
•j.'iw-iP", .'JJ;JJH'MI •? i«\*M^»mw*T'i!!^^mm!i***!s*i!'*W**'i*^ 

yp ,r o - ^ - - / i.o ? 

UCRL-51735 

PROJECTION-TUBE STUDIES 
OF VOLTAGE-BREAKDOWN ARC DISCHARGES 

FROM TUNGSTEN AND NIOBIUM WIRES IN VACUUM 

G. H. Miley 

January 14, 1975 

Prepared for US. Atomic Energy Commission under contract No.W-7405-Eng-48 

V 

LAWRENCE 
UVERMORE 
LABORATORY 
UniversityofCaSfornia/Livermore 

MASTER 
I 



NOTICE 
"This report was prepared as an account of work sponsored by 
the United States Government. Neither the United States nor 
the United Stales Atomic Energy Commission, nor any of their 
employees, nor any of their contractors, subcontractors, or their 
employees, makes any warranty, express or implied, or assumes 
any legal liability or responsibility for the accuracy, completeness 
or usefulness of any information, apparatus, product or process 
disclosed, or represents thai its use would not infringe privately-
owned rights." 

Pr in ted in the United States of Amer ica 
Available from 

National Technical Information Service 
U. S. Department of Commerce 

5285 P o r t Royal Road 
Springfield, Virginia 22151 

P r i c e : Pr in ted Copy $ *; Microfiche $2.25 

* NTIS 
Pages Selling P r i c e 
1-50 $4.00 

51-1E0 $5.45 
151-325 $7.60 
326-500 $10.60 
501-1000 $13.60 



^ n i y " " • or , £ * < * of r A ; °". " o , M y J / WTO„,yC'". or , L « * of , i J M ' « » „ , J 

TID-4500, UC-34 
Physics - General 

u 
LAWRENCE UVERMORE LABORATORY 

Univmity<*CaHoiri4AtMmmC*aa*i/a4550 

UCRL-51735 

PROJECTION-TUBE STUDIES 
OF VOLTAGE-BREAKDOWN ARC DISCHARGES 

FROM TUNGSTEN AND NIOBIUM WIRES IN VACUUM* 
G. H. Miley' 

MS. date: January 14, 1975 

This report i s a written version of a talk presented at the 
27th Annual Gaseous Electronics Conference, Houston, Texas, 
October 1974. 

'Permanent address: University of Illinois, Urbana, Illinois. 



PROJECTION-TUBE STUDIES 
OF VOLTAGE-BREAKDOWN ARC DISCHARGES 

FROM TUNGSTEN AND NIOBIUM WIRES IN VACUUM 

Abstract 

The formation of "voltage breakdown" 
electric discharge arcs in vacuum be
tween a wire cathode and a surrounding 
cylindrical anode has been studied with 
emphasis on behavior at the wire surface. 
Tungsten and niobium wires 2 to 10 mils 
in diameter were studied, using voltages 
up to 150 kV. 

Conditioning of the wire by heating 
was found to have a strong effect on the 
behavior leading to breakdown. With 
unconditioned wire, very high pre-
breakdown currents were observed, and 
final breakdown occurred at low voltage. 
With partially conditioned wire (baked 
1 hr at 800 oC), low pre-breakdown cur
rents characteristic of field emission 
were observed. With further conditioning 
of the wire (baking overnight), no 
significant pre-breakdown emission 
occurred before final breakdown. Based 
on these observations, a breakdown corre
lation is proposed for design purposes that 

The objective of this research was to 
study the formation and discharge of arcs 
during voltage breakdown in vacuum. The 
experimental geometry involved a small 
tungsten or niobium wire 2 to 10 mils in 
diameter, serving as the cathode, sur
rounded by a large cylindrical anode 2 to 

involves three distinct regimes — initial, 
field emission, and ultimate — depending 
on prior conditioning of the surface. 

With a projection tube used as the 
cylindrical anode, phosphorescent pat
terns on the tube caused by the d is 
charges were recorded with a high-speed 
camera, and the corresponding areas of 
tn>- wire were studitj with an electron 
microscope. Areas of the wire surface 
where pre-breakdown discharges 
occurred were found to be marked by 
micron-sized condensed droplets of 
aluminum and silicate, evidently trans
ported there from the anode surface in 
plasma form during the discharge. Often 
these droplets were condensed on the 
ends of whiskers of wire material pulled 
up from the wire surface in a pre-
breakdown discharge. The final d is 
charge appears to be a number of simultan
eous arcs, each originating in an area of 
dense whisker formation on the wire surface. 

4 in. in diameter. This geometry made it 
possible to achieve surface fields of the 
order of 1 MV/cm on the wire cathode 
with modest power supply voltages 
(<100 kV). The apparatus is shown in 
Fig. 1 with the vacuum-chamber bell jar 
raised. 

Introduction 
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These studies were motivated by two 
applications important to fusion reac to r 
development: Breakdown from grid s u r 
faces r ep resen t s a limiting feature in 
d i rec t conversion devices intended to 
collect and e lect ros ta t ica l ly convert 
fusion-ion energy to higb-voltage dc 
e lec t r ica l output. Also, a s imi l a r c r i t 
ical problem occurs at the high-voltage 
extraction gr ids in high-energy ion 
sources which a r e under development 
for injection into fusion p lasmas . 

Fig. 1. The voltage breakdown apparatus 
used in this study. 

Voltage-Current Characteristics 

While breakdown from wires has been 
studied fnr many years u-.g., Ahearn and 
Chambers in the l i e n ' s ) , no general 
breakdown cr i te r ion has been published. 
To investigate some of the banic charac 
t e r i s t i c s of breakdown, our initial runs 
were carru-d out with s ta inless steel 
anodes. Provision was made for condi
tioning the ,vire bi-inK studied. It was 
possible to res 'siivi-ly heat the wire 
while voltage was applied, and baking of 
the wire m situ (i.e., at hard vacuum) 
was extensively used fur conditioning. 

1. An extecsi ve review o: ea r l i e r work, 
breakdown theors , and design co r r e l a 
tions was present _*u in an ea r l i e r 
repnrt by tite author (UCKI.-514B2, 
Dec. l!»7:n. 

Some typical current -vol tage plots 
a r e shown in Fig. 2 for a 7-mil tungsten 
wire . Three reg imes of operation a r e 
i l lustrated in Fig. 2, all related to p r i o r 
conditioning of the wire . In the initial 
r eg ime , i .e. , before conditioning of the 
wire , very high pre-breakdown cu r ren t s 
were observed, and breakdown occur red 
at low voltage. After the wire was 
part ial ly conditioned by baking it at 
~800°C for an hour, low pre-breakdown 
cur ren t s were observed which a r e 
charac te r i s t i c of field emission; hence 
this is termed the field emission reg ime . 
An ult imate reg ime could be obtained by 
baking the wire overnight where no field 
emission was observed pr ior to breakdown. 

-2 -
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Fig. 2. Typical plot of emission cur rent vs voltage for a 7-mil-diam tungsten wire 
after var ious conditioning p roces ses . 

In addition, it will be noted from 
Fig. 2 (runs 12, 6, and 8) that the final 
voltage breakdown point remained fixed 
independent of wire t empera ture during 

the run, even when thermionic p r e -
breakdown emission currents from the 
hot wire were much l a rge r than the p r e -
breakdown cur ren t s from the cold wire . 
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Fig. 3. Voltage breakdown correlat ion as a function of wire d iameter . 

These data a r e consistent with the 
following physical interpretat ion. Dirty 
surfaces p r i o r to conditioning cause 
l a ige pre-breakdown cur ren t s and e r 

ra t ic breakdown behavior. Arcs can be 
initiated by clumps of mater ia l o r gases 
leaving the surface. After part ia l con
ditioning, only low pre-breakdown cur -
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rents are observed until the voltage 
becomes large enough to raise surface 
protrusions or whiskers. Due to the 
large length/diameter ratio of such a 
whisker, the electric field at the tip of 
the whisker i s enhanced by a factor of 

3 
10 01 more, causing characteristic 
field emission. Breakdown becomes 
more predictable because these emission 
currents initiate arcs by, for example, 
melting whiskers. Some scatter still 
occurs, however, due to the random 
nature of the number, s ize , and shape of 

the whiskers. In the ultimate regime, 
the surface is free of whiskers, at least 
up to the moment of arc initiation. 

These concepts are illustrated again 
in the plot of breakdown voltage vs wire 
diameter in Fig. 3. While all three 
regimes tend toward a correlation of the 

1 /2 
form V. cc d ' , the actual breakdown 
mechanisms are different in each. This 
is not surprising since well-known theo
r ies such as the Cranberg clump-model, 
various whisker-emission theories, etc. 
all suggest similar correlations. 

Projection Tube Studies 

To study the arc formation more 
closely, a projection tube was substi
tuted for the outer cylinder (anode). As 
shown in Fig. 4, this i s simply a glass 
tube coated on the inside with a phosphor. 
Electron currents prcducc a bright glow 
on the phosphor which i s visible through 
the g lass . A thin aluminum coating on 
the inside (wire side) of the phosphor 
provides electrical contact. 

Projection tubes have been used by 
several workers prior to this study, but 
their tubes were not fugged enough to 
study high currents or actual arc break
down. The present design was worked 

iT !. Brodie and L. Weissman, Vacuum 
14, 299 (1964). 

'''H3S£ 
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Fig. 4. Glass anode with internal phosphor 
coating (the "projection tube"). 
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out to allow these investigations, and 
good success was obtained although dam
age to the tuDes did eventually occur 
after extensive arcing. 

Both still and high-speed sequential 
photography were used to record the 
dynamics of spot growth and breakdown. 
A typical variation of the spots with 
increasing voltage is shown in Fig. 5. 
While the current-voltage characteristics 
remained fairly smooth as shown earlier, 
the size and location of the current-
carrying spots underwent constant varia
tions. The birth or death of spots, even 
at constant voltage, was frequently 
observed, and this was accentuated with 
changing voltage. 

It was found, as illustrated in fig. 6, 
that the emission current was closely 
correlated with the spot deusity for a 
wide range of conditions and wirer. The 
spot density appears, however, to -n-
crease somewhat faster than predicted by 

a linear relation with current. This is 
probably to be expected in light of the 
statistical variation in t!ie shape and 
current-carrying capacity of individual 
whiskers. 

These observations are in general 
agreement with the earlier picture of a 
dynamic "eruption" of whiskers from the 
surface under the influence of the applied 
field. The spot size and shape observed 
on the screen can be used to make an 
estimate of the whisker size. The high
speed sequential photographs allow a 
gross observation of the final breakdown, 
but the resolution is poor because of the 
relatively slow time response of the 
phosphor. Perhaps the most striking 
observation is that a number of arcs 
appear to erupt simultaneously along the 
wire rather than at a single spot. Thus 
it is thought that debris and shock 
effects proliferate the arcing along the 
surface. 

Surface Studies 

The projection tube made it possible 
to locate the precise emission sites caus
ing the pre-breakdown currents. The 
section of the wire leading to bright spots 
was sectioned and studied unde.- a scan
ning electron microscope. In some 
instances a surface configuration such as 
shown in Fig. 7 was found. The spheri
cal object in this photo is roughly 6 ym in 
diameter, and it is on a whisker about 
2 by 10 urn that project:: from the wire. 
Microprobe analysis shows that the 
spherical ball is mainly composed of 
aluminum and silicate from the phosphor 
and electrical coating on the projection 

tube. The whisker supporting the ball is 
mainly materia! from the wire, with a 
thin outer coating of materials from the 
projection tube. This suggests that the 
pre-breakdown currents involved a low 
density plasma composed of electrode 
material. Such vapor formation has been 

3 observed in other studies. Due to its 
low melting point, aluminum dominated 
the plasma, and it was gradually con
densed out on the whisker tip. 

Studies were made of damaged areas 
on the surface after arc breakdown 

T. D. Davies and M. A. Biordi, J^ 
Appl. Phys. 41, 88 (1970). 



Fig. 5. Photographs of sequence of spotr observed on the projection tube wi 1 i n c r e a s 
ing voltage. 
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Fig. 6. Density of "spots observed on the 
projection tube vs pre-breakdown 
current. 

occurred, and the results suggested that 
the final arc originated in an area of 
cense whisker formation. For example, 
Fig. 8 shows some ball/whisker forma
tions around the edge of an arc-created 

crater that were partly melted by the 
breakdown but remain clearly visible. 

One consequence of these observations is 
that the deposition of materials on whisker 
surfaces as well as the damage to their 
crystalli e structure during erection are now 
thought to affect the work function of this 
localized area. Thus large emission cur
rents can be obtained with relatively small-
field enhancement i.e., length, iiameter 
ratios. Such a mechanism woul I be con-

4 
sistent with earlier observations byBrodie, 
who found that minute quantities of material 
evaporated from adjacent thermionic cathodes 
"activated" the tips of existing whiskers on 
nickel electrodes, causing enhanced field 
emission. 

4. 1. Brodie, J. Vac. Sci. Technol. 2, 
249 (1965). 

Fig. Electron microscope photograph 
of a whisker on the surface of a 
niobium wire. Microprobe anal
ysis indicates that the ball on the 
whisker is mainly aluminum 
(~5300X). 

Fig. 8. Electron microscope photograph 
of a damaged area with whisker/ 
ball formations near the edge of 
the crater region (~4400X). 



Conclusions 

This work has demonstrated that the 
projection tube technique provides a 
valuable method for studies of pre-
breakdown and breakdown arcing in vac
uum, in addition to providing information 
about arc dynamics, the spots observed 
made it possible to accurately locate wire 
sections for subsequent studies with a 
scanning electron microscope. 

The observations add important evi
dence for a dynamic model of whisker 
formation oy field erections, followed by 
pre-breakdown emission involving trans
port, via low-density plasma, of anode 

material to the whisker. This emission 
eventually grows into a full arc while 
simultaneously propagating to other sites 
along the surface. For design purposes, 
a voltage breakdown correlation is pro
posed that involves three distinct regimes 
of breakdown — initial, field emission, 
and ultimate — depending on prior condi
tioning of the surface. 

Work is now in progress to employ the 
projection tube technique to study voltage 
breakdown from wire surfaces blistered 
by helium bombardment. Results from these 
studies will be reported in the near future. 
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