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Neutral bremsstrahlung measurement in an atmospheric-pressure
radio frequency discharge

Jaeyoung Park,a) 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 helium~99.5%! 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
31011cm23 and an electron temperature of 1.9 eV for an input power density of 28 W/cm3.
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Continuum emission and its inverse process of c
tinuum absorption has been studied extensively in ioni
gas media such as stellar atmospheres, arcs, shock tube
thermonuclear fusion reactors. In almost all of these me
continuum emission originates from free electrons under
ing sudden changes in velocity under the influence of C
lomb fields of other charged particles and neutrals, prese
the media. Thus, the continuum emission generally cont
valuable information on the statistical state of the free el
trons, such as the electron density and temperature whic
often difficult to measure by other means. Many studies
the various mechanisms for continuum emission~and ab-
sorption! have been conducted in plasma physics and as
physics, establishing the continuum emission measurem
as a standard means to understand the ionized gas state1,2 Of
the different mechanisms for continuum emission, howev
the theoretical calculation for neutral bremsstrahlung~e
1A↔e1A1hn, whereA is the atom! has been considere
more difficult compared to others due to the multi-body n
ture of the underlying interaction. Moreover, few experime
tal measurements, with exceptions being the works by Ta
and Caledonia3 and by Kung and Chang,4 have been made
exclusively for neutral bremsstrahlung emission spectr
over a wide range of wavelengths. Thus, the accuracy
various theoretical calculations, each based on different
proximations, has not been examined thoroughly.

In this paper, we report an experimental measuremen
plasma emission in an atmospheric-pressure rf capac
discharge, where neutral bremsstrahlung is the domin
source of the continuum emission. The emission spectru
measured using a triple monochromator, which separates
continuum emission from molecular bands and atomic li
and excludes stray light in the spectrometer. The obtai
spectrum shows good agreement with the theoretical form
by Dalgarno and Lane,5 which uses experimentally measure
momentum cross sections for calculating neutral bremsst
lung emissivity.

a!Author to whom correspondence should be addressed. Electronic
jypark@lanl.gov
3141070-664X/2000/7(8)/3141/4/$17.00
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A schematic of the experimental setup is shown in F
1. The discharge is produced between the two parallel
minum plates using rf electric fields at 13.56 MHz. Ea
electrode is 1.5 by 10 cm, with a gap spacing of 0.24 c
This source is capable of producing a stable,~oscillating!
steady-state discharge at atmospheric pressure. Nomina
charge parameters are electron densities of 1010– 1011cm23,
electron temperatures of 2–4 eV and gas temperature
50–300 °C. In this parameter regime, neutral bremsstrahl
emission dominates electron–ion bremsstrahlung emissio
the neutral gas density exceeds the density of charged
ticles by several orders of magnitude. Detailed descripti
of the discharge source can be found in previous studies6,7

As shown in Fig. 1, the collection optics for the co
tinuum emission measurement consists of a collimating
assembly, a quartz fiber bundle and a triple monochrom
with a liquid nitrogen cooled charge-coupled device~CCD!
array detector. The slit assembly of two 8 mm by 83m slits,
separated by 2.5 cm, was used to accurately limit the li
collection volume of the discharge and to prevent scatte
light from the electrode surfaces from entering the fib
bundle. To suppress stray light in the spectrometer and
provide adequate spectral resolution~0.3 nm!, a triple mono-
chromator~SPEX 1877 Triplemate! was used with a 1200
groove/mm grating in the final stage. The continuum em
sion intensity was examined for stray light at several wa
lengths using varying bandwidths in the filter stage, from
to 30 nm. No change in the continuum intensity was o
served.

The absolute calibration of the observed plasma em
sion intensity was conducted by replacing the discha
source with a pinhole~400m diam! image of a standard tung
sten ribbon filament lamp. The day-to-day variation in t
emission intensity is about 5% at 700 nm, while the unc
tainty in absolute calibration is less than 10% for spec
intensity variation and about 15% for absolute intensi
Note that the emission spectrum was measured from 45
1000 nm. This is because the efficiency of this triple mon
chromator drops rapidly in the near ultraviolet~UV! region
because all three gratings are blazed for about 650 nm
il:
1 © 2000 American Institute of Physics
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addition, the sensitivity of the CCD decreases rapidly ab
1000 nm.

In Fig 2, a raw spectrum from the mid-section of th
discharge is shown before calibration. The averaging al
the line of sight is not an issue due to the limited light c

FIG. 1. A schematic of the experimental setup showing the discharge so
and the collection optics.

FIG. 2. A sample raw emission spectrum taken from the mid-section of
discharge. The discharge condition is: input power of 100 W~equal to 28
W/cm3! and gas flow rate of 25slpmusing a gas mixture of helium~99.5%!
and oxygen~0.5%!.
 07 Aug 2000 to 128.165.101.44.Redistribution subject to AIP c
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lection volume~160m in vertical dimension! as the emission
intensity changes less than 20% within 0.05 cm from
center of the gap. The discharge condition is: Input powe
100 W ~equal to 28 W/cm3! and a gas flow rate of 25slpm
using a gas mixture of helium~99.5%! and oxygen~0.5%!.
The spectrum exhibits strong continuum emission, clea
distinguished from atomic lines and molecular band str
tures. Prominent atomic lines are from oxygen neutral ato
~616, 777, 845, and 927 nm! and helium neutrals~588, 668,
706, and 728 nm!. No line emission from ions are observe
consistent with a very low ionization fraction. In additio
two oxygen molecular band systems are observed, i.e.,2

atmospheric system~760 and 860 nm! and O2
1 first negative

system~642, 603, and 563 nm!. The relatively strong nitro-
gen first positive system is also observed in several wa
length regions.

The presence of nitrogen band emission is probably
to the discharge source being only airtight, thus allowing
small leakage of air into the discharge region. In fact,
main reason for the addition of oxygen is to reduce the
tensity of the nitrogen bands, which otherwise clutter t
spectrum. With 0.5% addition of oxygen, the strongest nit
gen band intensity is less than 25% of the continuum em
sion intensity without apparent overlap of different band s
tems. At this small fraction, the contribution of oxyge
molecules and atoms to neutral bremsstrahlung emission
be neglected when compared to that of helium atoms.5

Furthermore, the emission spectrum was monitored
three different wavelength regions~at 500, 700, and 900 nm!
as a function of nitrogen concentration by adding sm
quantities of nitrogen to the gas mixture of helium and ox
gen. This procedure was performed to eliminate the poss
ity of NO emission, which is known to be continuous in th
visible range, and to ensure that the measured continuu
free from any band emission.8 At 0.12% nitrogen fraction,
the continuum emission intensity changes less than 5% w
the intensity of N2 first positive system increases by a fact
of 10 or more, compared to the results with no addition
nitrogen. This result eliminates the possibility of NO em
sion and provides an estimate for the experimental e
~5%! in neutral bremsstrahlung intensity resulting from m
lecular bands not sufficiently resolved by the spectromet

To analyze the observed neutral bremsstrahlung em
sion, the analytical formula for neutral bremsstrahlung em
sion cross section by Dalgarno and Lane, Eq.~1!, is used
based on the literature survey by Johnston,9

dsn~E!

dn
5

8r e

3c

E

hn S 12
hn

E D 1/2Fq0~E2hn!

1S 12
hn

E Dq0~E!G in cm2 s, ~1!

where r e is the classical electron radius,c is the speed of
light, E is the initial electron energy,hn is the photon en-
ergy, andq0 is the electron momentum cross section as
function of electron energy. This formula expresses the n
tral bremsstrahlung cross section in terms of electron–neu
elastic scattering cross section in the limit of low-ener
photons using the phase-shift approximation.10–14As will be
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shown later, the Maxwellian electron temperature in the d
charge is about 2 eV, thus justifying this approximation.
the limit of high electron energy (E@hn), this formula is
reduced to the semiclassical result by Zel’dovich a
Raizer.15 The use of this formula is attractive for our stud
as the accuracy of the momentum cross section of helium
better than 10%.

The spectral emission coefficient for neutral bremsstr
lung is calculated by integrating Eq.~1! over the electron
energy distribution,

Qldl5NgasNehnS E
hn

`

v
dsn~E!

dn

dn

dl
f ~E!dED dl

in W/cm3 nm, ~2!

whereQl is the energy radiated from neutral bremsstrahlu
per unit time and per unit volume in the wavelength inter
of dl, Ngas, Ne is the density of neutral atoms and electron
v is the initial velocity of the electron andf (E) is the elec-
tron energy distribution in the gas medium. Equation~2! is
then numerically integrated using the momentum cross
tion in the literature16 and a Maxwellian distribution with an
electron temperature ofTe . Figure 3 shows the result of thi
calculation as a function of Maxwellian electron tempe
ture. To emphasize the spectral variation of the emissiv
we normalized the spectral emissivity to unity at 700 n
The absolute values of the emissivity per unit electron a
gas density are 0.075, 1.51, 13.4, and 119.1 in the uni
10238W/cm3nm at 700 nm forTe of 0.5, 1.0, 2.0, and 5.0
eV, respectively. Note thatQl (5Qnc/l2) is calculated
rather thanQv for later comparison with the experimental
measured emission intensity. The use of a Maxwellian d
tribution should be reasonable since the probability of em
ting a photon does not vary rapidly with the initial electro
energy as long as the electron energy is above the ph
energy. Thus, for the wavelength region in this paper~1000–
450 nm, or 1.2–2.8 eV!, the major contribution in Eq.~2!
comes from the relatively low energy part of the distributi
where it can be reasonably approximated by a Maxwel
distribution.17

FIG. 3. Relative neutral bremsstrahlung spectral emissivity as a functio
electron temperature. See the text for the absolute values.
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In Fig. 4, the observed emission spectrum after abso
calibration is compared with the calculated neutral brem
strahlung emissivity. The fitting is performed in two step
First, the relative spectral variation of the observed co
tinuum emission spectrum and the calculated bremsstrah
emissivity are compared to yield a Maxwellian electron te
perature. This is followed by adjusting the absolute intens
of the calculated emissivity to match the observed continu
emission intensity to yield an electron density. It is noted t
the neutral gas density of 1.631019cm23 for a gas pressure
of 600 Torr ~atmospheric pressure in Los Alamos, NM! is
calculated from the ideal gas law using the measured r
tional temperature~100 °C! of gas, derived from O2 atmo-
spheric band emission intensity at 760 nm.7 The fit results in
a Maxwellian electron temperature of 1.5 eV,Te

;1.9 eV,2.4 eV and an electron density of 1.531011cm23

,Ne;2.931011cm23,5.831011cm23. It should be noted
that the results are time averaged values over an rf perio

This electron temperature of 1.9 eV agrees with our p
vious estimate of electron temperature of 2.0 eV obtain
from average electric field strengths based on experime
measurements for similar experimental parameters.7 In addi-
tion, the estimated electron temperature and density are
sistent with a simple power balance between the elec
heating by the rf fields and the electron energy loss by c
lisions with neutrals in Eq.~3!,

Pin;Ploss'Ne~
3
2kTe2 3

2kTn!2
me

mHe
nen in W/cm3, ~3!

where Pin is the input power density,me /mHe is the mass
ratio between the electron and helium atom, andnen is the
collision frequency of elastic scattering for electrons w
helium atoms. For the electron temperature of 1.9 eV and
density of 2.931011cm23, the left-hand-side~lhs! of Eq. ~3!
becomes 20 W/cm3 for nen of 5.731011Hz, consistent with
the input power density of 28 W/cm3.

of

FIG. 4. Comparison between the observed absolute plasma emission i
sity, calibrated from Fig. 2, and three theoretically calculated neutral bre
strahlung emissivity for electron temperatures of 1.5, 1.9, and 2.4 eV
electron densities of 5.8, 2.9, and 1.531011 cm23, respectively.
opyright, see http://ojps.aip.org/pop/popcpyrts.html.
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Based on the agreement discussed above, it is conclu
that the neutral bremsstrahlung emissivity can be calcula
with reasonable accuracy in the case of helium using exp
mentally measured momentum cross sections. However,
ther experiments are needed to verify the same theore
approach to other gases. In particular, the early works
Taylor and Caledonia, and Kung and Chang, reported th
large discrepancy~a factor of 10! may exist between the
observed emissivity and the theoretical calculation in
case of argon and xenon due to the Ramsauer effect.18 Fi-
nally, this study shows that the neutral bremsstrahlung m
be used to measure both electron density and temperatu
certain types of ionized gas media, especially those in wh
no other experimental means are currently available to
rectly measure these quantities. Examples of this incl
high-pressure plasma sources, such as the high-pressu
source for gas laser generation and plasma display pane
charges.
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