e 3

BTi0 Fic ooy

Naval Research Laboratory

Washington, DC 20375-5000

NRL Memorandum Report 6610

Production Rates for Electron Beams and Swarms in Nitrogen

S. P. SLINKER, A. W. ALI AND R. D. TAYLOR*

Beam Physics Branch
Plasma Physics Division

*Berkeley Research Associates, Springfield, VA 22150

DTIC

FILECTE R

i
tow

FEB2 2 1990 §

February 24, 1990

R
‘t

"
)

?:

AD-A218 145

e D

Approved for public release; distribution unlimited.

90 02 21 021




UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE

Form Approved
REPORT DOCUMENTATION PAGE OMB No. 0704-0188

1a. REPORT SECURITY CLASSIFICATION 1b. RESTRICTIVE MARKINGS

UNCLASSIFIED
2a. SECURITY CLASSIFICATION AUTHORITY 3. DISTRIBUTION/AVAILABILITY OF REPORT

Approved for public release; distribution
2b. DECLASSIFICATION / DOWNGRADING SCHEDULE unlimited.
4. PERFORMING ORGANIZATION REPORT NUMBER(S) S. MONITORING ORGANIZATION REPORT NUMBER(S)
NRL Memorandum Report 6610
6a. NAME OF PERFORMING ORGANIZATION 6b. OFFICE SYMBOL | 7a. NAME OF MONITORING ORGANIZATION
(if applicable)
Naval Research lLaboratory Code 4790 Naval Surface Warfare Center
6¢. ADDRESS (City, State, and ZIP Code) 7b. ADDRESS (City, State, and ZIP Code)
Washington,DC 20375-5000 Silver Spring, MD 20903-5000
8a. NAME OF FUNDING / SPONSORING 8b. OFFICE SYMBOL | 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (If applicable)
DARPA JOo# 47-0900-0-0
8c. ADDRESS (City, State, and Z/P Code) 10. SOURCE OF FUNDING NUMBERS
PROGRAM PROJECT TASK WORK UNIT
ELEMENT NO. | NO. NO. ACCESSION NO.
[ Arlington,VA 22209 62707E_ 5395 .A86 DN680~415
11. TITLE (Include Security Classification)
| Production Rates for Electron Beams and Swarms in Nitrogen

12. PERSONAL AUTHOR(S)

Slinker, S. P., Ali, A. W., and Taylor,* R. D. —
13a. TYPE OF REPORT 13b. TIME COVERED 14. DATE OF REPORT (Year, Month, Day) [15. PAGE COUNT
Interim FROM TO 1990 February 24 26
16. SUPPLEMENTARY NOTATION

*Berkeley Research Associates, Springfield, VA 22150
17. COSATI CODES 18. SUBJECT TERMS (Continue on reverse if necessary and dentify by block number)

FIELD GROUP SUB-GROUP Electron swarms in nitrogen

Electron beam deposition in nitrogen

Energy per electron-ion pair

19. ABSTRACT (Continue on reverse if necessary and identify by block number)
Detailed calculations of the deposition of electron energy in molecular nitrogen are
presented. Two cases are considered. In the first one, the electrons are accelerated
by a constant, uniform electric field as in a swarm experiment. The reduced electric
field strength ranges from ! to 300 Townsends. In the second case, deposition is
initiated by electron beams with energies up to 10 MeV. Production rates for the
v.=1\zfious excitatioq channels are given. V. v ~ 4 ST g
sty ey Boda N PA

IS N T (”b‘(\ e (\\/\\;E\\'\"\C‘P Cro - . . S

D S, Bl den s

&C\\ \ Ly . "d.,\ * “—_')
20. DISTRIBUTION / AVAILABILITY OF ABSTRACT 21. ABSTRACT SECURITY CLASSIFICATION
LI uncrassiFieorunuimiTed  0J same as ReT O oTic USERS UNCLASSIFIED
ry 22b. TELEPHONE (Include Area Code) | 22¢. OFFICE SYMBOL
S. P. Slinker (202)767-3720 Code 4790
00 Form 1473, JUN 86 Previous editions are obsolete. SECURITY CLASSIFICATION OF THIS PAGE

S/N 0102-LF-014-6603 UNCLASSIFIED
i

J




038 20 ) 510 1 (0 . [ g P P PP
BOLTZMANN EQUATION ...ttt et s et e n s aeaees
CROSS SECTIONS ..ottt ittt sttt te st esas
ELECTRON SWARM RESULTS ..o
ELECTRON BEAM DEPOSITION RESULTS .......ocoimiiiiiiiiiinnians
SUMMARY .ot re s et e et s e e
ACKNOWLEDGMENT ...ttt ettt a s
REFERENCES ... ettt e

DISTRIBUTION LIST ....niiiiiii ettt aes

Accesion For

r—_- e e e o
NTIS  CRa&l

oTC  tag 0
Utiarcoa ey O
Justto e,




PRODUCTION RATES FOR ELECTRON BEAMS AND SWARMS IN NITROGEN

1. Introduction

The deposition of electron energy in nitrogen is of interest in many
different fields, e.g., electron beam propagation in the atmosphere,
stopping of auroral electrons, electron-beam-pumped lasers. To solve this
problem the cross sections for all relevant electron-atom and electron-
molecule collision processes must be known. These cross sections are then
incorporated into the Boltzmann equation, from which the electron
distribution function is obtained. Once the distribution function is
found, production rates for various processes are calculated. This report
provides additional details which were not included in a previous
publication1 (denoted I) on the application of the deposition mode12'4 to
nitrogen.

The form of the Boltzmann equation needed to solve the energy
deposition problem and the nitrogen cross sections are summarized in Secs.
2 and 3. Section 4 contains theoretical results for electron swarms in
nit;;gen. For applied fields ranging from 1 - 300 Td (1 Townsend =
10~

rates for the various processes are given. The fraction of energy going

ev—cmz), the drift velocity, characteristic energy, and production

into different channels is shown. Results are compared with those
obtained by assuming a Maxwellian electron distribution function. Section
5 gives beam deposition results where the beam electric field is ignored
and the beam energy is varied. The energy expended per electron-ion pair,
WV, is presented, along with production rates. Finally, results are
compared with those which assume the beam electrons are completely
stopped.

Manuscript spproved Januvary 4, 1990.




2. Boltzmann Equation

The secondary electron distribution function is given byl_5

Er,0) = N {Z [cj ['r+1=:j) v('r+EJ.] f(T+Ej,t)

3
2T+Ii
- oy (1) W(T) £(T,t) ] . 12 [ _[ de ci(e,e-li-T) v(e) £(g,t)
T+Ii
T
m
" J de ol (£,T) v(e) £(e,t) - o (T) v(T) £(T,t) ] }
2T+Ii
+ s - 2o - Fro o, (1)

vhere f(T,t) is the secondary electron density per unit energy

-3 eV—l) for electrons with kinetic energy T and speed v(T), Tm the

(cm
maximum secondary electron energy, and N the density of the molecules
which is assumed constant for the times of interest. Populations of the
excited states are negligible. Equation (1) includes energy loss by
electrons to all excitations with a cross section of oj(T) and an
excitation threshold of Ej’ as well as to ionization, where ai(T) is the
total ionization cross section of N2 resulting in the i-th ionization
continuum and ai(e,T) is the differential ionization cross section.

In Eq. (1), S(T,t) is the source term for the generation of
electrons with encrgy T by the beam electrons. It is assumed that the
high energy primaries leave the volume of interest after at most one

collision and

S(T,t) = NN (t) v(T,) iz of ['rb,'r] . (2)

vhere Nb(t) is the electron density of a beam whose energy is Tb and the
summation is over all ionization channels.

The term D(T,t) in Eq. (1) represents the flux of the secondary
electrons driven by the beam-induced electric field and is given by

T 1.5
2 2. 1.5 |1 + —5
2Ne (EO/N) T [ 2mc2] 3 £(T, )

— ™\ 9 (3)
=L L) T L L)
me 2mc me

D(T,t) =




vhere “n is the electron collision frequency for momentum transfer and Eo
the electric field strength. The elastic collision term, H(T,t), is

2mNv
H(T,t) = m [f(T,t) [0.51:g - 'r] - 'rg'rﬁg}-‘l—‘l] . (4)

M

vhere M is the mass of the target and Tg is the target temperature (in
eV). For the problems considered in this paper, 8H/3T is small compared
to the other terms in Eq. (1).

3. Cross Sections

The model consists of one effective rotational cross section, eight
vibrational excitation cross sections, six triplet excitations, four
singlet excitations, eleven channels leading to pure dissociation, four
dissociative ionization channels, three pure ionization channels, inner-
shell ionization and excitation cross sections. The momentum transfer
cross section is also included. A discussion of these cross sections with
references to their measurements is contained in I. Figure 1 shows the
total cross sections for these processes. From these, the loss function
is easily obtained and given in Fig. 2.

4, Electron Swarm Results

To simulate an electron swarm, the beam source in Eq. (1) was set to
zero, some seed electrons were assumed, and a constant electric field was
applied until an equilibrium was reached. If the field is high enough,
equilibrium is one in which the distribution function grows at a steady
exponential rate in time because of ionization. The range of fields
tested was from 1 - 300 Td. For lower fields the results are sensitive to
the details of the rotational cross sections and for the higher fields the
tvo-term approximation of the Boltzmann equation becomes less accurate.
For the swarm results, the bacliground gas temperature is Tg = 0.025 eV.

Figure 3 gives the normalized (ff(g)de= 1cm‘3) distribution function
for several values of the reduced electric field strength, E/N (where N is
the density of the neutrals). Figure 4 shows the calculated drift
velocity vy as a function of E/N. Figure 5 gives the characteristic
energy €, and average energy ave of the electron distribution function.
To compare the results with those obtained by assuming a Maxwellian
distribution, the average electron energy is used to provide a




temperature, Te = 2/3eave, for the Maxwellian. Figure 6 plots the
ionization and pure dissociation coefficients. These results compare well
vith experimental measurements as shown in I.

Figure 7 shows the average collision frequency for momentum
transfer. This collision frequency was obtained in two different ways.
First, v, = eE/mvd, vhere \£ is the drift velocity. This iszthe proper
average to use in the calculation of the conductivity, o = e ne/mvo.
Second, v

mav

momentum transfer collision frequency, V:ave

e ® If(e)cm(e)vde. Also shown on the graph is the average
, calculated with f given by a
Maxwellian with the same total energy.

Figure 8 gives the fraction of the energy deposited by the field in
the various processes. Vibrational excitation accounts for the majority
of absorption until about 100 Td where excitation of the triplet states
begins to dominate.

Figure 9 gives the production rates (#/cm3-sec) for many of the
species in the model.

Finally, Fig. 10 compares the distribution function and several of
the production rates with those assuming a Maxwellian of the same energy.
The assumption of a Maxwellian distribution tends to underestimate triplet
production, but overestimate ionization. Newman and De'l'emple6 have shown

similar results.

5. Electron Beam Deposition Results

For these studies the electric field is turned off and the beam
source term S(T,t), given in Eq. (2), is applied. For energies above the
lovest threshold, the distribution function comes to an equil:lbrium.l—3
Figure 11 shows W, the amount of energy expended by the beam in order to
produce an electron-ion pair, as the beam energy is varied. VWV is nearly
independent of beam energy for energies above a few kilovolts. Also shown
in Fig. 11 are the values of W obtained by assuming the source term is a
delta function at a fixed energy; this corresponds to a completely-stopped
beam electron. This assumption is more accurate at lower energies.1'4’7

Figure 12 gives the normalized equilibrium distribution function for
a 1 MeV beam and Fig. 13 shows the energy deposited per electron-ion pair
in the various channels. Finally, Fig. 14 shows the production rates, in
terms of the number of events per electron-ion pair, for many of the
processes in the model.




6.

1) electrons which are accelerated by a constant, uniform electric field

and 2) high-energy beam electrons. Details of the electron energy

Summary

Electron interaction with molecular nitrogen has been studied for

deposition are given,
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