
AD A 34  8 9 DOCUMENTATION PAGE MAI4No. 7IN.,IR

Unclassified
2ja. LCCUFCI I V LAS,d RA I IUN AU I iONI ry 3,. PORMII ON AVAILAIIILIF UP ui LP0II

Approved for public release; Distribution
2b. O)ECLA5,.Ii(.A IIQUN VN (AVIN(i S(HIEULE unlimitccl c

4. PERI ORMINU. 0iFjANIZAflUN W.VPOH NUMdthH(,) MUN~tON\'U, (ON(jAN1ZAIjUN XLPOUVI NUN4IL(I,

PL-TR-9 1-206 7
bA. NAME OF PLI(FO(MING 0IuGAftJZAfIOr 6 I. QH1( 5YMIOL Id, NAsME UK MUN'.NI( 6PN1/A1QNPhillips Lab, Ceophysics f ('!.pplicaibe)

Directorate jLl
LU AUU140N (City, Stitt-, diiill' Z0 u0 e) /b A)UN. (City, State, .Jnd /W CLude)
Hanscomi APB
Massachusetts 01731-5000

Ii.,. NAMFIP UP I UNUIN6JSPUN OFINj tit) 01III-L 5yMvUUL 9 IIIUQCUII M NI irj' rllUML.Nr IOENTIl (Al ION NUMIJI Ik
ORGiANIZATION ii(Iapicabl)

61102F' 2310 G9 03

Ii RR~.!EXYAMINATION OF THE O(DP- 1 D) F.xciTATION RATE
B~Y T1rlMJ~4L l'LICTRC1N IMPACT

1. rFtV)tIAL AU IH0FI(',J
George P. Mafltag*, Herbert C. Cnlon

16. SUPIA.MENTAHY NorAIION *De artment of Physics,Univiersity of Patras,Patras,Grec(ce(work
performed while at the nstitute for Space Reseicch, Roston College, Newtoni MA) --teprinted from Geophysical Researc~h Lecttern, Vol. 18, No. 2, pages1 19-162.Fahb 1991

/ (U.A I I (OUI III il UIA.0C I I;IIMs (Coltie tI i n L 11,' ri i it If ,Wcessary mu Ideinfity by O f lu il~bo r)

Electron impact, Electron excitation

143. AlfijlRFAC I (Continue' on reiverse it n~ce'siaty irnd identily by blurk niwnher)

Ab~mct The thooratlcnl And oxpctriinontl
O!L-120r0n iinPiiCt AtXcitncion cross iuct:Lun,,, Cur che
OOP-.'o, transijtiori thvhmi Ivi Iwrn r'LPorttct in the
liturtiture 010 lwjt; tkoo doendpcq are LI';er to (torive 15
O(T10~I) exo'tent1 on rate:.- by thertwiJ. c'ctron I
tiainer-. Thu dovivved ritcom arn r'-prtnentod by n aI
ntnL1rilF pnramietiric formula Whih nhouldt prciv1 unefui ELECTE
chria IAnco i ntt igiowfdde a APR 10 01991

201 (Jl)TFIII1UTION lAVAILABILSIY OF AIJSTIIAUr /I, AII.1FIFACI '1 CUI(ITY CLAS1II l(.AIIN
C UNCLAS$iCtOIUNLIMItED Ll SAW~ ASRPT, 0 OTIC USERS~ IUne Iqi fictl

11.4, NAIVIL Cit Ift'N' fI.,IL INLJVIIJUAI. I. V61I*1 N iilceAt ol) . 1I E% M
Iturhcrt C. Cnnlon I _____________________

U PIC FILL COPYj ncI :i e

BESTAVAILABLE COPY



PL-TR-91-2067

(ilA)PI'IYSICAL. R ShAR(l I I L:III RS, V()I ItX. \() 2. P.\( I 15 I1 1, II ItRI ARN 1991

REEXAMINATION OF THE G(
3
P-.D) EXCITATION RATE

BY THERMAL ELECTRON IMPACT
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Department of Physics, University of Patras, Patras, Greece

Herbert C. Carlson
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Abstract: The theoretical and experimental The O(3P-.D) Electron Impact Excitation Cross
electron impact excitation cross sections for the Section
0(

3
P-'D) transition that have been reported in the

literature the last two decades are used to derive In additional to the above, theoretical
0(

3
P-D) excitation rates by thermal electron calculations of the O(ID) excitation cross section

impact. The derived rates are represented by a have been carried out by Vo Ky Lan et al., (1972)
simple parametric formula which should prove useful and by Thomas and Nesbet (1975). The results of Vo

in atmospheric 6300-A airglow and electron gas Ky Lan et al., (1972) are in close agreement with
thermal balance studies, those of Henry et al. , (1969), over the entire

energy range. Those of Thomas and Nesbet, (1975),
Introduction in the energy range 2 - 5 eV, are lower by a factor

of nearly two. This is primarily because the
Excitation of the singlet D state of atomic excitation potential obtained by the authors for

oxygen, 0(
3
P-.D), by thermal electron impz!t may the O(1D) state is higher rnan the experimentally

contribute to the intensity of the 6300-A line observed (by both energy loss and optical methods)
observed in the aurora and the dayglow. Indeed, and generally accepted value. A translation of

thermal electron excitation of O(ID) is believed to their energy scale by -0.25 eV, would bring their
be the primary source of mid-latitude stable aurora results to closer agreement with those of Henry et

red (SAR) arcs and, under certain conditions. may al., (1969) and Vo Ky Lan et al., (1972).

also constitute the main source of the 6300-A In the laboratory, the O(1D) electron impact
radiation observed in controlled ionosphere heating excitation cross section has been measui-d by Siiyni
experiments, and Sharp (1986) and, more recently, by Doering and

In the past two decades, calculations of the Gulcicek (1989). The first of these experimental

contribution to the 6300-A atmospheric radiation by cross sections is in agreement with the theoretical
thermal electron excitation of O(ID) have usually results of Henry et al., (1969) and Vo Ky Lan et
employed a rate coefficient derived by Rees et al. , al., (1972) over the entire energy range (i.e.,

11967) from a theoretically computed excitation 7 - 30 eV) covered by the measurements. The second,
cross section by Smith et al., (1967). This cross while in agreement within experimental error with

sec ion was recalculated by Henry et al. , (1969) to the aforementioned experimental and theoretical

correct an error in the original theoretical results at 30 eV, is increasingly higher at lower
formulation. For energies greater than 3 eV the energies (nearly by a factor of 2 at 5 eV.)

corrected cross section is lower than the first by A graphical representation of these cross
25% - 35%. The correction makes little difference sections, in the energy range 2 - 7 eV, is shown in
in the energy range 1.96 - 3 eV, which to a large Figure I (Points). In this energy interval, Figure
extent determines the excitation rate for the 1 shows that the available theoretical and
electron temperatures found in the earth's experimental cross sections are spread about their
ionosphere. Since then, additional calculations mean value from a few to over 50%.

and measurements of the O(1D) electron impact
excitation cross section have been reported. Link The O(

3
P-

1
D) Thermal Electron Impact Excitation

(1982) derived an excitation rate based on the Rate

Henry (1969) cross section, which has been employed

in some subsequent work (e.g. Link et al, 1988; At an electron gas temperature of 2000 Kelvin
Solomon et al, 1988). To our knowledge, however, only 0.01% of a maxwellian electron population has

there has been no reassessment of the O(ID) thermal sufficient energy to excite the O(1D) state, which

excitation rate coefficient in light of the has an excitation threshold of 1.96 eV. At
progress in the theoretical and experimental temperatures of 4000 and 6000 K, this fraction

results on the O(ID) excitation cross section. It increases to 1.5% and 7.3%, respectively.
is our purpcse here to undertake this task. Furthermore, at 6000 K only 0.15% of the electron

population has energies greater than 4 eV.
Therefore, for the range of temperatures

'Work performed while at the Institute for Space encoun'oered in the earth's iorosphere, i .e ., 500 -

Research, Boston College, Newton, MA 600U Xelvin, the O(1D) excitation rate coefficient
is largely determined by the magnitude of the -ross
section in an energy interval of a few eV width

Copyright 1991 by the American Geophysical Union. above the excitation threshold.

To obtain an analytic formula for the O('iD)
Paper number 91,[,00019 . '...c. rate it suturces therefore to

0094-8534/91 /91l1-00019$03.00 adequately represent analytically the excitation
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cross section in the energy range, say, 1.96 - 7 cross section by Thomas and Nesbet (1975) all three
tV. parameters were allowed to vary in the least

squares fit. The values of the parameters obtained
The formula in this manner are given in Table 1 (Part a) and

the fitted curves are illustrated in Figure 1.
a(E) - 0 (E/W - 1) Exp(-(E - W)/(E_ x - W)) (cm

2
) Integration of (I) over a maxwellian electron

(1) distribution and manipulation of the result leads
to the expression

with W, Emax, and 0 as adjustable parameters,
can adequately represent the cross section in this (TI + T)
energy range and can be easily integrated over a a(T) a c0 IT Exp(-T 3/T) (cm

3
/sec) (2)

maxwellian distribution. In (1) W is identified (T2 + T)'
with the excitation threshold energy, 1.96 eV, Emax
with the energy at which the cross section attains for the 0('D) thermal electron impact excitation
its maximum value and 0 can be determined by rate, where: T is the electron gas temperature in
fitting (1) to the theoretical, or measured, cross Kelvin, and 0, T1, T2 , T3 are constants (functions
section at any pqrticular energy in the interval of of the cross section fitting parameters, 0o, Zmax
interest, say, at E = Em_. Presently, in fitting and W) whose values are given in Table I (Part b).
(i) to the cross sections by Henry et al., (1969), A graphical representation of the thermal
Vo Ky Lan et al., (1972) and Doering and Gulcicek excitation rate, as given by (2), is shown in
(1989) W was kept constant at 1.96 eV, while Emax Figure 2.
and co were determined from a least squares fit in The rate coefficients are compared in Figure 3,
the energy range 1.96 - 7 eV. In the case of the wh, -e we have plotted the ratio of each of the

Table 1. a) \alues of the parameters (0, Emax, W) for fittirg Formula (1) to
the 0(1D) electron impact excitation cross section published by the indicated
authors; b) coeff'cients (0, T1 , T2 , T3) of the ierived 0('D) thermal excitation
rate (Formula 2). The cross sections are in cm

2 
and the rate coefficient in

m
3
/sec.

00 Emax W C0 T, T2  T3  Cross Section by:

4.672E-17 5,133 1.960 0.167 8693 36840 22756 Henry et al., (1969)
5.145E-17 4.905 1.960 0.150 8537 34191 22756 Vo Ky Lan et al., (1972)
3.389E-17 6.934 2.216 0.332 10418 54779 25730 Thomas & Nesbet, (1975)
6.439E-17 6.423 1.960 0.596 9329 51813 22756 Doering & Gulcicek, (1989)
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Fig. 1. Least squares fits (Curves) of Formula (1) to the electron impact O))
excitation cross sections. The fit parameters (0, E,, W) are given in Table I
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10-9 I I computed rate- tj that derived from the cross

- " section by Vo Ky Lan et al., (1972). In the same
.figure we have also plotted the ratio of the rate

derived by Rees et al., (1967) from the cross
section by Smith et al. , (1967), since this rate

S10- /7 .has extensively been -ed in atmospheric 6300-A

/ -- airglow and electron gas thermal balance research.
." JThe figure shows that the rates deduced from theU cross sections by Henry et al., (1969) and Vo Ky

1/ Lan et al., (1972) are in close agreement (differ
1 0only by 8% - 5% in the temperature range 350 to

// / 12000 kclvin.) The cross section by Doering and
Z Gulcicek (1989) 61,,s a rate coefficicnt higher by
0 25% - 55%, while that by Thomas and Nesbet (1975)

1012 gives a lower rate by >100% - 40%. The rate by Rees
I 02et al., differs from about -25% to -5%.

hDiscussion

[ I Henry, et al. (1969) The difficulties in reconciling observed and
o 1013 ........... Vo Ky Lan, et al. (1972) modeled 6300-A airglow are well known (Hays et al.

Thomas & Nesbet (1975) 1978; Cogger et al., 1980; Link and Cogger, 1988;
. Doering & Gulcicek (1989) Solomon et al., 1988; Solomon and Abreu, 1989).

Hitherto, attention has been focused on better

41 I definition of photochemical sources, supra-thermal
10-14 electron excitation, quenching rates, and

0 2000 4000 6000 8000 10000 transition probabilities. The difficulties that are

ELECTRON TEMPERATURE (Kelvin) inherent in an accurate determination of the O(
1
D)

Fig. 2. Thermal electron impact excitation rates of thermal electron excitation source, a. least in
0('D). The coefficients (as, T1 , T2 , T3 ) for Formula cases where this source is significant, do not

(2) are given in Table I. appear to have been adequately stressed. Apart from
the uncertainty due to the inadequate knowledge of
the cross section near the excitation threshold,

2, Figure 2 shows that, due to the strong dependence

of the thermal excitation rate on the electron gas
temperature, a small uncertainty in the clcctron
temperature leads to a large one in the excitatioi,

rate. For example, at an electron temperature of

D/V 2500 K an uncertainty of 5% in temperature leads to

1.5 - an uncertainty of 35% in the excitation rate. This
uncertainty increases rapidly with decreasing
temperature.

Conclusion

o P/V
I ...... -.- For the electron gas temperatures encountered

< H/V.in the earth's ionosphere, the derived thermal
cc H/V excitation rates 0( 3

P-"D) are spread by order of
50% about their mean value, reflecting the

T/V differences in the excitation cross section

................ reported in the literature. The theoretical cross

0.5 ...... section by Thomas and Nesbet (1975) gives the
.......... lowest rate, mainly due to the (unacceptanbly) high

threshold potential reported in these calculations.
The rates derived from the cross sections by Henry
et al. , (1969) and Vo Ky Lan et al. , (1972) are for
practical purposes almost identical. On theoretical

0 _ grounds, the cross section calculations reported Vo

0 2000 4000 6000 8000 iO000 Ky Lan et al., (1972) appear as the most complete

ELECTRON TEMPERATURE (Kelvin) of those presently available. The measurements of
Shyn and Sharp (1986) support these results.

Fig. 3. Ratios of the thermal electron impact However, they do not extend to energies below 7 eV
excitation rates of O(1D) corresponding to the and for this reason cannot be used for the present
cross section by Doering and Culcicek purpose. The rate based on the measured cross
(1989)[indicated by D/Vj, Henry et al., section by Doering and GulciceK (1969) conscituceb
(1969)[indlcated by H/V] , and Thomas and Nesbet an upper bound of the present rates If supported
(1975)(indicated by T/Vj, with respect to the rate by additional evidence, the significance of this
cor-osponding lo -he cross section by Vo Vy Lan et result -n the aeronomy of the -00-A rad;stion need
al., (1972). The ratio of the rate by Rees et al., not be here emphasized.
(1967) is indicated by R/V. Presently, we recommend using the rate
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(8537 + T) Link, R. and L. L. Cogger, Reexamination of 0
a(T) - 0.15 IT Exp(-22756/T) (cm

3
/sec) I 6300-A nightgiow, J. ;cophys. Res., 93, 9383,

(34191 + T)
3  

1988.

(3) Rees, M. H., J. C. G. Walker, and A. Dalgarno,
Auroral excitation of the forbidden lines of atomic

thac is based on the cross section by Vo Ky Lan et oxygen, Planet. Space Sci., 15, 1097, 1967.

al., (1972). Shyn, T. W. , ard W. E. Sharp, Differential
excitation cross section of atomic oxygen by
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