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Pulsed Hot Cathode (LaBg) Discharge for-Uniform Plasma. Production*
S. E. Savas and R. V. Pyle =
Lawrence Berkeley Laboratory
University of California
Berkeley, CA 94720
Abstraet

We have made a compact, uniform.-highly—ionized s]ab.hydrogen‘p1asma'
for use in an atomicvco1li$ion experiment. The plasma is hade“by.a
pulsed hot-cathode dtscharge (<10 ms) in a we]I evacuated (~1(_)-6 Torr)
chamber’in a(~1 kéauss) magnetic fiert The,eathode is made of sin-
360 heated radiatively to 1400° —-1600° C, H2 gas (10 to |
100 pL STP) is 1n3ected into the gas. baffled anode about 600 us before

tered LaB

the start of the discharge.. Arc vo]tages from 1 kv to 2 kV and arc
currents from 10 A to 250 A over a d1scharge area of 10. 75 cm x 2.2 cm.
E1ectron dens1t1es up to 9 x 10]3 -3 with T between 5 and 10 eV

and e within 10% of maximum for an area of ~ o cm x 1.2 cm are ’

measured. Discharges are quite stable over a large range of arc

current, magnetic field, arc vo}tage, and gas feed.

* Th1s work was supported by the Director, Office of Energy Research
Office of Fusion Energy, Development and Technology Division, of the
u. S. Department of Energy under Contract No DE AC03 765F00098



I. Introduction

15 cm_z)'is known to be an

Interaction with a plasma (ne ~10
efficient way to produce a beam of neutral hydrogen or deuterium atoms
(useful for auxiliary heating ‘in fusion reactors) from energetic (<1 MeV)
negative ions.] We examined several alternatives before choosing a
hot cathode discharge as a plasma target for D neutralization studies.
Our need for a small highly ionized, thick plasma with a minimum of gas

around it led us to consider shock tubesz, hollow cathodes3'4,

5,6 1 None of these were felt

reflex discharges and Q mathines.
likely to proQide a diagnosable target meeting the above requirements.
However, a reéent’experiment in Livermore8 had proved that a pulsed,
hot-cathode diséharge might provide a suitable target plasma if one
would make a cathode of sufficient width and retain the Arc stability
they had gotten with the Baseball I coil in a simpler geometry. We

decided to make the cathode from sintered LaB_ for its high thermionic

6
emission at re]ativeTy Tow temperature (1500°C)g and resistance to
poisoning by atmospheric gases. For the magnetic field we chose simple
solenoidal coils and configuréd them to provide a radial minimum of the
field strength on axis. We felt this would provide Arc stébiiity for a
discharge "1ine—fied“ to the e]ectrodes;

The experiment described in Ref. 8 had a tungsten rod (diam = 3.2 mm)

cathode placed in one mirror throat and the anode, rotated by 90° and

used for gas feed, in the other. The cathode was heated ohmically

L4

(> 3000°K) and a voltage of -2500 Volts applied to it just after a small
. (&y

amount of H2 gas was puffed into the anode. The resulting discharge

current of up to 300 Amperes produced a very highly ionized (~ 99%)
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“plasma of moderate density (< 10 cm—3) and temperature (Té <16 eV).

The discharge which is the subject of this paper (See Table I for a
list of parameters) is also pulsed between a hot cathdde and gas fed
anode which are aligned along a magnetic field. The vacuum chamber,.

instead of being spherical as in Ref. 8 is much smaller (20.3 cm .

diameter) and cylindrical. This allowed closer placement of an ana1ySisx

chambef. ‘The céthode, a rectangular piece of LaBG, (10.75 cm x 2.2 tm)
was heated radiatively in a multiple heat shield to provide plasma

target uniformity and reduce necessary cathode heater power. Typica]

anode

I, = 100 Amperes, B = 1360 Gauss, N, = 3 X 10'3 3 T =Tev.

operating parameters were Vcathode = -1500 v, V = ground,

ar
The degree of ionization was adjustable from a few percent to 25%.

This upper 1imit was due to the small chamber size and small electrode

spacing.

~
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Table 1. A 1ist of physical characteristics of'discharges.

Parameter

Value

Anode-Cathode Separation

Cathode D%mensions
Cathode Material
Discharge Voltage
Dischafge Current

Magnetic Field

Duration of Discharge
Background gas pressure

H2 Pressure During
Discharge

Electron Temperature
Electron Density

Cross Field Diffusion Time

(Bohm) :
Parallel Loss Time ([18)

18 cm

10.75 cm x 2.2 c¢cm x 0.2 cm
Sintered LaB6

> 500 Volts, < 2 K Volts

< 250 Amperes

700 Gauss < B < 1700 Gauss
< 10 milliseconds

5 x 107 Torr

<
0.6 x 107 Torr < P < 4 x 10°° Torr

4 eV to 11 eV

n, <9 x 103 2

1.6 x 1072 < Ty < 5 107°
4 x 10°° sec <t

<9 x 10

secC.

b
sec
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I11. Apparatus

-

' The discharge takes place in an 20.3 cm diameter, 35.6 ¢m long
cy]indricaT‘stainless—steel chamber. . This chamberv(see Fig. 1) adjoins
another in which therevis titanium sublimation and all are pumped by an*
LN coo]gd 4" diffusion pump. Outside the chamber are two water-cooled
copper'coils (each 47 turns, 42.2 cm outside diameter, 27.9 cm inside
diameter. 13.3 cm 16ng) $eparated by = 5.1 ¢cm. These coils are
supported and enclosed in a cylindrical flux return shield of cold
rolled steel. |

Diégnostic and maintenance access to the arc chamber is very
f]e*ible and rapid via the conflat end flanges; and 8 ports -located -
A around.fts circumference and between the coils. The end flanges which
support the electrodes can be demounted. in a few minutes providing
maintenance access to both electrodes and chamber. Used 1ﬁvthese are
two Langmuir probes, PIG gauge, obgervation windbws, carbon foils,
Faraday cup, controlled gas leak, a collimator anq windows for
ihterferometry. |

| The cathode (see Fig. 2) is a slab of sintered'1anthanum*hexaborﬁde

10.75 x 2.2 x .2 cm. This is held in a tanta]um “Pictﬁre;frame“ tybe
holder which allows the back to be heated by ‘the radiation from a
tungsten filament while the front side acts as a thermionic eiectron
emitter for the plasma. This holder frame is supported by three
mb]ybdenum tubes which are clamped at the other end oﬁto a water cooled
coﬁper slab. 'This in turn is mounted on a slightly larger piece of
machinable ceramic which serves also to insu]até the cathode ffom, while

attaching it to the support structure which is at anode potential



(= ground). In order to minimize the required power we have surrounded
the cathode piece and tungsten filament with four to six layers of heat
shielding. These shields are made of dimpled molybdenum and tantalum
sheet approximately .01 cm thick. These shields extend almost 5 cm in
front of the cathode and form an elongated box which has a rectangular
hole in front just large enough for the discharge to pass.

Thé anode is made of three parts, a copper box 1.8 cm x 5.7 cm x
3.2 cm with .5 cm thick walls, a tantalum rectangle 10.8 cm x 5 cm x
.5 cm, and a duct having rectangular cross section 2.2 ¢cm x 10.8 cm made
of .03 cm molybdenum. (See Fig. 3) These three fit together so as to
provide both the electrical positive contact for the discharge and its
gas supp]y. The gas enters the midd]g of the closed side of the copper.
box into a reservoir whose front side is the .15 cm thick Tantalum
piéce. From there it exits through eight holes, .15 cm in diameter,
into long, narrow rectangle chambers‘ab0ve and below the discharge and
open to it.

fhe arc power supply is a capacitor-inductor pulse-line capable of
providing 1000 Amperes at 2000 Volts for 2 milliseconds. There are SCR
switches for connecting the negative output of the supply to the cathode
(the anode is held. at ground)vand for shunting the current through an
internal resistor ;utting off current from the arc. The shunt SCR is
automatically triggered if the arc current rises above a pre-sét Timit
to avoid electrode damage. Otherwise, it is triggered after a pre-set

elapsed time.

L4}
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I1I. Experimental Operation

Because of its high voltage -and low gas pressure this electric
discharge can be difficult to start and maintain in the prOper'mode of
operatioh. We pulse thé starter with -40 kV about 600 usec after
injecting the hydrogen gas into the anode.]o--The resulting local arc
draws a few thousand amps for a few microseconds and provides plasma to
set up;a sheath at the cathode thereby making an electric field to
extract thermionic electrons. Once the arc has Been-struck it can
operéte in two distinct modés.' The preferred mode. of operation invoives
uniform thermionic emission by the cathode resu]tinglin an arc current
between a few and 250 Amps, with the .arc voltage only slightly less than

the supply voltage. When we inject too much gas or the background

pressure is too high the arc makes a transition to a second mode in

whicn the arc current is of the order of 1000 Amps and the arc voltage
falls to less than 100 volts. In this mode the arc is non-uniform
spatially and is no longer the‘bink color characteristic of the other
mode (seems bluish to the eye). We havé seen evidence of "tracking" on
the cathode surface possibly due to "spotting" whiﬁh may occur during'»
the second mode of operation.]o These spots have been observed in
cq]d.cathode dfscharges to provide large currents and move on the
céthode surface causing irrégu]ar "tracks".

We can control plasma density and tempefature easily within the

ranges of Table I. For small amounts injected, an 1ncrease of gas input

~results in higher density and lower temperature. Increase of the

magnetic fie]d'causés increasing arc currents and electron density but

does not permit an unlimited increase in gas input. (The saturation
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level is independenf of B). Plasma density and temperature are
relatively independent of arc voltage above 1500 Volts and fall off
rapidly below 500 Volts. Arc current and plasma density are rapidly
rising functions of the cathode temperature.

Several dozen hours of operating time between vacuum breaches for
cathode maintenence is typical. (Our normal duty cycle was one 1-2 ms
shot pér minute with the cathode kept continually at operat%ng
temperature.) The LaB6 requires occasional discharge cleaning (long
duration, low current Argon discharges) in some circumstances to keep
the emission efficiency of the cathode high. With a fresh slab of

LaB_, 0.25 cm thick and molybdenum heat shields around the cathode, we

6’
were able to run many hundreds of shots without need for cleaning. When
using tantalum heat shields, we found we needed to discharge clean every

few days or few hundred shots.

IV. Plasma and Gas Measurements

We operated the discharge undér a range of values of arc voltage,
magnetic field, cathode temperature and gas injected and observed the
dependence on these bf the plasma parameters as well as the general
behaQior of the discharge. We measured electron density and temperature
in the arc using a Langmuir probe and electron line density with a laser
interferometer. The probe data were interpreted using the model of

Brown, Kunkel and Compher‘l

for a drifting plasma in a magnetic
field. The measured density dependences 1nc1udé vertical and horizontal
(parallel to the beam's plane of motion) directions as shown in Fig 4,

and on magnetic field strength, arc voltage and gas injected Fig. 5.



The final electron density was gotten by scaling probe measurements to -

agree with the laser interferometer value of the integrated electron

density.

We determined the gas: pressure using a fast Penning Gauge and by

~measuring the fraction of 250 keV D jons lost in passing through the

chamber after the discharge. We found it to range from a few to ten -

14 cm-s); The Penning gauge was

times the plasma density (~ 10
located at the wall of the discharge chamber and was unable to measure
the. pressure in the gas jet emerging from the anode. This was measured
by the ion-beam technique in which we found thé stripped fraction of a-
D beam passing fhrough the discharge region 50 usec after the
discharge was crowbarred and inferred the gas pressure using known

stripping cross sections. However, the pressure it indicated still did

not include the effects due to the plasma (i.e., -ionization and

~dissociation).  Combining the data from the two techniques and using a

simple mode1]2 [i.e.,>using calculated dissociation and ionization

rates with an estimated time of passage = (mean travel distance in -
plasma)/(particle speed)]for plasma effects on gas pressure we found
that a typical 30 Ampere discharge with ~ 60 ﬁL,of injected gas at 3 kW

of cathode.pbwer, ) = 1500 V, and B = 1350 Gauss produced a path

ARC
: . 12 -3 ~13 -3
averaged density of 2.5 x 10~ cm ~ of electrons and ~ 6 x 10" cm

of Hz»mo1ecules (equivalent) in the same volume: For a 110 Amp

discharge for the same voltage and magnetic field but oniy 40 ul of :gas
m—3

injected we found a density of 0.62 'x 'IO]3 c for electrons but

only 3 x 10]3 cm_.3 of HZ' Using the same model to estimate the
composition of. the target we found that for electron densities above
1013 cm_3 most of the ions are atomic and a large majority of the



emerging gas is in the form of H atoms. If one were to increase the
anode-cathode spacing to tens of centimeters one would have almost no
remaining molecular ions (H;, H;) in the b]asma. Measurements

with a residual gas analyzer showed nitrogen to be the main
non-condensing impurity with a peak value for the most intense

discharges of a few percent of total injected gas.

V. Discharge Model and Power Balance

We can gain some insight‘into the arc's operation by using a simple
mode]."2 Since ions are lost more quickly along the field than across
it we model ion motion as along the field. We further assume that the
ion are co]d_and that the electrons fall into two energy groups: a
thermal group at about 5 to 10 eV temperature and a group of primaries
from the cathode at slightly less than 1500 eV. The high energy
primaries heat the thermal electrons which in turn do most of the
jonization and dissociation of the H2 gas. This has been substanti-
ated using cross-section data and arc measurements in reference 13. We
have used an approximation from glow discharge work (Ref. 8) to relate
the total arc power to ion éurrent. It gives for the power needed by
the plasma about 100 eV per ion-electron pair created. Thus, the total
plasma power is approximately 100 eV times twice the ion current to the
cathode. Using this and our estimate of ion current we find that the .
fraction of their energy transferred by primary electrons to the plasma .

is about 10%. Application of the appropriate energy transfer formulae

-

for coulomb coﬂisions]3 yields an energy transfer fraction several

times smaller than this. Our observed 10% energy transfer is,

- 10 -
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however, found -in some beam-plasma ihstabi1ity“experiments;14
Furthmore when we calculate growth rafes appropfiate-to'our plasma we
find yt > 10, where t the electron transit time. - Thus, we feel an
absolute instability -of the beam-plasma system may be ‘the dominant power

transfer mechemism.v]5 ‘

VI. CONCLUSIONS

The limits on the density and duration of the plasma Qere a
function of our design choices. The coil spacing gave us a weak radial
minimum in the magnetic field in analogy to.the absolute minimum B of
Ref. 7. However, the ends of the elongaged electrodes were 5 cm from
the axis and near the 1imit of the radial minimum. Thus, to increase
density limits one needs to assure that the radial gradient in B is
steepér at the discharge boundary. A round cathode might also help
since the then radial electric field would cause only azimuthal plasma
drifts. The time limit on any discharge was a function of the discharge
current. High current shots (< 150 Amps) saw rapid currentvrise during

the shot up to the stability limit. Often, such a rapid current rise

~would cause a premature change of mode of the discharge. (This is

perhaps due to high gas pfessure due to supttering or desorption.) If
oﬁe would use a tungsten cathode it Qou]d give a mbre steady arc current
since it would be heated less during ihe shof by ion bombardmént. Opera-
ting with Tow arc currents (~ 10 Amps) and fastvpumping should allow
tens of milliseconds of operation. For longer times one would have to

deal with atmospheric gases desorbed from vacuum chamber walls.

=11 -



We have described an easily built uniform hydrogen discharge plasma
device. It is probably limited to fraction-of-a-second pulsed operation
and produces > 10]2 of 1 keV xérays per second, which limits the kind
of detectors one might use. Recent work has shown that hollow cathodes
can produce comparably thick plasmas, D.C., which have different .
electrical and plasma characteristics, and less neutra] gas -

W
16,17 The present technique

contamination in the body of the plasma.
appears to be advantageous for experiments requiring short pulses and

Tow neutral gas density external to the plasma.

L2
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Figure Captions

Plane view of discharge chamber and vacuum system.

Cut-away side view of anode, its support flange and gas valve.
Cathode assembly with heat shields demounted from the rest.

A) Heat shields

B) MGC insulator

C) LaB,. cathode

6
D) Cathode supports

E) Cathode heater filament

F) Ta cathode holder

Plasma density profiles in horizontal (upper) and vertical
directions gotten from Langmuir double probes. (Iafc=50, B=900 G,

T =1550°c, 35 u2=Injected Gas).

cath
Electron density and temperature dependences on controllable
discharge parameters.

1350 Gauss, Gés

A) Varc = 2KV, B = = 65 ul
B) Tcath = 1550°C, B = 1350 Gauss, Gas = 65 ul
C) Tcéth = 1570°C, B = 1350 Gauss, Varc =2 kV
D) Tcath = 1550°C, Varc = 2 kV, Gas = 65 ul

- 14 -
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ANODE. SUPPORT
SAPPHIRE. WINDOH— Q ANCDE BODY '
)\ ‘
N T DE GAS BAFFLE .
=N
GAS VALVE WINDINGS
J{\; F;. e | .
R N
FAST G VALVE——/ [f )
CONFLAT FLANGE-ANODE. SUPPORT
HIGH VOLTAGE FEEDTHROUGH YBL 7910-12357

Fig. 2
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Cathode

Fig. 3 CBB 784-4047



ELecTroN NEnsiTY (ARB. UNITS)

ELecTron DensiTy (ARB. UNITS)
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ELECTRON TEMPERATURE AND DENSITY (EV,lOlSCM—B)

ELecTRON TEMPERATURE AND DENSITY (EV,1013cm'3)
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