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Introduction: Why DC spark experiments?

With a simple DC spark-test system, the 
properties of various materials can be 
studied at high electric fields in an easy 
and controlled way.

Goal: To find materials that withstand the 
highest field without breakdown and have 
low level of deterioration even when 
breakdown events occur.
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Introduction: Origin of Breakdown
• The physics of breakdown is still not perfectly understood

• Commonly accepted that breakdown at small gaps  (d ≤ 0.5 mm) is 
initiated by an electron field emission based mechanism from one or a 
few microprotrusions*

• Process towards breakdown. Suggested Models:
– “Anode-initiated”

• electron bombardment of anode
– release of gas and/or anode material through intense localized heating or 

electron stimulated desorption (ESD)
– Avalanche ionization of the released species

– “Cathode-initiated”
• The microprotrusion on the cathode becomes unstable

– fracture of the surface due to the tensile stress produced by the electric field
– ohmic heating from high field emission current density

– Exchange
• Avalanche of mutual secondary emission of ions, electrons  between the 

electrodes
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Experimental Setup
Sphere / Plane geometry

HV supply

0 to + 15 kV

UHV

Sample
Tip

A-meter

Field Emission Measurements
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Automatic Spark Conditioning

Spark Scan Histogram
Molybdenum (Mo) – Tip and Sample

( ) mbar104~atMV/m4398E -8sat
breakdown ×±≅

200 300 400 500
0

10

20

30

40

50

C
ou

nt
s

Ebreakdown [MV/m]
0 50 100 150 200 250

0

100

200

300

400

500

E br
ea

kd
ow

n 
[M

V/
m

]

Number of Sparks



27 January 06

Local Field
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Measured tensile 
strength of Mo*: 

750 MPa

Elocal ≈ 11 GV/m 
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Scanning Electron Microscopy
Molybdenum surface after ~ 1600 sparks

Average energy per spark: 0.8 J

Local Melting smoothes out the surface
Number of micro-protrusions strongly reduced 

Outside spot

8 μm

Inside spot

8 μm
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Scanning Electron Microscopy - Mo
Molybdenum tip after ~ 3500 sparks

Average energy per spark: 0.8 J
Mag. = 100x, Tilted 70o Mag. = 500x, Tilted 70o

20 μm100 μm

Diameter of affected tip: ~0.82 mm
Diameter of affected sample:        ~1.75 mm
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Depth Profile - Mo

Net Missing Volume:

474914,5 μm3

297 μm3/spark

~3 ng/spark 

@ 0.8 J/spark
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Operation Field of Conditioned Mo
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Mo: e-beam treated – 150 keV

Immediate conditioning!!
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Mo - heated with e-beam
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Conditioning almost 
immediately to             
~450 MV/m

University of Geneva 25.10.2005, 

not re-crystallized
~ 4 hours in air between heating and mounting in spark system
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Mo - heated with e-beam

University of Geneva 26.10.2005
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mounting in spark system
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Gas Experiments – Air/Mo
Baked system

Laboratory Air
Unbaked system

Dry Air
A B
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Gas Experiments – CO/Mo
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Gas Experiments – (Air-CO)/Mo

From ~10-9 to ~ 10-6 mbar 

of air

The saturated 
breakdown field is 

reduced by  ~140 MV/m
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Mass Spectroscopy - Mo
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Mass Spectroscopy - Mo

Hydrogen gas 
most abundant 

specie
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Spark Conditioning vs. Pressure Rise
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Gas Experiments – W
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Gas Experiments – Cu
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Comparison Cu – W - Mo
MolybdenumTungstenCopper
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Comparisons - 30 GHz measurements

DC and RF breakdown measurements give 
similar breakdown fields for Mo and W

420430Mo
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Titanium Anode and Cathode
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Dependence of IFE
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Titanium - IFE variation
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Increase of the threshold for field emission also increase the breakdown field
W. T. Diamond: J. Vac. Sci. Technol. A 16(2) (1998) 707.
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Titanium cathode - SEM study

Titanium – 60 sparks Eav ~ 0.45 J

20 μm

4 μm

Molybdenum – 55 sparks – Eav~0.65 J

4 μm

Titanium – 60 sparks – Eav~0.45 J

Titanium more 
smooth than 
Molybdenum (?)
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Titanium Anode and Cathode
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W ↔ Ti / anode ↔ cathode
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W anode – Ti cathode SEM/EDX

Imaging of Backscattered Electrons

Light Gray – W, 

Dark Gray - Ti
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Introduction: Choice of materials

• low vapor pressure @ 1000 K
• high tensile strength
• high melting point
• high thermal conductivity
• high electrical conductivity

Molybdenum & Tungsten

Criteria:

Seminar: 10 June 2005

Titanium:

•High
•Low
•Average

•Low
•Low
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Future Projects
Continue the study of various materials

•TiVAl
• higher tensile strength than pure Titanium

maintain low beta, and avoid severe erosion ?
•Glidcop, CuZr

• higher resistance to fatigue than pure Copper
•Mo-Re alloys 

•study the effect of increased tensile strength, while maintaining 
similar properties as Mo

• Chromium
•Sputter Cleaned Molybdenum 

•study the effect of molybdenum oxide on the surface
• (others)

Regulate the energy over the gap junction
In-situ annealing and sputtering of samples
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Wish list (2006)
• New spark system?:

– facilitate higher throughput of materials and 
preparation techniques 

– Improvements in the experimental setup
• XYZ movements
• E-beam heating → ~ 1000oC

– “In-situ” treatments

• several samples
• variation of energy over gap more convenient

• Technical Student for DC spark system?

Estimated Cost for materials: 
~ 33 kCHF
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Conclusions

• Ex-situ surface heating of Molybdenum influences 
significantly the conditioning speed

• There is a residual gas effect on the breakdown field 
for Molybdenum and Tungsten

• Titanium shows a higher breakdown field than 
Molybdenum and Tungsten due to low enhancement 
factor
– Erosion during breakdown makes this alternative 

problematic
• Cathode initiated processes are the dominating sources 

for electrical breakdowns
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Transition to Field Emission:

• Work function changes at the cathode
– Adsorption of foreign species / oxidation
– Transfer of microparticles from the anode and 

stripping of small areas of the cathode
• Mechanical changes produced by the strong 

electrical forces on the electrode surfaces
• Gas desorption from the anode with sufficient 

density to support an avalanche discharge
– Higher voltage higher gas desorption

W. T. Diamond: J. Vac. Sci. Technol. A 16(2) (1998) 707.

Important at large gaps
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Comparison Ebreak-IFE
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Electro Discharge Machined (EDM)
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Enhancement Factor (β) Emission Radius (re) [nm]

Before bake-out: β ~ (40 ± 10) re ~ (2 → 11) nm

After bake-out: β ~ (60 ± 10) re ~ (5 → 40) nm

Molybdenum Tip and Sample

Results from Fowler – Nordheim plots
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Titanium cathode - SEM study

20 μm

After 511 sparks - ~ 1.6 J/spark
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XPS

Alessandra Reginelli TS/MME

• Carbon reduced

• Oxygen unchanged

• Molybdenum Oxide peaks stronger

240 238 236 234 232 230 228 226
0

500

1000

1500

2000

2500

3000

After ~1600 sparks and exposed to air

Mo 3d5

In
te

ns
ity

 [a
.u

.]

Binding Energy [eV]

 Inside
 Outside

536 534 532 530 528
2000

2500

3000

3500

4000

4500

5000
O 2p

In
te

ns
ity

 [a
.u

.]

Binding Energy [eV]

 Inside
 Outside

289 288 287 286 285 284 283 282
500

1000
1500
2000
2500
3000
3500
4000
4500 C 1s

In
te

ns
ity

 [a
.u

.]

Binding Energy [eV]

 Inside
 Outside



27 January 06

Titanium Anode and Cathode
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E. W. Muller, Z. Physik, 106, 541. (1937)

E. W. Muller (1937): There is a critical emission current density of about 
1·1010 A/m2 at which the emitting surface becomes 
thermally unstable, cathode material is vaporized and 
breakdown is consequently initiated.
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Mo - 950oC for 2 h in furnace
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Costs:

• New spark system (CLIC?):
– UHV system and XYZ manupulator

• already present
– Power Supply ~ 16 kCHF (CAEN 20 kV/500 μA)
– Linear Drive ~ 1.5 kCHF (VG 10 μm resolution)
– Mechanical micro-positioning device ~ 1.0 kCHF
– New Switching Electronics ~ 12.0 kCHF

• 8 pcs 25 kV low current switches ~ 9.7 kCHF
• 1 pc 30 kV Hammer Switch ~ 1.3 kCHF
• Switching board ~ 0,5 kCHF
• Various electronic components and cables ~0.5 kCHF

– Workshop expenses: 2.0 kCHF (?)
Estimated Cost for materials: ~ 35 kCHF

• Technical Student for DC spark system 
(TS/MME?):
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Gas Experiments

R. Hackham and L. Altcheh, J. Appl. Phys., 46, 627-36 (1975)

From literature:

• Pressure effect on the 
breakdown field significant 
for large gaps

• Breakdown field 
deteriorates at pressures 
typically above 10-2 mbar
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Gas Experiments - Mo
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XPS – Sputter Treatment
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Mass Spectroscopy - Mo
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Vickers ↔ Tensile Strength

C. Bourgés Monnier, “Propriétés du molybd è ne et des alliages à base de molybdene”, Ecole des mines, Paris
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Details of experimental setup
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Scanning Electron Microscopy
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Mo – evap. 25.10.2005 z=4.16 Beta
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Automatic Spark Conditioning
Single measurement up to breakdownResults of Spark Conditioning
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Field Evaporation of Mo and W

W: 60 GV/m Mo: 50 GV/m
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Gas Experiment – R. Hackam / L. Altcheh
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Gas Experiment – R. Hackam / G. R. G. Raju
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Field Emission
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• R. H. Fowler and  L. Nordheim, Proc. Roy. Soc. A 119 (1928) 173.
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Fowler – Nordheim plot
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Spark Cycle
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