
PHYSICAL REVIEW A VOLUME 41, NUMBER 8 15 APRIL 1990

Nitrogen-plasma continuum emission associated with N ( P) and
N ('D) ions

W. H. Soon and J. A. Kunc
Department ofAerospace Engineering and Department ofPhysics, Uniuersi ty ofSouthern California,

Los Angeles, California 90089-1191
(Received 26 October 1989)

A possible contribution of negative atomic ions to the continuum radiation in nitrogen plasma is

discussed. It is shown that both unstable N ('P) and metastable N ('D) ions may have a
significant effect on the total production of the continuum radiation at electron temperatures below

12000 K. It is also suggested that the theoretical cross sections for the radiative attachments in-

volving the negative ions are more reliable than the available experimental cross sections.
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The role of negative atomic ions in production of con-
tinuum radiation in nitrogen plasma has been argued by
various authors over the last three decades. An excess of
continuum radiation has been detected in several shock
and arc experiments' but theoretical estimates neglect-
ing the presence of the negative ions could not account
for the excess, especially at electron temperatures
T, ~ 12000 K. It was hypothesized' that the excess
of radiation might have been caused by photon emission
associated with production of the N ions by radiative
attachment. It is known now that the ground state
N ( P) is unstable and a metastable N ('D) state exists
and that another metastable state [N ('S)] may exist
(see Fig. 1). However, the energies of these states were
not accurately known in the early works and some of the
conclusions about the stability of these states and their
role in production of the continuum radiation were er-
roneous.

If the negative ion emission is neglected but free-free
and free-bound radiation is included in collisional-
radiative model, ' then the frequency-dependent total

and

e+N( S')~N ( P)+hv,

e +N( D')~~N ('D)+h v . (2)

The cross sections for the photodetachments (1) and (2)
have been experimentally and theoretically deter-
mined. '" " The cross sections for the photodetach-
ment (1) calculated by Asinovskii et al. , Moskvin, ' and
Henry" agree with each other within a factor of 2 and
they show similar agreement with the measurements of
D'Yachkov et al. ' and Asinovskii et al. The cross sec-
tions for the photodetachment (2) calculated by Asi-
novskii et al. and Moskvin' agree with each other
within a factor of a few, but they are smaller by an order
of magnitude than the measured cross sections of Ciffone
and Borucki, Asinovskii et al. , and Morris et al. ' (the
agreement among the measured cross sections is better
than a factor of a few). The cross sections used in this
work are given in Fig. 2.

Using the approach of Refs. 12 and 13, we calculated
the total continuum emission coefficient j =j, +j,
+j including the radiation produced by the free-free
and free-bound transitions and the radiative attachments
(1) and (2). We neglected in the calculations the contribu-
tion of the following processes:

e+N ( P)~~e+N( S )+e, (3)

continuum emission coefficient agrees well with its mea-
sured value at T, & 12 000 K, while at lower electron tem-
peratures the difFerence is within a factor of 2—3. (Even if
the negative ions were present in the plasmas, their role
in the production of the continuum radiation at the high
temperatures would be negligible because of the low con-
centration of the ions at these temperatures. )' '

In this paper we study a possibility of production of
continuum emission by radiative attachment forming un-

stable N ( P) and metastable N ('D) ions [the contribu-
tion of the N ('S) metastable ion to production of the
continuum radiation would be negligible' ] as follows:

FIG. 1. The electronic configuration of a N ion.

e+N ('D)~~e+N( D')+e,
N ( P, 'D)~N( S')+e,

(4)
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FIG. 2. The theoretical (Ref. 3) (solid line) and experimental
(Refs. 4, 5, and 15) (dashed line) photodetachment cross sections
of the N ('P) ion [process (1)] and the theoretical (Ref. 3) (dot-
dashed line) and experimental (Refs. 3, 4, and 15) (double-dot-
dashed line) photodetachment cross sections of the N ('D) ion

[process (2)].

FIG. 3. The total continuum emission coefficients j,, calculat-

ed using different photodetachment cross sections and when

there is only one kind of negative ions; either N ('P) [solid
(theoretical cross section) and dashed (experimental cross sec-
tion) lines] or N ( D) [dot-dashed {theoretical cross section)
and double-dot-dashed (experimental cross section) lines] is tak-
en into account. The cross sections are those given in Fig. 2.

even though some of them can be quite efficient. This re-
sults from the fact that the inclusion of these processes in
the model would not change the production of the con-
tinuum radiation in plasma considered here. (Also, the
rate coefficients for the processes are unknown). Under
the experimental conditions discussed here, the popula-
tions of electrons and the two lowest atomic states are
very high. ' In addition, the atomic states are close to
Boltzmann equilibrium with each other and the electrons
are close to Saha equilibrium with these and the other ex-
cited atomic states. ' Therefore the population of the
negative ions can be calculated from the Saha equa-
tion. ' ' (The Saha relationship is applicable to both
stable and unstable ions. '

) It should be emphasized that
the population of electrons and the N( S') and N(~D')
states are controlled by processes other than processes
(1)—(5) because the population of electrons is very high
( ) 10' cm ) and is of orders of magnitude greater than
population of the negative ions. As a result, the rate
equations for the electrons and atoms can be decoupled
from the rate equation for the production of the negative
ions. Therefore direct knowledge of the population of the
negative ions is not necessary for determination of the in-

tensity of the continuum radiation produced in the plas-
mas. ' '

The calculated frequency-dependent coefficient j tak-
ing into account only one radiative attachment process
[either (1) or (2)] are given in Fig. 3. As can be seen
there, the contributions of the N ( P) and N ('D) ion
emission are distinctive at lower electron temperatures
and these contributions are comparable to each other.
The comparison of the calculated total emission
coefficient j, [including contributions of both N ( P)
and N ('D) ions and using the theoretical photodetach-
ment cross sections] with the experimental values is
shown in Fig. 4. As can be seen there, the excess of the
continuum radiation in the experiments can be attributed
to the formation of the N ( P) and N ('D) ions through
the radiative attachments (1) and (2), if the theoretical

cross sections used in this work are reliable.
It should be emphasized that the calculated emission

coefficients shown in Fig. 4 were obtained assuming
theoretical cross sections for both attachment processes
(1) and (2). The choice of the theoretical cross sections
over the experimental ones can be argued as follows. All
the measured cross sections were obtained assuming that
only one of the processes (1) and (2) was responsible for
the excess of the detected continuum radiation. Then,
the experimental emission coefficients (and consequently
the radiative attachment and photodetachment cross sec-
tions) were obtained from the difference between the mea-
sured and calculated coefficients, with the latter
coefficient being a sum of the free-free and free-bound
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FIG. 4. The comparison of the calculated and measured total
continuum emission coefficients j.. The solid lines represent the
results when the contributions of both N ('P) and N ('D) ions
are considered, while the dashed lines represent the results
when the contribution of the negative ions is neglected. Experi-
mental results are denoted by squares (p =0.61 atm) (Ref. 4),
circles (p =0.78 atm) (Ref. 4), and triangles (p = 1 atm) (Ref. 3).
The estimated accuracy of the experimental data is better than
+35%.
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continuum radiation only. Such a procedure, which most
likely overestimates the cross sections for processes (1)
and (2), is used by experimentalists for two main reasons.
First, it is very difficult to measure directly the popula-
tion of the N ( P) ions during the attachment process
(1}. [The process of the production of the N ( P) ions
can also be viewed as bremsstrahlunglike with the elec-
tron in a resonant field of the atoms ' for example,
N ( P) ions are formed through the process (1) and auto-
detached through the process (5); see discussion in Refs.
21, 22, and 23.] Second, the densities of the N ('D) ions
in the experiments were much lower than the background
electron and positive ion densities. Thus it seems that the
measured cross sections for the photodetachments (1) and
(2) were overestimated, especially the cross section for the
process (2). Therefore the choice of the theoretical cross
sections for the processes (1) and (2) seems to be more
justified than the measured cross sections obtained by us-

ing the procedure discussed above. This statement would

be valid even if the cross sections calculated assuming the
correct energy levels of the ions were slightly different
from those calculated by Asinovskii et al. [The possible
difference would certainly be much less than an order of
magnitude, which is the discrepancy between the present
theoretical and experimental cross sections for the pro-
cess (2).]

It seems at present that a more reliable cross section
for the process (2) would be measured at higher pressure
(about 10 atm} and lower temperature (T, (12000 K).
Under such conditions, the process (1) is much less prob-
able' ' than the process (2) and the latter process dom-
inates the negative ion emission. One should add that no
excess of continuum radiation was detected in the exist-
ing higher pressure (p ) 30 atm) and higher electron tem-
perature (T, ) 13000 K) experiment of Cooper. This,
however, is expected because of the negligible contribu-
tion of the negative ions to the total continuum radia-
tion' in plasmas with high electron temperature.

'G. Boldt, Z. Phys. 154, 330 (1959).
G. M. Thomas and W. A. Menard, AIAA J. 5, 2214 (1967).
Z. J. Asinovskii, A. V. Kirillin, and G. A. Kobsev, J. Quant.

Spestrosc. Radiat. Transfer 10, 143 (1970).
~D. L. Ciffone and J. G. Borucki, J. Quant. Spectrosc. Radiat.

Transfer 11, 1291 (1971).
5L. G. D'Yachkov, O. A. Golubev, G. A. Kobsev, and A. N.

Vargin, J. Quant. Spectrosc. Radiat. Transfer 20, 175 (1978}.
Y. M. Fogel, V. F. Kozlov, and A. A. Kalmykov, Zh. Eksp.

Teor. Fiz. 36, 1354 (1959) [Sov. Phys. —JETP 9, 963 (1959)].
7H. Hotop and W. C. Lineberger, J. Phys. Chem. Ref. Data 4,

539 (1975).
H. S. W. Massey, ¹gatiue Ions (Cambridge University Press,

Cambridge, England, 1976).
H. Hiraoka, R. K. Nesbet, and L. W. Welsh, Jr., Phys. Rev.

Lett. 39, 130 (1977).
' H. S. W. Massey, in Advances in Atomic and Molecular Phys-

ics, edited by D. R. Bates and B. Bederson (Academic, New
York, 1979), p. 1.

"B. M. Smirnov, Negative Ions (McGraw-Hill, New York,
1982).

J. A. Kunc and W. H. Soon, Phys. Rev. A 40, 5822 (1989).

' W. H. Soon and J. A. Kunc, Phys. Rev. A 41, 825 (1990).
' L. G. D'Yachkov, G. A. Kobsev, and G. E. Norman, Zh.

Eksp. Teor. Fiz. 65, 1399 (1973) [Sov. Phys. —JETP 38, 697

(1974)].
' J. C. Morris, R. U. Krey, and R. L. Garrison, Phys. Rev. 180,

167 (1969).
' Y. V. Moskvin, Opt. Spectrosc. 28, 356 (1970).
' R. J. W. Henry, Phys. Rev. 172, 99 (1968).
'sS. M. Hamberger and A. W. Johnson, J. Quant. Spectrosc.

Radiat. Transfer 5, 683 (1965).
' M. D. Delano, Phys. Rev. A 1, 1175 (1970).
2oB. Kivel, J. Quant. Spectrosc. Radiat. Transfer 6, 369 (1965).
'L. D. Thomas and R. K. Nesbet, Phys. Rev. A 11, 170 (1975).
K. A. Berrington, P. G. Burke, and W. D. Robb, J. Phys. B 8,
2500 (1975).
T. M. Miller, B. B. Aubrey, P. N. Eisner, and B. Bederson,
Bull. Am. Phys. Soc. 15, 416 (1970).

z4G. A. Kobsev, Zh. Eksp. Teor. Fiz. 61, 582 (1972) [Sov.
Phys. —JETP 34, 310 (1972)].

zsD. M. Cooper, J. Quant. Spectrosc. Radiat. Transfer 12, 1175
(1972).


