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NEUTRAL-BEAM PLASMA SOURCE METAL-ARC PROTECTION CIRCUIT* 

G.J . deVr i es , D.B, Hopk ins , A .F . L i e t z k e and H.M. Owren 
Lawrence Berke ley Labo ra to ry 

U n i v e r s i t y o f C a l i f o r n i a 
Berkeley," CA 94720 

SUMMARY 

Neut ra l beam sources o c c a s i o n a l l y s u f f e r f rom 
metal arcs i ns ide the plasma chamber. This a r c i n g 
can cause ser ious damage when i t i s s u s t a i n e d . 
Exper ience has shown t h a t a r c i n g f o r less than 10 
msec is t o l e r a b l e . Th is paper descr ibes an 
e l e c t r o n i c c i r c u i t designed to de tec t such an arc (or 
"cathode s p n t " ) and generate a s i g n a l which can be 
used to t u r n o f f the source arc c u r r e n t and the accel 
v o l t a g e . 

One p r i n c i p l e o f spot r e c o g n i t i o n is based on the 
d e t e c t i o n o f abnormal , f a s t f l u c t u a t i o n s in a 
Langmuir probe s i g n a l . 

A second d e t e c t i o n p r i - c i p - 9 looks f o r an 
abnormal ly low plasma source e f f i c i e n c y by comparing 
the p robe ' s s a t u r a t e d ion c u r r e n t t o the arc 
c u r r e n t . Both o f these p r i n c i p l e s are e x p l o i t e d in 
the c i r c u i t descr ibed in t h i s paper . 

METAL ARCS IN PLASMAS 

Meta l -a rcs in plasma sources are f r e q u e n t l y 
observed when the plasma source i s o p e r a t i n g under 
the c o n d i t i o n s where e l e c t r o n d e n s i t y =6 x 
1 0 ' V c m 3 , Debye l eng th =20 urn, and average 
p o s i t i v e ion c u r r e n t d e n s i t y ^200 mA/cm 2 . The 
phenomenon represen ts a " p u n c h - t h r u " o f the vo l t age 
sheath which separates the plasma from a l l 
r e l a t i v e l y - n e g a t i v e e l e c t r o d e s . I t i s f r e q u e n t l y 
labe led by such names as " c a t h o d e - s p o t " and 
" u n i p o l a r - a r c " , depending on whether the e l e c t r o d e is 
" h a r d - w i r e d " to the arc power supp ly nega t i ve 
t e rm ina l or f l o a t i n g , i . e . , w i t h zero ne t c u r r e n t . 
I t i s b e l i e v e d to be the vacuum analog o f the common 
arc w e lde r . The shea th ' s p o t e n t i a l d i f f e r e n c e is 
g e n e r a l l y a s u b s t a n t i a l f r a c t i o n o f the arc v o l t a g e 
(Vanode - V C d t h g d e ) a n d m y b e viewed as a 
measure o f the r e l a t i v e d i f f i c u l t y which the plasma 
encounters in o b t a i n i n g e l e c t r o n emiss ion from the 
e l e c t r o a e s u r f a c e . This i n t e r f a c e can be r u p t u r e d 
w i t h the f o rma t i on o f one or more t i n y , h igh d e n s i t y 
meta l -p lasma plumes. These are b e l i e v e d to be 
ma in ta ined by very l o c a l , ve ry i n tense e l e c t r o n 
emiss ion through a dense meta l -vapor c loud ( r e s u l t i n g 
f rom in tense cathode s u b l i m a t i o n ) . 

Th is e l e c t r o n emiss ion reduces the sheath 
impedanc . Hence, the spot causes the arc vo l t age to 
drop and/or the arc c u r r e n t t o i nc rease ( F i g u r e 1 ) ; 
the average ion ou tpu t c u r r e n t then becomes reduced 
and n o i s y . For a u n i p o l a r - a r c , the e l e c t r o n c o o l i n g 
e f f e c t o f the spot i s b e l i e v e d to be r e s p o n s i b l e f o r 
the s l i g h t increase in observed arc impedance; most 
n o t i c e a b l e is the n o i s y probe s i g n a l . 
N e g a t i v e - e l e c t r o d e m a t e r i a l coats sur round ing 
su r faces i n both cases. V a r i a t i o n s o f t h i s general 
d e s c r i p t i o n have been observed . 

Susta ined ope ra t i on o f metal arcs have produced 
a t l e a s t s i x bad e f f e c t s : 

F igu re A meta l a rc u s u a l l y causes the ar 
v o l t a g e to lower ( t op t r a c e ) and the 
a r - c u r r e n t to inc rease ( cen te r t r a c e ) 
d to a lower arc impedance. 

1 . M e l t - t h r u of ne anode w a l l ; 

2 . I n s u l a t o r 
p u n c t u r e ; 

j l 1 i z a t i o n , c a r b o n i z a t i o n , 

*Th i s work was supported by the D i r e c t o r , O f f i c e o f 
Energy Research, O f f i c e o f Fusion Energy, Development 
and Technology D i v i s i o n o f the U.S. Department o f 
Energy under Cont rac t No. W-74Q5-ENG-48. 

3. L i t t l e b a l I s or f l akes o f cathode m a t e r i a l , 
t r a n s f e r r e d to the a c c e l e r a t o r gr i d s , i n t e r f e r e 
w i t h v o l t a g e - h o l d i n g and beam p r o d u c t i o n ; 

4 . F i lament d e s t r u c t i o n by p i t t i n g or w e K - t h r j ; 

5. Retrograde (-JXB) mot ion in a magnet ic f i e l d can 
move a " s p o t " f rom a r e l a t i v e l y innocuous 
l o c a t i o n to one where a , b , c , or d occur ; 

6 . U n i p o l a r - a r c s , u s u a l l y r e l a t i v e l y innocuous due 
to t h e i r i^mall c u r r e n t , can t r i n g e r t ! ie f o rma t ion 
o f h i g h - c u r r e n t cathode s p o t s . 

For these reasons , when a spot o c c u r s , the ar 
c u r r e n t is te rm ina ted u n t i 1 the sheaui '•? 
v o l t a g e - h o l d i n g c a p a b i l i t y is r e s t o r e d . 

DETECTION PRINCIPLE 

The o p e r a t i o n o f a n e u t r a l beam plasma source 
inc ludes power s u p p l y , plasma source and a c c e l e r a t i n g 
p r o t e c t i o n c i r c u i t r y as s tandard equ ipment . ' 
Dur ing the years o f n e u t r a l beam o p e r a t i o n in 
B e r k e l e y , va r i ous methods o f metal a rc ( spo t ) 
d e t e c t i o n have been t r i e d and found tu be 
i nconven ien t because o f neu t ra l -beam source 
c h a r a c t e r i s t i c dependence. The d e t e c t i o n p r i n c i p l e 
desc r ibed in t h i s paper is r e l a t i v e l y independent of 
source c h a r a c t e r i s t i c v a r i a t i o n s . 

The d e t e c t i o n p r i n c i p l e is based on the f o l l o w i n g 
two techn iques : 

a . The u n i p o l a r - a r c u s u a l l y causes a f a s t 
f l u c t u a t i n g Langmuir probe s i g n a l . These fas 
f l u c t u a t i o n s ( i n the range o f 1 kHz t o 40 kHz) 
are de tec ted when the ampl i tude exceeds a p rese t 
t h r e s h o l d va lue o f a s i gna l comparator . The 
ou tpu t o f th is comparator i s l i n e a r l y i n t e g r a t e d 
by means o? a charge pump and compared to a 
p rese t a d j u s t a b l e t h r e s h o l d . i f t h i s 



threshold is exceeded, a fau l t signal is 
generated. 

b* The plasma eff iciency is measured by comparing 
the DC component of the probe current with the 
arc current. The rat io is approximately constant 
for varying operating conditions of a given 
source. A fau l t signal is generated when the 
rat io Iprobe^arc drops below a preset value, 
thus indicating low-efficiency plasma production 
or a cathode spot. 

SIMPLIFIED CIRCUIT DIAGRAM (FIGURE 2) 

Plasma Fluctuation Detector 

The probe signal is amplified v ia a high-pass 
f i l t e r with a corner frequency of 650 Hz. Probe 
signal fluctuations with frequencies above 650 Hz 
generate an error signal i f they exceed the 
comparator's amplitude threshold. Each time an error 
signal is detected, the integrating capacitor is 
charged a fixed amount. For a repet i t ive error 
signal (with a frequency of 3 kHz and above), the 
capacitor w i l l be charged continuously, thus causing 
the voltage to r ise l inear ly . This voltage on the 
capacitor is compared with a preset reference voltage 
and an arc termination signal is generated i f this 
reference voltage is exceeded. 
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Figure 2 Simplified Circuit Diagram of the 
Metal Arc Detector 

Arc Efficiency Detector 

T!.e DC component of the probe signal is obtained 
from a low-pass f i l t e r with a corner frequency of 180 
Hz. Th i s s i gna 1 is th en compared to a s i gn al 
proportional to the source arc current. The arc 
current signal is amplified via a low-pass f i l t e r 
with a corner frequency of 90 Hz. This f i l t e r delays 
the r ise of the arc current s ignal , with reference to 
the probe s ignal , in order to maintain the 
l p r 0 b e / I a r c r a t i 0 a D O v e t h e P r e s e t f a u l t trigger 
level during the turn-on of the source arc current, 
thus preventing an unwanted fau l t signal from being 
generated. The Ippobe/Urc r a t 1 ° 1 S measured 
with a signal comparator whose output controls the 
current source feeding the integration capacitor. A 
faul t signal is generated by means of the same type 
of comparator described above for the repet i t ive 
f luctuating probe signal detection c i r cu i t . 

OPERATIONAL CONTROLS OF THE DETECTOR 

Operation of the detector requires only a few 
adjustments. These are: 

a. "Noise threshold" adjustment (calibration range 
of 1 vol t peak-to-peak, fu l l - sca le ) . This 
probe-signal noise threshold has been set 
empirically at 100 - 150 mV on the neutral-beam 
sources in Berkeley [a 100 current viewing 
resistor is used,) 

h. "Persistence" adjustment (cal ibrat ion range of 25 
msec fu l l -sca le) , This adjustment sets the time 
duration that a suspicious probe signal may 
pers i s t be fore a command i s gen era ted to 
terminate the arc current. For clean-source 
opera ion, a few milliseconds usually suffices. 

c. "Arc efficiency threshold" (cal ibration range of 
probe s ignal gain is x5 fu l l - sca le ) . This 
ad jus tmen t con t ro l s the ga in of the DC componen t 
of the probe si gnal for compar i son wi th the 
fare signal . The gain should be adjusted for 
the particular arc current shunt in use and the 
plasma source eff ic iency. Figure 3 indicates the 
exact t r i p leve l . An operational margin of 30 -
50% is usually added. 

d. "Test". A circui t a I lows the user to quickly 
check the unit for proper performance. This is 
accomplished by means of a local osci1 la tor 
{frequency is 6 kHz) with a variable amplitude. 
By activating the test c i rcu i t with a front panel 
push button, one injects a simulated "noisy 
probe" s ignal . By varying the amp!itude, the 
noise-threshold t r i p level can be checked. The 
I probe/ 1arc rat io is checked by injecting a 
tfist signal (frequency approximately 30 Hz) into 
both input c i r cu i t s . 
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Figure 3 This figure shows the arc eff iciency 

detector t r i p threshold for various arc 
current shunt values. The probe signal 
amplitude for 1000 Amps arc current 
is graphed versus the probe gain. 



SCHEMATIC AND CIRCUIT. DESIGN NOTES CIRCUIT PACKAGE AHD PERFORMANCE 

A detailed c i rcu i t diagram is given in Figure 4. 
A few functions are described below. 

The Charge Rate Control 

The charge rate is contro'iled by means of a 
retriggerable monostable which switches the 
current-source that charges the integrating 
capacitor. The capacitor discharge (time-constant 
is 0.5 sec} L". an adjustable negative offset voltage 
in order to bias the comparator s l i gh t l y negative, 
thus preventing spurious fault signals from being 
generated when no input signal is present. 

The Frequency Fi l ters 

Two pole Bessel f i l t e r s ^ are used. They do not 
suffer from overshoot in response i*o a step voltage 
on the input. The necessary delay difference 
mentioned earl ier between the Iprobe a n t * *arc i s 

accomplished by a difference in the corner 
frequencies of the f i l t e r s . An active diode c i rcu i t 
in the arc signal f i l t e r removes the f i l t e r delay 
during arc turn-off time, thus preventing an unwanted 
fau l t signal from being generated. Figure 5 shows a 
photograph of the f i 1 tered signals of Iprobe a n a " 
I a r c when square-wave input signals are employed. 

Figure 5 The square wave response of the two 
frequency f i l t e r s are shown above. 
The top trace is the low-pass probe 
f i l t e r response; the bottom trace is 
the arc current f i l t e r response. 
Time scale is 1 msec/division. 

(F.S. = 10 ms) 

Operational Amplifier 

The operational amplifiers have been selected 
according to the gain bandwidth performance (20 MHz 
for the HA2525 and 100 MHz for the HA2625J needed for 
the amplifiers of the AC component of the probe 
signal . These op amps also offer a re la t ive ly small 
offset voltage (<5 nW) so that no external 
adjustments are required to obtain high threshold 
accuracy. 

Indicator l igh t 

A l^ght-emitting diods has been added, for faul t 
analysis purposes. I t remains 1 i t after a 
"termination command" has been generated . A reset 
pulse, for resetting the l ight -contro l l ing f l i p - f l o p , 
is obtained from the next beam "turn-on" pulse. 

Circuit Package 

The detector c i rcu i t has been bu i l t on a printed 
c i r cu i t layout, one side of which is used as a ground 
plane. The c i r cu i t is housed in a NIM module. 

Performance Results 

The detector has been in service steadily this 
year on di f ferent plasma sources. In general, the 
unit has performed sat is fac tor i ly (Figure 6) provided 
that the operational adjustments have been set 
according to the specific source in use. 

Figure 6 The photograph show^ an increase in 
arc current (center trace) and a 
decrease in probe current (lower 
trace), indicating a spot and causing 
the arc eff ic iency detector to 
terminate the arc. The top trace 
shows the arc voltage. 

Possible Improvement 

Some consideration has been given to an automatic 
adjustment of the noise threshold in the fast 
f luctuat ing (AC) probe signal detection c i r cu i t . The 
idea is based on the fact that the rat io of the AC 
component of the probe signal to the low frequency 
component of the probe signal should be nearly 
independent of plasma source operating levels. To 
achieve this feature in pract ice, the DC component of 
the probe signal could function as the reference 
voltage for the noise threshold comparator. This 
function has not yet been implemented. 
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Figure 4 Detailed Circuit Diagram of the Spot Detector 




