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The electrical breakdown has been investigated for low-pressure argon and nitrogen discharges under the influ-
ence of an external longitudinal magnetic field. Plane-parallel aluminum electrodes (5 cm diameter) separated
by a variable distance d (4.0 cend < 11.0 cm) were sustained with a dc voltage{(® < 1 kV). A Helmholtz

coil was used to produce an uniform magnetic field(B) parallel to the discharge axis. Paschen curves were ob-
tained and the secondary electron emission coefficigntlite first Townsend ionization coefficient)and the
ionization efficiencyf), were plotted with respect to the variation of the reduced field (E/P). To observe the ef-
fect of the magnetic field these curves were plotted for fixed values of B=0 and B=350 Gauss. As consequence
of the longitudinal magnetic field, the free paths of the electrons in the Townsend discharge are lengthened and
their lateral diffusion is reduced, thus reducing electron losses to the walls. The data presented in this paper
give a quantitative description of the B-field effect on the Townsend’s coefficients and overall it is concluded
that the DC electrical breakdown of the gases is facilitated if a longitudinal magnetic field is applied along the
discharge axis.

1 Introduction show, this phenomenon was confirmed by the reductio
the breakdown voltage when a magnetic field was appli

The electrical breakdown of gases has been, since long time,

the subject of many studies [1-4]. The interest in studying ;

the magnetic field effect on the characteristics of electrical 2 Theory of the electrical breakdown
breakdown and on the properties of a Townsend discharge iﬁf in drifting in the field direction, an electron ionizes
motivated by a necessity of gaining a better understanding of {oms in the time it takes to travei 1 cm, the growith in

the complex mechanisms of gas discharge phenomena an :
also because the B-field may contribute favorably for dea- gi\(/eer:]utr)?/b[g; of electrons traversing a segment of ledgil

ling with practical problems associated with the use of this
kind of discharge for plasma processing technologies [5,6]. dn. — d 1
In this work, breakdown potentials in Ar and; Ninder the Tle = QNelT - (1)
presence of an external longitudinal magnetic field were me-  Therefore, the electron density increases in
asured in the Townsend discharge regime. In this regime theavalanche-like manner

electrons in the tail of the energy distribution function have

enough energy to ionize the gas atoms. The secondary elec- ne(x) = ne(0) explaz] 2)
trons thus produced can also obtain a sufficient amount of . o .

energy from the electric field to ionize atoms and produce Wheren. (0) is the initial density of electrons and the co
new electrons. This gives rise to an avalanche-like growth ficient v is called the first Townsend_lqnlzann coeffl_c|e
of the degree of ionization. For this to occur, the loss of !N the theory of breakdown, the coefficients the most im-
electrons should be rather small. The electron losses occuPortant characteristic determining the dielectric strengt
by recombination with ions as a result of diffusion toward @ 9as. The coefficient is related to the ionization rate,
the walls and also, as in the case of electronegative gases, aghich is equal to the number of ionization events cause:

a consequence of the formation of negative ions. an electron in a unit time:
We have developed an experimental device to observe 00
the effect on the gas breakdown, of a magnetic field paral- v = n/ f(e)ai(e)V/2e/m/ede . )
&q

lel to the electric field. We expected the lateral diffusion of

electrons to be hindered by the magnetic field consequen-  Hereg; is the ionization energy of the atoryi(¢) is the
tly reducing losses and enhancing the ionization efficiency electron energy distribution, ang(e) is the cross sectio
in the Townsend regime. In fact, as the experimental resultsfor ionization of an atom from the ground state, in collisi
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with an electron of energy. Sincex is equal to the number Helmholtz coil
of ionization events per unit path length, obviously

o = ui/vd; (4) / /

Gas inlet
whereuvy, is the electrons drift velocity.

The first Townsend’s coefficient, which depends on the -
gas type and gas pressure, as well as on the electric field
E in the inter-electrode space, can be expressed following
Townsend theory as:

« BP

5 = Aexp[-—-; (5) |
where A and B are constants for a particular gas and P is the
pressure. It is more convenient to use the ionization coef- | |
ficientn (or ionization efficiency) defined as the number of C
ionization events caused by an electron in passing through a
potential difference of one volt:

To vacuum
system | |

Vs | / R
n=a/E=v;/vy E. (6) pd — —-

This quantity depends only on the reduced electric field E;%;L%C}Wnsv%ﬂ‘ggjf'gfg%%f;%f{g_h&;'rc“” for measurement o
E/P. The experimental data are usually presented either in
the formn (E/P) or asa/P (E/P).

The number of secondary electrons detached from the
cathode by impact of the various particles produced in the 4 Results and discussion
gas(positive ions, photons, excited atoms,...) is known as
the effective secondary electron emission coefficient, or se-
cond Townsend coefficient Additionally to « it is an im- 4.1 Me"_’lsurements of the gas breakdown po-
portant parameter in the Townsend regime and it depends tential — Paschen curves
on the electrode material and on the nature of the filling gas
used. The secondary ionization coefficient is related to that
of Townsend’s first ionization coefficient, and by using eq.
6 this dependence can be expressed in terms of the ioniz
tion coefficient [2]:

The gas breakdown voltagés was determined as a func-
tion of the productPd. The measurements were made for
argon discharge in the pressure range of 0.08 Torr to 0.4
4Torr with the inter-electrode distance varying between 2.C
cm and 8.0 cm. For nitrogen discharge the pressure was v
ried between 0.05 Torr and 0.08 Torr and the inter-electrodt
(7) distance between 4.0 cm and 11 cm. In these operation:
ranges, the application of an induction magnetic field with
intensity of the order of 350 Gauss is effective in confi-
'ning of the electrons and is negligible in the case of ions
At this B-field value and by considering a typical value of
electron temperature about 3 eV we estimate the electro
gyroradius (Larmor radius) to be about 0.14 mm which is
much smaller than the discharge column radius of 25 mm
In this way, a magnetic field of 350 G promotes an effici-
. ent plasma confinement once the electrons keep frozen f
3 Experimental setup the B-field lines. For breakdown to occur there must be suf
ficient number of collisions between electrons and the ga
A schematic diagram of the electric circuit for measure- particles to enable the required amount of ionization in the
ment of breakdown voltage is illustrated in Fig. 1. The va- inter-electrode space. If pressure is too low then the inter
cuum glass chamber of 130 mm internal diameter and 300electrode distance must be correspondingly increased; a
mm length, was preliminarily evacuated to pressure below ternatively, if the inter-electrode distance is small then the
10~Torr. The electrodes were made of aluminum and the pressure must be correspondingly increased. At higher intef
operating pressure was varied in the range (0.05 — 0.4) Torrelectrodes distances, the magnetic field acts more efficientl
A low intensity B-field (0 — 350) Gauss, in the direction of for lower pressures, because the collisionality decreases &
the electric field, could be produced by the Helmholtz coil, decreasing the pressure thus enhancing the effectiviness
however the breakdown voltage measurements were madé¢he magnetic confinement. It was also observed that the bre
only at zero B-field and at 350 Gauss. akdown voltage values are almost invariable for values of

1
T v 1
Thus,~ depends on the cathode material and gas type
as well as on the rati&'/ P [7]. Experimentally, the break-
down voltage {z) at a certain value of E/P is determined
from Paschen curves, by determinilig at the correspon-
ding value ofPd.



1664 Brazilian Journal of Physics, vol. 34, no. 4B, December, 2

the gas pressures above 0.1 Torr and for induction magnetic  Overall, the results show that the effect of the magn

field values below 350 Gauss. field on the Paschen curves is to reduce the breakdowr
The consequences of the action of the magnetic fieldtage, especially on the region of Pashen’s minimum. -

are that the electron free paths across the residual gas areffect is more pronounced for nitrogen than for argon. T

lengthened and also that the lateral diffusion of the electronscan be attributed to the higher efficiency of the secont

can be reduced. These combined effects imply that the los-ionization processes inddischarge as compared to Ar d

ses of electrons are reduced and they can now make moreharge at the conditions of the pressure and reduced

collisions with the gas molecules than they could do in the investigated. At lower values ¢fd, on the left side of the

absence of the magnetic field. In effect, the breakdown vol- minimum, the effect of the B-field is reduced because in

tage is reduced, as shown in Figs. 2 and 3 for argon andregion the breakdown is governed primarily by the electr

nitrogen, respectively. On the left side of the minimum Pas- material properties rather than by ionization process in

chen curves}ys decreases fast when increasifd which bulk of the gas.

can be attributed to the increase in the collision frequency

between electrons and neutral atoms or molecules. Howe-

ver, on the right side of the minimum, the breakdown vol-

tage increases gradually when increadiay which can be

attributed to the decrease in the ionization cross-section, ma-

king the electrons to require more energy in order to achieve

the breakdown of the discharge gap [8]. 4.2 lonization efficiency

: : : : : : Figures 4 and 5 show the variation of the ionization eff

420 4 ency with E/P for argon and nitrogen.

Argon ] We observe from these figures théE/P), at smalE'/ P,
o 390+ e—B-0 7 increases sharply, but then reaches a maximum and fal
g —A— B =350 Gauss ] on further increase of//P. The point of maximum is ob
3 0. P=(0.08 - 0.40) torr | tain_ed by diﬁefent_iatingy (eq. 6) with respect _taE/P and
E d=(4.0 - 8.0) cm setting the derivative equal to zero. This maximun dfas
% : a value ofn,.. = A B~e~! which is proportional to the

w
@
S
1

| inverse of the ionization potential of the gas (Vi=B/A). T
effect of the magnetic field corresponds to a lowering of
ionization potential of the gas. For the nitrogen dische
e e e A only thg d.escending bran(;h pf the curve was qbtainec
' ’ R (o C;n) ' ' ' .shqwnlln fig. '5_but th.e qgalltatlve effect of the B-field on't
ionization efficiency in nitrogen is similar to that in argor

300

Figure 2. Breakdown voltagé/g) for Ar as a function oPd (Pas-
chen curves) for two values of magnetic field.
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Figure 3. Breakdown voltagé/g) for nitrogen as a function d?d Figure 4. lonization efficiencyr() as a function of E/P for argo

(Paschen curves) for two values of magnetic field. using the data of Fig. 2.
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Figure 6. Variation of the secondary ionization coefficient with E/P
Figure 5. lonization efficiencyr) as a function of’/ P for argon for Ar gas.
and nitrogen B = 350 Gauss).
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The variation of the effective secondary electron emission
coefficienty with the reduced field E/P is shown in Figs. 6 >~
and 7 for Ar and N, respectively. It is usually observed

that the curve ofy(E/P) has a minimum [7] but in the ex-
perimental range of reduced field investigated only the as-
cending branches of the curves are obtained. We observe
that~ rises faster for nitrogen than for argon and that it in-

creases with the magnetic field, an effect that, especially for POt ey U S B
argon, becomes less effective as the reduced field is decrea- Elp

sed. The secondary emission of electrons can be due to any

Comb'nat'on of effects of 'mpaCts of positive ions, photons, Figure 7. Variation of the secondary ionization coefficient with E/P
excited atoms on the aluminum electrode and depends alsgor N, gas.

on the state of the cathode surface. For weak reduced fi-

elds, the mean electron energy is low and excitation within

the gas becomes more important than ionization. Secondary

electrons are then ejected from the cathode mainly by pho-5  Conclusions

ton impact (photoelectric effect), a mechanism less sensitive

to the magnetic field. On the other hand, at high values of The breakdown voltages in low pressure gases have bee
E/P the secondary electron emission is governed by impactmeasured for argon and nitrogen discharges using plane
of ions on the cathode and, at even higher values, by theparallel aluminum electrodes. We have investigated the in
impact of neutral rapid species [7, 10]. These mechanismsfluence of a longitudinal magnetic field on the Paschen cur
are dependent on the dynamics of the charged patrticles, andes and on the Townsend parameters. We observed that t
the emission of secondary electrons is enhanced by the conmagnetic field applied along the discharge axis promoted
finement effect promoted by the application of a magnetic reduction of the breakdown voltage. The breakdown is fa-
field. The magnetic field effect associated with the increasecilitated by the magnetic confinement of electrons which re-
of v, at a given value of E/P, is equivalent to a decrease induces the electron losses and effectively increases the cc
the work function of the cathode material, because, in thelision frequency between electrons and the gas particles «
presence of a B-field, a lower voltage would be required to a given reduced field, thus increasing the ionization effici-
maintain the discharge as would be for the case of field-freeency. This effect is equivalent to a change of the operating
discharge but with a cathode of lower work function. The gas by another of lower ionization potential. The presence
efficiency of electron emission by the incidence of the ions of the magnetic field enhances the secondary ionization cc
onto the cathode increases when using a smaller ion mass, efficient at a giver®/ P value. This effect is equivalent to a
e. v(N2) > ~(Ar) at a givenE/ P value [9] a behavior that  decrease of the work function of the cathode material. It wa:
is demonstrated by comparing the curves in Figs. 6 and 7. also observed that the breakdown voltage and the Townser

0,04

0,02
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parameters are almost invariable for values of the gas pres-[4] V. M. Atrazhev and I.T. Takubov, J. Phys. B, 1735 (1976).
sures above 0.1 Torr and for induction magnetic field values [5] V. Markovic, S.R. Gocé, and M. K. Rodovic, Eur. Phys. .

below 350 Gauss. Appl. Phys.6, 303 (1999).
[6] A.Bogaerts and R. Gijbels, J. Appl. Phy8, 1279 (1966).
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