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radio frequency discharge

Jaeyoung Park,® Ivars Henins, Hans W. Herrmann, and Gary S. Selwyn
Plasma Physics Group, Los Alamos National Laboratory, Los Alamos, New Mexico 87545

(Received 7 March 2000; accepted 17 March 2000

Neutral bremsstrahlung emission spectrum is measured in an atmospheric-pressure radio frequency
(rf) capacitive discharge for a gas mixture of helii@9.5%9 and oxygen(0.5% using a high
resolution triple monochromator between 450 and 1000 nm. Good agreement is obtained for
spectral variation and absolute intensity between the observed neutral bremsstrahlung and
theoretical emissivity calculated using electron—neutral momentum cross sections. Based on a
theoretical fitting, the discharge is characterized by a time averaged electron density of 2.9
x 10" cm™2 and an electron temperature of 1.9 eV for an input power density of 28 ¥/cm
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Continuum emission and its inverse process of con- A schematic of the experimental setup is shown in Fig.
tinuum absorption has been studied extensively in ionized. The discharge is produced between the two parallel alu-
gas media such as stellar atmospheres, arcs, shock tubes, anithum plates using rf electric fields at 13.56 MHz. Each
thermonuclear fusion reactors. In almost all of these mediaglectrode is 1.5 by 10 cm, with a gap spacing of 0.24 cm.
continuum emission originates from free electrons undergoThis source is capable of producing a stakilescillating
ing sudden changes in velocity under the influence of Cousteady-state discharge at atmospheric pressure. Nominal dis-
lomb fields of other charged particles and neutrals, present ioharge parameters are electron densities &f-400 cm™3,
the media. Thus, the continuum emission generally containslectron temperatures of 2—4 eV and gas temperatures of
valuable information on the statistical state of the free elec50—300 °C. In this parameter regime, neutral bremsstrahlung
trons, such as the electron density and temperature which &mission dominates electron—ion bremsstrahlung emission as
often difficult to measure by other means. Many studies orthe neutral gas density exceeds the density of charged par-
the various mechanisms for continuum emissiand ab- ticles by several orders of magnitude. Detailed descriptions
sorption have been conducted in plasma physics and astrof the discharge source can be found in previous stifdies.
physics, establishing the continuum emission measurement As shown in Fig. 1, the collection optics for the con-
as a standard means to understand the ionized gas-é@fe. tinuum emission measurement consists of a collimating slit
the different mechanisms for continuum emission, howeverassembly, a quartz fiber bundle and a triple monochromator
the theoretical calculation for neutral bremsstrahlu®g with a liquid nitrogen cooled charge-coupled devi€CD)
+A<e+A+hv, whereA is the atom has been considered array detector. The slit assembly of two 8 mm by 83lits,
more difficult compared to others due to the multi-body na-separated by 2.5 cm, was used to accurately limit the light
ture of the underlying interaction. Moreover, few experimen-collection volume of the discharge and to prevent scattered
tal measurements, with exceptions being the works by Taylolight from the electrode surfaces from entering the fiber
and Caledonihand by Kung and Charfyhave been made bundle. To suppress stray light in the spectrometer and to
exclusively for neutral bremsstrahlung emission spectrunprovide adequate spectral resoluti@3 nm, a triple mono-
over a wide range of wavelengths. Thus, the accuracy ofhromator(SPEX 1877 Triplemadewas used with a 1200
various theoretical calculations, each based on different aggroove/mm grating in the final stage. The continuum emis-
proximations, has not been examined thoroughly. sion intensity was examined for stray light at several wave-

In this paper, we report an experimental measurement déngths using varying bandwidths in the filter stage, from 2
plasma emission in an atmospheric-pressure rf capacitivee 30 nm. No change in the continuum intensity was ob-
discharge, where neutral bremsstrahlung is the dominargerved.
source of the continuum emission. The emission spectrum is The absolute calibration of the observed plasma emis-
measured using a triple monochromator, which separates ttgbon intensity was conducted by replacing the discharge
continuum emission from molecular bands and atomic linesource with a pinholé400 u diam) image of a standard tung-
and excludes stray light in the spectrometer. The obtainedten ribbon filament lamp. The day-to-day variation in the
spectrum shows good agreement with the theoretical formulamission intensity is about 5% at 700 nm, while the uncer-
by Dalgarno and Langwhich uses experimentally measured tainty in absolute calibration is less than 10% for spectral
momentum cross sections for calculating neutral bremsstrahintensity variation and about 15% for absolute intensity.
lung emissivity. Note that the emission spectrum was measured from 450 to
1000 nm. This is because the efficiency of this triple mono-

@Author to whom correspondence should be addressed. Electronic maiF.:hromator drops rapidl_y in the near UItraVio(MV) region
jypark@lanl.gov because all three gratings are blazed for about 650 nm. In
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Power lection volume(160 w in vertical dimensionas the emission

Meter Quartz Slits intensity changes less than 20% within 0.05 cm from the

windows 83 x8mm Fused silica center of the gap. The discharge condition is: Input power of
fiber bundle 100 W (equal to 28 W/cr) and a gas flow rate of 2§lpm

__M N_ using a gas mixture of heliun®9.5% and oxygen(0.5%.

-4 Iﬁ."'[lfl}.’f:
= Discha;gz\g\ _ The spectrum exhibits strong continuum emission, clearly
= PRI gy oo Pinhole distinguished from atomic lines and molecular band struc-
of power = image of W-lamp tures. Prominent atomic lines are from oxygen neutral atoms
(13.56 MHz) { Pinhole o mETErE, (616, 777, 845, and 927 nnand helium neutral$588, 668,
W-ribbon @ of400 706, and 728 nm No line emission from ions are observed,
lamp consistent with a very low ionization fraction. In addition,
LN cooled Triple two oxygen molecular band systems are observed, ig., O
CCD detector monochromator atmospheric systerf760 and 860 nmand Q,* first negative

system(642, 603, and 563 nmThe relatively strong nitro-
FIG. 1. A schematic of the experimental setup showing the discharge souregen first positive system is also observed in several wave-
and the collection optics. Iength regions
The presence of nitrogen band emission is probably due
Jo the discharge source being only airtight, thus allowing a
small leakage of air into the discharge region. In fact, the
main reason for the addition of oxygen is to reduce the in-

discharge is shown before calibration. The averaging alonéEﬂSity of th_e nitroogen b_a_nds, which otherwise clutter_the
the line of sight is not an issue due to the limited light col- pectrum. With 0.5% addition of oxygen, the strangest nitro-

gen band intensity is less than 25% of the continuum emis-
sion intensity without apparent overlap of different band sys-
300 tems. At this small fraction, the contribution of oxygen

addition, the sensitivity of the CCD decreases rapidly abov
1000 nm.
In Fig 2, a raw spectrum from the mid-section of the

o ° (a) molecules and atoms to neutral bremsstrahlung emission can
250 ° 2 2 S — be neglected when compared to that of helium at®ms.
5 DR x @ %; = Furthermore, the emission spectrum was monitored at
S > 2 N o TP three different wavelength regiofiat 500, 700, and 900 nm
z 200 = g g g 3 5; 3 as a function of nitrogen concentration by adding small
§ = oy quantities of nitrogen to the gas mixture of helium and oxy-
g 150 3 gen. This procedure was performed to eliminate the possibil-
8 ity of NO emission, which is known to be continuous in the
2 100 - visible range, and to ensure that the measured continuum is
5 free from any band emissiéhAt 0.12% nitrogen fraction,
50 b 0; 1st negative the continuum emission intensity changes less than 5% while
N, Ist positive the intensity of N first positive system increases by a factor
) NN IEIATE AT AT AT A of 10 or more, compared to the results with no addition of
450 500 550 600 650 700 nitrogen. This result eliminates the possibility of NO emis-
1000 sion and provides an estimate for the experimental error
iE: o © (b) (5%) in neutral bremsstrahlung intensity resulting from mo-
200 L7 Na =3 o lecular bands not sufficiently resolved by the spectrometer.
- § E > — To analyze the observed neutral bremsstrahlung emis-
3 H § g § s@on, the analyti_cal formula for neutral bremsstrahlung emis-
g 600 L2 = % > o sion cross segtlon by Dalgarno and Lane, EL, is used
5 i g = based on the literature survey by Johnston,
= ool B° L2 |8 do(E) 8re E [ hp|Y
5 400 —2 zge |2 . =—e—(1——> Z[%(E—hv)
2 1 5.2 § g 3 dv 3c hv E
& 200fl ¢ & EER hv
I F 273 +H1-F]aE)] in cn?'s, (1)
()] IS N IS PN PR i s wherer, is the classical electron radius,is the speed of
700 750 800 850 900 950 1000 light, E is the initial electron energyhv is the photon en-
wavelength (nm) ergy, andqg is the electron momentum cross section as a

o _ _ function of electron energy. This formula expresses the neu-
FIG. 2. A sample raw emission spectrum taken from the mid-section of thg, 5| hremsstrahlung cross section in terms of electron—neutral
discharge. The discharge condition is: input power of 10Gegual to 28 . . . . L.
W/cn?) and gas flow rate of 26lpmusing a gas mixture of heliuit®9.5% elastic Sca'_{te”ng Cross seqtlon n the limit 40f |0V_V'energy
and oxygen(0.5%. photons using the phase-shift approximatidri* As will be
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FIG. 3. Relative neutral bremsstrahlung spectral emissivity as a function of

electron temperature. See the text for the absolute values. FIG. 4. Comparison between the observed absolute plasma emission inten-
sity, calibrated from Fig. 2, and three theoretically calculated neutral brems-
strahlung emissivity for electron temperatures of 1.5, 1.9, and 2.4 eV and
shown later, the Maxwellian electron temperature in the diSelectron densities of 5.8, 2.9, and .50 cm™3, respectively.

charge is about 2 eV, thus justifying this approximation. In
the limit of high electron energyE>hv), this formula is

reduced to the semiclassical result by Zel'dovich and . o

Raizer'® The use of this formula is attractive for our study, " Fig. 4, the observed emission spectrum after absolute
as the accuracy of the momentum cross section of helium i€&liPration is compared with the calculated neutral brems-
better than 10%. strahlung emissivity. The fitting is performed in two steps.

The spectral emission coefficient for neutral bremsstrah 'St the relative spectral variation of the observed con-
lung is calculated by integrating E@l) over the electron tinuum emission spectrum and the calculated bremsstrahlung

energy distribution emissivity are compared to yield a Maxwellian electron tem-
' perature. This is followed by adjusting the absolute intensity

= do,(E) dv of the calculated emissivity to match the observed continuum

Qudr= NgaJ\Iehy( fhyv dv  dx F(E)AE|dA emission intensity to yield an electron density. It is noted that

. the neutral gas density of 2610"°cm™2 for a gas pressure

in W/en?® nm, (2 of 600 Torr (atmospheric pressure in Los Alamos, Nid
whereQ, is the energy radiated from neutral bremsstrahlung-alculated from the ideal gas law using the measured rota-
per unit time and per unit volume in the wavelength intervaltional temperatur¢100°Q of gas, derived from @ atmo-
of X\, Ngas, N is the density of neutral atoms and electrons,SPheric band emission intensity at 760 fAffine fit results in
v is the initial velocity of the electron anf{E) is the elec- @ Maxwellian electron temperature of 1.5€V,
tron energy distribution in the gas medium. Equatignis  ~1.9€V<2.4eV and an electron density of K80 cm ™3
then numerically integrated using the momentum cross secs Ne~2.9X 10" cm™3<5.8x10" cm™°. It should be noted
tion in the literaturé® and a Maxwellian distribution with an that the results are time averaged values over an rf period.
electron temperature df,. Figure 3 shows the result of this This electron temperature of 1.9 eV agrees with our pre-
calculation as a function of Maxwellian electron tempera-Vious estimate of electron temperature of 2.0 eV obtained
ture. To emphasize the spectral variation of the emissivityffom average electric field strengths based on experimental
we normalized the spectral emissivity to unity at 700 nm.measurements for similar experimental parametémsaddi-
The absolute values of the emissivity per unit electron andion, the estimated electron temperature and density are con-
gas density are 0.075, 1.51, 13.4, and 119.1 in the unit ofistent with a simple power balance between the electron
10 38w/cmPnm at 700 nm forT, of 0.5, 1.0, 2.0, and 5.0 heating by the rf fields and the electron energy loss by col-
eV, respectively. Note tha®, (=Q,c/\?) is calculated lisions with neutrals in Eq(3),
rather thanQ, for later comparison with the experimentally m
measured emission intensity. The use of a Maxwellian dis-  Pj,~ Pjose~No( 3k To— %an)Z—even in Wien®’,  (3)
tribution should be reasonable since the probability of emit- Mrie
ting a photon does not vary rapidly with the initial electron where Py, is the input power densityn./my, is the mass
energy as long as the electron energy is above the photaatio between the electron and helium atom, aggis the
energy. Thus, for the wavelength region in this pad®00—  collision frequency of elastic scattering for electrons with
450 nm, or 1.2—-2.8 e\ the major contribution in Eq(2) helium atoms. For the electron temperature of 1.9 eV and the
comes from the relatively low energy part of the distributiondensity of 2.% 10**cm™ 3, the left-hand-sidélhs) of Eq. (3)
where it can be reasonably approximated by a Maxwelliarbecomes 20 W/cifor v, of 5.7X 10**Hz, consistent with
distribution’ the input power density of 28 W/cn
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Based on the agreement discussed above, it is concludetblasma Diagnosticsedited by W. Lochte-HoltgrevetiNorth-Holland,
that the neutral bremsstrahlung emissivity can be calculatedAmsterdam, 1968
with reasonable accuracy in the case of helium using experi-ZD- Mihalas, Stellar Atmosphere8N. H. Freeman, San Francisco, 1978

: 3R. L. Taylor and G. Caledonia, J. Quant. Spectrosc. Radiat. Tran857

mentally measured momentum cross sections. However, fur-
her experiments are needed to verify the same theoreticalu%g; 9. 681 (1969. .
t P . R. T. V. Kung and C. H. Chang, J. Quant. Spectrosc. Radiat. Tra6sf.
approach to other gases. In particular, the early works by 5791976,
Taylor and Caledonia, and Kung and Chang, reported that @a. palgamo and N. Lane, Astrophys. 145 623 (1966.
large discrepancya factor of 10 may exist between the ©J. Park, I. Henins, H. W. Herrmann, G. S. Selwyn, J. Y. Jeong, R. F.
observed emissivity and the theoretical calculation in the Hicks, D. Shim, and C. S. Chang, Appl. Phys. L&, 288 (2000.
case of argon and xenon due to the Ramsauer Sfidat. 7J. Park, I. Henins, H. W. Herrmann, G. S. Selwyn, and R. F. Hicks, J.
nally, this study shows that the neutral bremsstrahlung ma;gﬁp'zé;:qy;(t%si p;b';:‘fﬁl_ondon Ser247, 123(1958
be us_ed to measure both EIGCUO_” densny_ and temp_eratur_e Y% R. Johnston, J. Quant. Spectrosc. Radiat. Trahsf15 (1967).
certain types of ionized gas media, especially those in whicler opmyra and H. Ohmura, Astrophys.1B1, 8 (1961.
no other experimental means are currently available to dils, Geltman, Astrophys. 141, 376 (1965.
rectly measure these quantities. Examples of this includ&w. B. Sommerville, Astrophys. 141, 811 (1965.
high-pressure plasma sources, such as the high-pressure'fF. L. John, Astrophys. 1149, 449 (1967).

. . .14 i H .
source for gas laser generation and plasma display panel diB- Kivel. J. Quant. Spectrosc. Radiat. Traraf27 (1967; 7, 51 (1967.
charges 15y, B. Zeldovich and Yu. P. RaizePhysics of Shock Waves and High

Temperature Hydrodynamic Phenomée@aademic, New York, 1966
16M. Hayashi, Recommended Values of Transport Cross Sections for Elastic
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