
morphology of precipitates is also remarkably changed by the
additions of alloying elements. Aspect ratio is introduced to char-
acterize the effect of alloying elements on the variations in mor-
phology of precipitated phase.

The aspect ratio (X) is defined as a ratio between the major axis
(m) and the minor axis (n) of precipitates. It can be expressed as
the following equation:

X ¼ m
n

ð1Þ

Fig. 2. Hardness (a) and conductivity (b) of the 80% cold rolled Cu–Cr system alloys
450 !C isothermally aged for various time.

Fig. 3. SEM micrographs of cast Cu–Cr (a) and Cu–Cr–Zr–Ni–Si (b) alloy.

1 For interpretation of color in Fig. 5, the reader is referred to the web version of
this article.

788 Y. Pang et al. / Journal of Alloys and Compounds 582 (2014) 786–792

The ingots were homogenized at 920 !C for 5 h and hot rolled to 5 mm in thick-
ness, followed by quickly quenching into cold water. The hot rolled plates were
planed on both sides to remove surface defects, and then cut into small samples.
Parts of samples were cold rolled with 80% reduction and subsequently isochronally
aged at various temperatures for 60 min or isothermally aged at 450 !C for various
time. Hardness and electrical conductivity were measured under each condition.
The other parts of samples were solution treated at 960 !C for 1 h and then aged
at various temperatures and time for microstructure observations.

Vickers hardness was tested on HV-5 type microhardness tester with 2 kg loads
and 10 s loading time. Electrical resistance was measured by QJ-19 type double
bridge at 20 !C. Resistivity was calculated and transformed into electrical conduc-
tivity according to International Annealed Copper Standards (IACS). Specimens
were polished and characterized using a FEI Sirion200 scanning electron micro-
scope (SEM) equipped with an energy dispersive spectroscope (EDS). Observations
of secondary electron image and quantitative analyses of phases were operated at a
voltage of 20 kV. Samples were mechanically thinned to 0.1 mm and punched into
discs of 3 mm in diameter, and then thinned by jet electropolishing in a 30 vol.% ni-
tric acid and 70 vol.% methanol solution at about !30 !C. Microstructure observa-
tions and electron diffraction were carried out by a JEM 2100F transmission
electron microscope (TEM) with an accelerating voltage of 200 kV.

3. Results

3.1. Isochronal aging

Fig. 1 shows the hardness and conductivity of 80% cold-rolled
Cu–Cr system alloys as a function of temperatures during isochro-
nal aging for 60 min. It can be seen that the three kinds of alloys
exhibit large hardening responses during aging process. Hardness
peaks of Cu–Cr and Cu–Cr–Zr alloy both occur after aging at
400 !C, while it appears at 450 !C for Cu–Cr–Zr–Ni–Si alloy. Com-
pared with the cold rolled state, the peak-hardness of Cu–Cr–Zr
and Cu–Cr–Zr–Ni–Si alloy increase by about 13%, which is up to
177 and 179 HV, respectively, while it only rises about 8% for the
Cu–Cr alloy. Aging above 500 !C, overaging occurs for the alloys.
The hardness of Cu–Cr alloy sharply drops to 90 HV after aging at
550 !C, while the Cu–Cr–Zr and Cu–Cr–Zr–Ni–Si alloy should be
aged at 650 !C to reach the same level of hardness. The result indi-
cates that softening resistance is greatly improved by additions of
Zr and (Ni, Si) in the Cu–Cr alloy. Conductivity of the alloys in-
creases with aging temperatures and reaches the peak after aging
at 550 !C, and then marginally decreases at the higher tempera-
tures due to lower degree of supersaturation at higher tempera-
tures. Conductivity decreases with the additions of Zr and (Ni,
Si), and it can still maintain above 80% IACS after aging at 500 !C.

3.2. Isothermal aging

Hardness and conductivity curves of 450 !C isothermally aged
Cu–Cr system alloys are presented in Fig. 2. Similar responses
and trends of hardness and conductivity of the alloys can be ob-
served. Hardness increases rapidly to the peaks, and then decreases
with aging time, while a rapid increase in conductivity occurs at
the early stage of aging and then maintains a high plateau. The
hardness of Cu–Cr alloy gets to the peak (159 HV) after aging for
15 min; addition of Zr in the Cu–Cr alloy, the peak hardness rises
to 175 HV and occurs at aging for 30 min; further adding (Ni, Si)
to the Cu–Cr–Zr alloy leads to a peak hardness of 180 HV after
aging for 120 min. It is worthy to note that the peak hardness
width, which ranges from peak hardness to 10 HV below the peak
hardness, is significantly expanded by the additions of Zr and (Ni,

Si) in the Cu–Cr alloy. The holding time of peak hardness width
is about 30 min and 360 min for Cu–Cr alloy and Cu–Cr–Zr alloy,
respectively, while it prolong to 1200 min for Cu–Cr–Zr–Ni–Si
alloy. Furthermore, after aging for 1200 min, the hardness of the
alloys decreases by 33.8%, 8.8% and 4.5% compared with the corre-
sponding peak hardness, respectively. The result further confirms
that the Cu–Cr–Zr and Cu–Cr–Zr–Ni–Si alloy are in possession of
excellent resistance to softening.

Fig. 2b displays the variation of electrical conductivity of the al-
loys isothermally aged at 450 !C. A rapid increase in electrical con-
ductivity at the early stage of aging can be seen due to the
decomposition of the supersaturated solid solution. A high plateau
is reached after aging for 30 min, and further aging leads to a mar-
ginal increase in conductivity as the solutes concentration in the
matrix approaches equilibrium. Cu–Cr alloy exhibits the highest
conductivity, which is 6.7% IACS greater than Cu–Cr–Zr alloy and
11.6% IACS greater than Cu–Cr–Zr–Ni–Si alloy after aging for
360 min. The hardness and conductivity results are in good agree-
ment with these of isochronal aging.

3.3. Microstructure

3.3.1. Effect of additions of alloying elements on cast microstructure
Fig. 3 displays SEM micrographs of cast Cu–Cr and Cu–Cr–Zr–

Ni–Si alloy. A necklace-like distribution of particles can be
observed in the Cu–Cr alloy. The result illustrates that serious
segregation of solute elements exists in the Cu–Cr alloy. It can be
seen from Fig. 3b that spherical or short-rod solute-rich particles
are dispersed in the alloy with the additions of Zr and (Ni, Si)

Table 1
Chemical composition of the prepared Cu–Cr system alloys.

Alloy Analyzed composition (wt.%)

Cr Zr Ni Si Cu

Cu–Cr 0.4 – – – Bal.
Cu–Cr–Zr 0.42 0.18 – – Bal.
Cu–Cr–Zr–Ni–Si 0.39 0.15 0.12 0.03 Bal.

Fig. 1. Hardness (a) and conductivity (b) of the 80% cold rolled Cu–Cr system alloys
60 min isochronally aged at various temperatures.

Y. Pang et al. / Journal of Alloys and Compounds 582 (2014) 786–792 787

• Hardness after heat treatment: 60min at various Ts and 450ºC with various durations

Pang et al.: Effects of Zr and (Ni, Si) additions on prop. and microstr. of CuCr alloy  

CuCr1Zr Heat Treatment (Cr 0.42%, Zr 0.18%)
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• Zirkonium reduces the chromium diffusion coefficient, but…

• Heat treatment and brazing for the current Linac4 RFQ was undertaken at ~800ºC

• Material will not keep its properties if treated at temperatures >500ºC

• There is no advantage in using CuCr1Zr if brazing destroys the material properties

• Alternatives: 
• Soldering instead of brazing
• mechanical assembly and welding, e.g. the Linac2 RFQ

CuCr1Zr Heat Treatment / Brazing
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• Can we join a CuCr1Zr tip to a Cu-OFE body before final machining?

• Joint requires good thermal conductivity

• But no leak tightness

• The area with high currents
remains in Cu-OFE

• Can we weld the poles
together?

• We need RF continuity inside

Further Mechanical Design Studies
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• Can we copper plate a CuCr1Zr structure before final machining?

• The area with high currents remains
plated with high conductivity Cu

• Can we weld CuCr1Zr?

• We need RF continuity inside

Further Mechanical Design Studies
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The Linac4 spare RFQ project (Richard Scrivens)

• Protect the existing RFQ (RFQ1) – interlock on reflected power

• Implementation by Rolf Wegner and Bartosz Bielawski with support from Lee Millar 

• Collect more data in a permanent installation – Anna’s thesis work

• With support from high gradient colleagues

• Further material studies

• Walter Wuensch, Sergio Calatroni, Anité Fontenla, Ruth Peacock, Alexej Grudiev, Edgar Mahner

• Build and test spares – a 1:1 copy (RFQ2) and a new design (RFQ3)

• Alexej Grudiev, Serge Mathot, Hermann Pommerenke plus …

The way forward…
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All findings presented here are the result of a strong collaborative effort of

many colleagues from various groups

• BE-ABP for the Linac4 and test stand source operation and studies

• EN-MME and TE-VSC for the material analysis and studies

• BE-RF for RF operation, breakdown analysis

Knowledge accumulated and techniques developed in the CLIC and high gradient study 

and the network of experts will be key to move forward on the RFQ spare project
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