MISSOURI

Missouri University of Science and Technology

&I Scholars' Mine

Physics Faculty Research & Creative Works Physics
01 Dec 1983

Two- And Three-body Electron-ion Recombination In Carbon
Dioxide

lan M. Littlewood
Missouri University of Science and Technology

M. C. Cornell
B. K. Clark

Kaare J. Nygaard
Missouri University of Science and Technology

Follow this and additional works at: https://scholarsmine.mst.edu/phys_facwork

b Part of the Physics Commons

Recommended Citation

I. M. Littlewood et al., "Two- And Three-body Electron-ion Recombination In Carbon Dioxide," Journal of
Physics D: Applied Physics, vol. 16, no. 11, pp. 2113 - 2118, article no. 014, IOP Publishing, Dec 1983.
The definitive version is available at https://doi.org/10.1088/0022-3727/16/11/014

This Article - Journal is brought to you for free and open access by Scholars' Mine. It has been accepted for
inclusion in Physics Faculty Research & Creative Works by an authorized administrator of Scholars' Mine. This work
is protected by U. S. Copyright Law. Unauthorized use including reproduction for redistribution requires the
permission of the copyright holder. For more information, please contact scholarsmine@mst.edu.


http://www.mst.edu/
http://www.mst.edu/
https://scholarsmine.mst.edu/
https://scholarsmine.mst.edu/phys_facwork
https://scholarsmine.mst.edu/phys
https://scholarsmine.mst.edu/phys_facwork?utm_source=scholarsmine.mst.edu%2Fphys_facwork%2F2536&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/193?utm_source=scholarsmine.mst.edu%2Fphys_facwork%2F2536&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/10.1088/0022-3727/16/11/014
mailto:scholarsmine@mst.edu

Journal of Physics D: Applied Physics

You may also like

Two- and three-body electron-ion recombination in 'Sﬁfﬁgaﬂf_’;f‘?%cﬁgiéfiﬁf{n“T”?;ﬁ;‘?erat
Ca rbon d |OX|de grigh snDSillt\lllzaercc;I:I Ludlg\t/?c; ?'(rzgiZn—Gautier,

Renato N Sampaio et al.

. X X i - Electron-lon Recombination Rate
To cite this article: | M Littlewood et al 1983 J. Phys. D: Appl. Phys. 16 2113 Coefficients and Photoionization Cross
Sections for Astrophysically Abundant
Elements. XII. Na IX, Na X, Mg X, and Mg
Xl for Ultraviolet and X-Ray Modeling
Sultana N. Nahar

View the article online for updates and enhancements. - Silicon solar cell under electromagnetic

wave in steady state: effect of the
telecommunication source's power of
radiation

| Zerbo, M Zoungrana, A D Seré et al.

This content was downloaded from IP address 131.151.26.204 on 17/07/2023 at 16:23


https://doi.org/10.1088/0022-3727/16/11/014
/article/10.1149/MA2017-02/42/1834
/article/10.1149/MA2017-02/42/1834
/article/10.1149/MA2017-02/42/1834
/article/10.1149/MA2017-02/42/1834
/article/10.1149/MA2017-02/42/1834
/article/10.1086/508570
/article/10.1086/508570
/article/10.1086/508570
/article/10.1086/508570
/article/10.1086/508570
/article/10.1088/1757-899X/29/1/012019
/article/10.1088/1757-899X/29/1/012019
/article/10.1088/1757-899X/29/1/012019
/article/10.1088/1757-899X/29/1/012019

7. Phys. D: Appl. Phys., 16 (1983) 2113-2118. Printed in Great Britain

Two- and three-body electron—ion recombination in
carbon dioxide
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Abstract. The electron—ion recombination rate in carbon dioxide was measured as a function
of electric field strength and gas pressure. The separate effects of two- and three-body
recombination was observed, and the respective rate constants obtained. The results indicate
that three-body recombination is dominant at low field strengths for gas pressures above
1 atm, whereas two-body recombination is dominant at high field strengths.

1. Introduction

f all the electron transport coefficients in gas discharges, electron~ion recombination
is the least well documented. Nevertheless, recombination can represent the dominant
lossmechanism for high pressure, high current discharges for which the electron densities
can be high. We present here measurements of the electron-ion recombination rate in
pure carbon dioxide in the range 2t0 20 Td (1 Td = 1071 V ¢m?). Measurements of the
recombination rate in carbon dioxide are of particular importance to the carbon dioxide
laser.

Warman et al (1979) recently measured the electron—ion recombination rate for a
variety of pure gases. In all cases, they observed a dependence of the recombination
rate on gas pressure. This result can be interpreted in terms of the effects of both two-
and three-body recombination. However, their experimental results were obtained
under field-free conditions, and it is not clear a priori how applicable their results are to
the conditions in electric discharges in which an electric field can be significant. Our
results confirm the effects of both two- and three-body recombination at low field
strengths. However, we will show that at moderate and high field strengths, the two-
body recombination rate is dominant, even at pressures of a few atmospheres.

2. Experimental details

The experimental technique adopted for our study follows that used by Douglas-
Hamilton (1973) to measure the electron ion recombination rate in nitrogen. In this
technique, the carbon dioxide gas (Air Products Coleman grade, purity 99.99%) is
contained in a stainless steel discharge chamber (figure 1). No further purification of the
gasis needed, although the sample is changed frequently to maintain the stated purity.
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Figure 1. Schematic diagram of the experimental apparatus.

The sample cell is evacuated to less than 107 Torr between fills. In all cases, the gas
temperature is kept at 293 K.

Measurements of the electron-ion recombination rate are made by producing a
pulsed e-beam sustained discharge in the gas sample. The electron beam voltage s
supplied by a four-stage Marx bank whose total capacity is 0.5 yF. During the experi-
ments, we found that the results were not dependent on the Marx bank voitage, and all
the results presented herein were obtained by using an e-beam voltage of 120kV. The
high voltage is fed to a thoriated tungsten filament, which can be heated by a currentin
excess of 20 A before the high voltage pulse is applied. The pressure in the electron
beam chamber is maintained at less than 107 Torr.

Afterpassing through a thin (0.008 in) titanium foil, the high energy electrons deposit
theirenergyinthe gasandcreate secondary plasma electrons inthe process. All electrons
are collected on a circular, 7 in diameter, anode maintained at some positive applied
voltage with respect to the foil. A Pearson coil (Model 4100) is used to measure that
portion of the current that is collected on a central button 5.65 cm?in area. By avoiding
edge effects in the spatial distribution of the discharge, a reliable current density can be
inferred. The output of the coil is attenuated and fed to an AEL 9300 transient recorder
with a 10 ns resolution.

Probe wires mountedin the discharge volume (Ganley et al 1676) are used to measure
the electric field between the anode and cathode. Corrections can thus be made for the
cathode and anode fall voltages. In practice, the anode fall voltage was found to be
negligible, and the applied anode voltage was used to determine the electric field. In
contrast, the cathode fall voltage was quite significant, generally of the order of 10 t0
20% of the applied voltage.
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Figure 2. Typical current pulse. The horizontal scale is 10 ps per division.

Figure 2 shows a typical discharge current pulse. Measurements of the anode current
with and without gas in the discharge cell indicate that the beam current is less than
0.1% of the total discharge current. Therefore, the beam electron density in comparison
with the plasma electron density could be neglected and the discharge electron density
represented by the differential equation

dn.
dr

=S—(B-ayn.—yni @)

in which § is the source term resulting from the ionisation of the gas by the electron
beam, f3 the electron attachment coefficient, « the ionisation coefficient, and y the
electron—ion recombination coefficient. Extraction of the recombination coefficient,
¥, can be accomplished by using the following measurements.

(1) The initial slope of the rising edge of the current waveform gives the source term
§, which is expressed as

dn
== . 2
S ( dr >n30=t=0 ( )

(2) Once the steady-state condition has been achieved, the electron density reaches
1ts constant peak value g, so that

dn. N
(—d) =5 — (B- @)neo— =0 3)
i ned
from which
Y= S/neo— (B— @)

Rep

“4)

~ The peak electron density is obtained from the peak current through the current
density relation
Jo = neeW ()

in which e is the electronic charge, and W the electron drift velocity, which has been
calculated from a Boltzmann code (Leland 1979) and confirmed experimentally in our
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laboratory (Sierra et al 1981). The attachment rate S and ionisation rate aare also takeq
from the same Boltzmann code and have also been confirmed experimentally. In prac.
tice, both fand «are negligible in comparison with S/ and have no appreciable efiect
in the calculations of y.

3. Results

The raw data for the electron—ion recombination rate are shown in figure 3 as a function
of the reduced field strength, E/N. Measurements were made over as wide a range of
E/N and gas pressure as possible consistent with maintaining a stable discharge. Each
point represents the average of a number of individual measurements. For all four gas

L T T T
[ e
1 ®
®
[} 0 ®
3 o b
¢ e
& 5
f; A m .
- N
mg 2 + A ] 4 -
] ANy
= A" we
A
.
5Al
| 0 " A
1 0 A
o 0:
PO ST S T Y St PR T T R | .
0 S 10 15 20
E/N (Td)

Figure 3. Electron-ion recombination rate in carbon dioxide as a function of the reduced
electric field at four gas pressures (Torr): A 100, & 200, < 400, @ 600.

pressures studied, a steady decrease in the recombination rate with increasing E/Nis
evident. There is, however, a marked dependence of the recombination coefficient on
gas pressure, particularly for the low field strengths. Figure 4 shows the recombination
rate as a function of pressure for four different field strengths. It is apparent that the
pressure dependence can be represented by a recombination rate, which is indirectly
proportional to the pressure. Thus,

y=y2+ 73[CO,] (6)

in which [CO, ] is the density of carbon dioxide molecules. This result can be interpreted
as the separate effects of the recombination of carbon dioxide ions in two- and three-
body reactions as follows:

COJ + e — neutral products (7a)
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Figure 4. Electron~ion recombination rate for carbon dioxide as a function of gas pressure.
Measurements taken at reduced field strengths (Td) of: A 3, H5, ¢ 10, @13,

and

CO7J + e + CO,— neutral products (7b)

with rates y, and y; respectively. Figure 5 shows the two- and three-body rates as
functions of E/N as determined from the slope and intercept of curves similar to those
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Figure 5. Two- and three-body recombination rates for carbon dioxide as a function of the
reduced electric field. He: CO;:N; = 0:1:0. Full curve, y,; dashed curve, ys.
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in figure 4. The two-body rate appears to be relatively insensitive to E/N, in that it fajls
only slowly as the field strength increases. In contrast, the three-body rate falls rapidly
and becomes essentially zero above 12 Td.

The recombination rates obtained in the study are larger than those previously
obtained for mixtures of carbon dioxide, helium and nitrogen. Denes and Lowke (19733
estimated a rate of only 1078 cm®s™", independent of field strength or gas composition,
More recently, Homann ez al (1978) and Nundy ef al (1981) obtained values in the range
0f 1077 t0 10 ~® cm® s ™! in mixtures of He : N, : CO; in the ratio of 8:1: 1. It is not clear 4
priori what effect the presence of helium and nitrogen has on the electron-ion recom-
bination rate of the bulk gas. The results presented here indicate that the recombination
rate falls rapidly as helium and nitrogen are added to the discharge. If one approximates
the recombination rate of the mixture to an average of the rates for the individual ions,
weighted according to the relative number densities, the low rate for the 8:1:1 mixture
indicates that carbon dioxide ions occur with low concentrations in the discharge, even
after the relative partial pressures of the constituent gases in the mixture are taken into
consideration.

4. Conclusions

We measured the recombination rate of electrons and ions in carbon dioxide as functions
of the reduced electric field strength and of the gas pressure. The separate effects of
two- and three-body recombinations were observed, and the respective rate constants
measured as a function of the reduced electric field strength, E/N, in the range of 2 to
20Td.

The results are of importance to high pressure discharges containing carbon dioxide,
as in carbon dioxide lasers. Atlow electric field strengths, the three-body recombination
rate becomes dominant for gas pressures of 1 atm and above. In contrast, at field
strengths above 12 Td, two-body recombination is dominant even for pressures of a few
atmospheres.
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