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Abstract—Composition of background spectra radiated from PTFE
an Sk post-arc channel after current zero was investigated. The nozzle 10
radiation intensity of background spectra at a wavelength of 455 - P
nm around current zero was measured. Post-arc temperature was Sk gas \q .
estimated from the intensity ratio of two spectral lines at 426.0 lron L INe T8 VCB
and 442.7 nm of iron used as an electrode material. Emission g‘g %i L
coefficients of not only continuous spectra but alsoSspectra due B SN H
to B*X, -X%X, transition were theoretically calculated as a SF(,gas%7 LMNPQ IRClag)lor“
function of temperature in the range of 3000-6000 K. The results Flow rate : Spectroscopic o
indicated that the background spectra mainly consist of continu- (5()]ilcrs miri) ﬁi‘;‘;};‘:‘m
ous spectra at temperatures above 4500 K, and of,$pectra at ) Condenser
temperatures below 4500 K. The temperature dependence of the C=3580uF =T
calculated emission coefficients of the background spectra agreed
fairly well with that of the measured radiation intensity. Fig. 1. Flat-type Sk gas-blast quenching chamber and spectroscopic obser-

. . vation position.
Index Terms—Background radiation, continuous spectra, $ P

spectra, Sk post-arc channel.

guenching chamber. In the chamber, we intentionally used iron

electrodes, and observed Fe spectral lines at wavelengths of

o ) 426.0 and 442.7 nm together with the background spectra. This

I N an Sk gas-blast circuit breaker, an arc discharge was &§-pecause these Fe spectral lines have much higher radiation
tablished between the electrodes during current interruptigiensities than those of*SF, or Cu atT < 6000 K [3], [4].

processes. In order to elucidate the arc interruption phenoﬂbplication of the two-line method to the measured two Fe

ena, diagnosis of the arc temperatiff@nd concentratioxs  gpectral lines enabled us to estimate the post-arc temperature
of metallic vapor ejected from the electrodes into the arc is 9‘Pup to 100us after current zero for ac 5 kfy arcs [3]

great importance. In measurifigand Xy, in the arc column, 147 As a result, the radiation intensitfis; of the observed
spectroscopic observation is often performed to observe kground spectra was successfully obtained as a function

only objective spectral lines but also background spectra nggr Second, to interpret the temperature dependence of
these spectral lines. Thus, it is necessary to investigate the

¢ iss, integrated emission coefficiert,,, of the continuous
background spectra. The background spectfBat000 Kis  spectra at 455 nm was theoretically calculated as a function

usually considered to be continuous spectra. Until now, sevegal 7 in the range from 3000 to 6000 K. However, the

studies have been done to find out various properties of tﬂ%‘?’nperature dependence &f,,, shows no agreement with
continuous spectra af > 6000 K [1], [2]. that of the observed,s;. Finally, special attention was given
On the other hand, temperature of post-arc channel afgfyglecular spectra, where the integrated emission coefficient
current zero decays to magnitudes below 6000 K. However 155 Of S, spectra due td3®Y- — X35~ transition has to
. . . 2400 u
very little is known about the continuous spectrdlat 6000 e taken into account for the background spectr& at6000

K. In addition, there are few studies on the composition of the ¢jce the temperature dependence of the sumgf s and
1 2 [

background spectra & <6000 K. €. agrees fairly well with that offs;.

The present paper describes the background spectra radiated

from an Sk post-arc channel. First, time variation of radiation
intensityl,55 of background spectra at a wavelength of 455 nm
was measured around current zero in a flat-typg gis-blast

I. INTRODUCTION

Il. MEASUREMENT OF RADIATION INTENSITIES OFIRON
SPECTRAL LINES AND BACKGROUND SPECTRA
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Sulfur hexafluoride gas was supplied through tubes along 2120 : .
the cathode to blow in the axial direction to the arc. The £E100r L Fpeass
flow rate was adjusted to 50 I/miihi before arc ignition. Gas = g 287 N6
pressure in the chamber was always kept to be nearly 0.1 MPa. :;;; 38 i 3
A damping sinusoidal current with a frequency of 60 Hz g7 Tl i ;
was supplied from a capacitor bank (with capacitantef 2 5000 ' 5 ‘ ]
3580 iF) through a reactor (with inductande of 1.9 mH). g ‘
Peak value of the current was adjusted to 5000 A. An auxiliary £ 45001 i
vaccum circuit breaker (VCB) was intentionally connected in E |
series with this flat-type quenching chamber, thus interrupting T 00— 30 100
the sinusoidal current at the first current zero. As a result, Time from current zero (/25
no transient recovery voltage (TRV) was applied between th% 2. Time variations of radiation intensity measured around current zero
electrodes in the flat-type quenching chamber. and temperature estimated at position M (Peak value of current, 5 kd; SF

gas flow rate, 50 I/min).

B. Spectroscopic Observation Along Nozzle Axis

XFe : Iron vapor concentration

Spectroscopic observation was carried out at five positions S0 Total € 455 %0 .
around the nozzle throat as denoted by the symbol L-Q in i © 0 N
Fig. 1. At these positions, the ceramic plate sandwiching the 2g 0 g3
flat nozzle has a rectangular hole of 4 mml mm. Through g > g"g
this hole, the arc radiation was observed with a bundle of four é% 20 - 2088
optical fibers made of quartz glass. Each fiber has a core of 0.8 S & | Experimental datalgss g
mm in diameter, a clad of 1.0 mm in diameter, and a numerical & £
aperture of 0.2. The bundle of fibers accepts arc radiation from 10} + . o =
a region with spatial dimensions of 4.3 mm 1.8 mm. Temperature (K) [ X 103]

This bundle of fibers transmits the arc radiation from the o ]
t g. 3. Temperature dependence of the radiation intensity of background

observation point to the entrance slit (_)f a monOChroma (gjectra at 455 nm measured at position M and those of emission coefficients
The monochromator has a reciprocal dispersion of 0.8 nntalculated.

mm~!. On the focal plane at the exit of the monochromator,

a multichannel detector with three photomultiplier tubes was o

positioned. Use of this detector permits the simultaneous d§Mmain constant. A similar aspect was found at the other
servation of radiation intensities at three different wavelengttfServation positions.

With the multichannel detector, we measured the radiationF"OmM the ratiolresss/Ireszs, temperaturd” around current
intensities ), and I},, at wavelengths of 426.0 and 442 72€r0 was esum:_ated by thg two-line method on the assumption
nm, respectively. Simultaneously, the radiation intengity that .the.populatlon of excited states in Fe f(_)llows a Bqlt;mann
at a wavelength of 455.0 nm was also measured to obtain #figtribution and that the arc is optically thin. The validity of
intensity of background spectra. The wavelength of 455.0 rif}eS€ assumptions was confirmed in additional experiments
is free from the spectral lines emitted from atoms and atonfy measuring simultaneously Fe spectral lines at 430.8, 432.6,
ions. The observation width of each channel corresponds4g8-6: 440.5, and 441.5 nm, as well as at 426.0 and 442.7
0.6 nm in wavelength. The relative spectral sensitivities of tHén With an optical multichannel analyzer and by making a
overall optical system for the above three wavelengths Wé?glt;mann plot diagram for the seven lines. The bottor.n. figure
measured using a standard tungsten-halide lamp. Considelfhd19- 2 represents the decay processIoft the position

the sensitivities thus obtained, corrections were made to tfe Note thatT" is so-called an excitation temperature of
three signals. Fe. The temperaturg was estimated to be 4870 K at the

current zero. It can be also seen tlatdecreases gradually
with time, then reaching to 4140 K at 1Q@s after current
C. Time Variations of Radiation Intensities of Spectra zero.
and Temperature around Current Zero

Numerical subtraction of background radiation intensity
Lss from I}, produces the net radiation intensifg.sss [Il. TEMPERATURE DEPENDENCE OFRADIATION
of Fe spectral line at 426.0 nifz"De-¢7D). Similarly, the INTENSITY OF BACKGROUND SPECTRA
net radiation intensityr.443 Of Fe spectral line at 442.7 nm Use of Fig. 2 permits us to obtaify;; as a function off".
(a®D-z"F°) was also derived. The top part of Fig. 2 illustrate©pen circles in Fig. 3 designates; as a function off. The
the time variations of radiation intensitidg.4o6, Ire443, @nd intensity 1,55 decreases witll” from 5000 to 4600 K, while
1,55 at position M. As can be seen in this figure, all ofl,55 increases slightly with a reduction @ from 4600 to
Treq26, Ireqqs, and Iy;5 were detectable up to 100s after 4100 K. In order to interpret the above relationship between
current zero. It should be noted thit.4o¢ and Ir.443 decay 1455 and 1, emission coefficientys; of background spectra
rapidly with time, whilel,;5 of the background spectra almostat 455 nm will be discussed in the next section.



988 IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 25, NO. 5, OCTOBER 1997

V. THEORETICAL CALCULATION OF EMISSION 1012
COEFFICIENTS OFBACKGROUND SPECTRA g ol
w
I . . £ 1019
A. Equilibrium Composition of S&~Fe Mixture Plasma 8% 1 \
. . . . . N A Kpe=10%
The calculations of emission coefficients require the particle §§ 108 \\1%” ’
composition of Sk-Fe mixture. Thus, we calculated the év 107 \\\\\0-1%
.y . oy . . . 7] o 0]
equilibrium composition of S§gas contaminated with iron E 106 0?3’55‘;%
vapor [3], [4]. The species taken into account were the 15 e
molecular, atomic, and ionic species of (SBF, Sk, F;, ’ Temperature (K} [ 103]

S, F, S, F, S, F, S, P" S Fe, Fé, F&*, and _ o » _

electron. We obtained the compogition by_ so_lvin_g the simLﬁ{%g'nfm'sséogaiozf'g_'irﬁg; ;’Sf (;OPJ:]T:%L:]Sosfﬁzﬁgﬁef‘;tﬁrgavelength of
taneous equations: Saha’s equation for ionization reactions,

Gulberg—-Waage’s equations for dissociation reactions, the

charge neutrality equation, Dalton’s laws of partial pressurdight emission at 455.0 nm. The emission coefficientacy
and the equation defining the iron vapor concentrafigg. In  of the light at\ is expressed as

the present papeXr. (in %) is defined as the ratio of the total

. 2he he - c
mass of Fe, Fe, and Fé* to the sum of those of all particles: Eattach = 3 €XP <_m>NS‘0§etﬁ (3)

mFe(NFe + ‘ZVFe+ + NFe2+)
XFe =

Zm,»N» x 100. 1) where Ng- is the numb_er density of § o5, is the photo-
— detachment cross sections for.

! 3) Bremsstrahlung:The emission coefficients of the con-
tinuous spectra due to free—free transitions of electrons can be

) _calculated by the following equation:
Background spectra are usually considered to be continu-

ous spectra, especially gt>6000 K. Thus, we calculated e = O exp <_£>

the emission coefficient of the continuous spectra taking T1/2 KT A

into account four kinds of radiative mechanisms: 1) recom- % Z 7% N;Gg < @)

bination radiation, 2) radiation by electron attachment, 3) < e A2

bremsstrahlung, and 4) radiation by collision between electron glion)

and neutral species [5]. whereGy is the temperature-averaged free—free Gaunt factor,
1) Recombination RadiationThe emission coefficierts, which is close to unity [9].

(in W-m=%.sr 1) of the continuous spectra due to recombi- 4) Radiation by Collision Between Electron and Neutral

B. Emission Coefficient of Continuous Spectra

nation at a wavelength of is given by Species: The emission coefficient.,, of continuum due to
collisions between electron and neutral particles is given as
£ :C’;L& 1—exp —ﬂ follows [5]:
T1/2 ETX
2 3/2
glngﬂij cC _ 32e¢ kT N _ hc
X Z U; S a2 Cen 3c3(dmeg) \ 2mme ¢ P\ T
J(iom) c
1 1678 x Y NiGujyg )
Cl = (2) j(neutral) A

(dmen)® 3c3(6mmk)L/2

wheredG,,; is a factor depending on the cross sections of elastic

electron—neutral collision.

The calculation results revealed thag a1, IS very much

gher thaneg,,eg, and e., in the temperature range from

3000 to 6000 K. For example, @t = 5000 K, &,¢acn IS More

than 130 times greater than those by the other three processes.
The summation Okg,, €attach, €, aNdeq, yields the total

emission coefficient.,,; of the continuous spectra

where ¢ the electronic chargey:. the mass of electrom;
Planck’'s constante the velocity of light, £ Boltzmann'’s
constant,g;; the statistical weight of the ground state OLi
speciesj, and U; the internal partition function of species
J. The quantitiesN. and N; are the number density of the
electron and the specigs respectively,Z.q ; is the effective
ionic charge of the specigs and¢; is the Bibermann—Sciter
factor for nonhydrogenic particles [6]. The wavelengthvas
taken to be 455.0 nm.

2) Radiation by Electron Attachmen#toms such as F and
S can capture a free electron to form negative ionsahd Fig. 4 indicatese..,; as a function ofl’ in the range of
S~ with the emission of a continuum similar to that of the8000—6000 K atP = 0.1 MPa with a parameter oXr..
recombination process. However, the attachment continuua seen in this figures..n decreases markedly with reducing
of F~ occurs at\ < 364.6 nm because of the existence of th&” for the sameXr..
absorption edges [7], while that of"Sat A < 614.4 nm [8]. The measuredy;; included radiation intensities integrated
Thus, the electron attachment to S mainly contributes to tirewavelength range of 4554 0.3 nm. Thus, we calculated

€cont = Efb T €attach + € + €en- (6)
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the integrated emission coefficiesft, . (in W-m=2.sr= 1) of S0
continuum in the range of 4558 0.3 nm by a0
455.3nm *2 .
€hont = / Econt AA > Econt X (0.6 NM).  (7) 85
454.7nm T E
85 20
Although not being able to compare values Iaf; with g E B E
the absolute values of, .., we are able to compare the E o ?3, 5 E
temperature dependence bf;; with that of ¢, i.e., that a %o 4;(, 410 vm) 20
of e.ont. It should be noted that the temperature dependence Wavelength (nm)
of eqont greatly differs from that of.4;5 shown with the open (@)

circles in Fig. 3. This result indicates that background spectra
include significant spectra besides the continuous spectra in
the temperature range of 3000-6000 K.

2

S
=

C. Emission Coefficient of,SSpectra Due
to B*Y;-X?% Transition

(W/(m3sn))

Emission coefficient &

. E g E
In the temperature range of 3000-6000 K, the high- - & &8
temperature Sf~gas has the molecules such as 5,, and o g 31‘ % ‘
SK,. Thus, particular attention to the molecular spectra was 4007420 4405604807500
. . . Wavelength (nm)
paid especially to Sspectra. The reasons are given below.
1) Sk, has much lower number density thap. 8) F, emits (b)
bgnd spectra Wlth marked low intensity, becaugd&s much Fig. 5. Dependence of emission coefficient due to B*Y, — X35
higher electronic energy of upper state than[H)]. transition on wavelength in pure §as at 4000 K at 0.1 MPa.
Sulfur molecules Semit very extensive band spectra mainly
through B3Y;-X3% 7 transition [11]. The emission coeffi- 0.
cienteg, (in W-m=.sr!) for B3L-X°%_ transition of 2
Ss is written by k
=z =20 Xpe=0-1%
h’c g m{‘;}
ESZ = —Nn/,U/J/A,U/,UHJ/JH (8) = El Xpe=10%
47{')\,U/,U//J/ J 8 ;
s & 10
wheren, v, J are the quantum numbers on electronic, vibra- %
tional, and rotational state, respectively. The prif)aénotes & ‘ ‘ ‘

2

the upper state, and the double prirfigthe lower state. Then, Tc“mpcmmf(K) (% ]5’3]

Ao gr g 1S the wavelength, andd, .~ ;» the transition

probability. The calculation was performed for vibrationafig. 6. Emission coefficient due t; 8%, — X*¥_" transition in wave-

transitions(z/ v”) _ (0 0) (0 1) (12 25) (12 26) and length range from 454.7 to 455.3 nm in $Sgas at 0.1 MPa as a function
: ’ AN ’ ’ ’ ’ ..of temperature.

for rotational transitions including P and R branches with

J' = 0,---,500. Fig. 5 representss, at P = 0.1 MPa as

a function of wavelength &b’ = 4000 K. This figure reveals V. COMPARISON OF CALCULATED EMISSION
that S has differences of 9% in emission coefficients at the COEFFICIENT WITH MEASURED RADIATION
wavelengths of 426.0, 442.7, and 455.0 nm. This difference INTENSITY OF BACKGROUND SPECTRA

may cause an error in temperature estimates. However, the gt s calculate total integrated emission coefficient of
error is only 20 K at current zero in Fig. 2 for example. Thuackground spectra in the range 435.0 & 0.3 nm:
emission coefficient of Sat 455.0 nm can be regarded as
background spectra at the three wavelengths.

The integrated emission coefficieny, 455 in the wavelength €455 = Epopy T+ £5,455- (10)
range of 455.Gt 0.3 nm was expressed as follows:

(9) In Fig. 3, bold curves represent;;; as a function ofT

at P = 0.1 MPa. It should be noted that the temperature

dependence ofy;; for Xgp. = 0-0.01% agrees fairly well
Fig. 6 representsg, 455 as a function ofl” for Xg. from 0 to with that of I55. This agreement indicates that the background
10%. As can be seen in this figuess, 455 increases gradually spectra at the wavelength of 455 nm mainly consist of not
with reducing?. For examplegs, 455 has the magnitude of continuous spectra butS, spectra througtB*x; — X3Eg
10.8 W-m—2.sr~! at 6000 K, whiless, 455 is 19.8 Wm=3.sr~1  transition at7 <4500 K. In addition, the agreement also
at 3000 K. From Fig. 6¢s,455 is also found to be almost suggests thatXr. in the post-arc channel was probably of
independent ofXr. in range of 0—1% for a givef’. order of 0-0.01%.

€85455 = E €3, -
455.040.3 nm
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We investigated background spectra in ang $fost-arc
channel after current zero. Spectroscopic observations w
performed to obtain radiation intensifys; of the background
spectra at 455 nm as a function of temperatlre The
intensity 1,55 proved to decrease witthi' from 5000 to 4600
K, while to increase slightly with7" from 4600 to 4100
K. To interpret the aspect of this temperature dependen

IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 25, NO. 5, OCTOBER 1997

VI. CONCLUSIONS

we first calculated emission coefficient.,; of continuous
spectra in the temperature range of 3000-6000 K. However,

the

with that of L5 in the temperature range from 3000 tc
5000 K. The emission coefficierds, 455 of S, spectra due
to B°Y; — X®%; transition at 455 nm were theoretically
calculated as a function &f. Then, we derived the emission
coefficiente ;5 of background spectra by summieg, 455 and

temperature dependence ®of,;, shows no agreement

el .« at 455 nm. The temperature dependence.9f agreed
fairly well with that of I,55. This result indicates that the‘ .
background spectra mainly consist of continuous spectra L

T > 4500 K, while of S, spectra afl” < 4500 K.
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