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- ABSTRACT

Cyclotron Resonance in Mblecular Afterglows
A preliminary study of the cyclotron resonances of the free elec-
trons in nitrogen and oxygen afterglows carried out in a paramagnetic
resonance spectrometer is described. Since the paramagnetic resonances
of the atomic nitro.en and oxygen precent in the afterglows as well as
the cyclotron resonances of the electrons were observed, estimetes of
the relative densities are made. Under typical conditions in the

nitrogen afterglow these densities are found to be

n(N) =4 x 1013 nitrogen atoms/cc,
‘ ~ 12

n(0) = 4 x 10™ oxygen atoms/cc,
ne) = 8 x 107 electrons/ce.

A theoretical discussion of cyclotron power absorption mechanisms
is given in terms of a simple Lorentzian picture and from the point of
view of the Boltzmann transport theory, This discussion leads to
several expressions for the shape function of the power absorption curves
and their associated widths., These widths are compared to experimentally
determined values under a variety of conditiong. Determinations of low

energy collision cross sections are made by these comparisons.




CYCLOTRON RESONANCE IN MOLECULs«R AFTERGLOWS

A, INTRODUCTION

The resonance absorption of electromagnetic radistion by a system
of free electrons under the influence of a magnetic field as the fre~
quency of the radiation approaches the magnetic field's characteristic
"eyclotron' frequency is a subject of well established importance. The
earliest study of this phenomenon arose in comnection with observations
of the selective polarization of radio waves reflected from the iono-
sphere. Since the resonant frequeney is a direct measure of the effective
mass of the charge carrier, recent observations of cyclotron resonsnce
in semiconductors yield valuakle information on the nature of electronic en=

ergy surfaces.l’2 Several investigators have reported resonance

effects in gaseous discharges that can only be explained on the basis

of some type of c¢yclotron proc:ess.B-8 However, the irreproducibility
and comblexity of breakdown processes involved makes these effects
difficult to study.

The long living, pale orange, nitrogen afterglow which persists
after an initial excitation of nitrogen gas in a discharge is known
to have a rather high density of free electrons (= 108 electrons/cc)
associated with it under certain conditions.9 It was suggested that
the cyclotron resonance of these electrons could be shkudied in a
spectrometer which had been designed and constructed for use in the
observation of paramagnetic resonance in gases.* The experiments

reported here may be considered as a preliminary survey of the poten-

tial utility ef applying resonance techniques to the study of such

R. V. Jones, W. Dobrowolski, W. B. Kunkel, C. D. Jeffries, Bull.
Amer. Phys. Soc. 30, 46 (1955).




gas-plasma systems.

Our experiments are distinguished from previously reported work
with gaseous cyclotron effects in two essential aspects. Firstly,
the steady state nature of the nitrogen afterglow makes possible
reasonably controlled and reproducible experimental conditions,
Secondly, the experiments are performed in a paramagnetic resonance
spectrometer, so it is possible to observe simultaneously the cyclo~
tron resonance of the electrons and the spin resonance of any para-
magnetic species present in the afterglow.

The steady state and controllable aspect of the nirtogen after—
glow mechanism makes the technique advantageous for the study of the
dynamics of the electrons in the plasma. By adjusting the radiofre-
quency power incident on the afterglow, one may vary the effective
temperature of the electrons at will. The shape of the power absorp-
tion curve as a function of applied frequency or magnetic field will
depend on the nature of the absorption process and the collision cross
section of the electrons. If this shape can be interpreted theoretically,
then data on the low energy electron cross sections as a function of
temperature can be obtained., These measurements would supplement
existing static microwave data.lo We have made preliminery exploratory
steps towards this type of analysis,

Since the spin resonance and cyclotron resonance can be observed
simultaneously, a comparison of signal heights constitutes a useful
method for determining the relative and absolute abundances of electrons

and verious paramegnetic species present. Beringer working at Yale




with a similar type of apparatus has reported the observation of
resonances in nitrous oxide, nitric oxide, atomic hydrogen, atomic
nitrogen, atomic and molecular oxygen.ll-l6 However, because of the
different power absorption mechanism involved in the two types of
resonances, at least some simcle interpretation of the line shape must
be made in order to compare densities, Using the simplest assumptions
possible, we have made representative estimotes of the abundances
involved,
B. EXPERIMENTAL METHCDS

GENERAL

The spectrometer used in these experiments was originally designed
for the observation of paramagnetic resonances of species in a gaseous
state. The important components of the spectrometer and their inter-
relations are indicated in the block diagram (Figure 1). A section of
15 mm quartz tubing, which comprises part of the gas flow system, passes
coaxially through the cylindrical, transmission cavity which is placed
between the pole faces of & high impedance electronically regulated
magnet. The microwave power is supplied to the cavity by an X-13 Varian
reflex klystron, operating at about 9 Kmc/sec. After the output of the
klystron has passed through an isolating "Uniline" gyrator, it is sampled
by a 12.5 db directional coupler. This sampling activates a frequency
stabilizing circuit. The power transmitted through the cavity is detected
by either a bolometer or crystal diode, the output of which is fed into
a high gain amplifier. With the klystron fixed at the resonant frequency

of the cavity, the magnetic field is slowly varied and simultaneously
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modulated at 80 cps. The detected and amplified signal may be viewed
directly on an oscilloscope or channeled in a narrow band phase sensi-
tive detector of standard design for pen recorder presentation of the
derivative of the absorption curve.

The nitrogen afterglow is excited upstream by a microwave electrode-
less discharge and pumped through the test cavity at a speed of approxi-
mately 0.3 liters per second by a Cenco Megavac pump. The discharge is
excited by the strong electric fields in a 10 cm rectangular resonant
cavity driven by a high powered GK-60 Raytheon magnetron.

MAGNET AND REGULATED POWER_SUPPLY

The magnet is of the high impedance type similar to one originally
developed at Stanford University. With a current of 2.8 amperes a
maximum field of approximately 11,500 gauss is induced over a pole face
12" in diameter and a gap 2-3/4" in width.

The basis for the stability of the magnetic field is a regulatory
cireuit that maintains a constant voltage across a set of precision
Dalohm resistors in series with the megnet coils. This voltage is
compared to some fraction of the voltage from a set of Mallory mercury
cells. The resulting d.c. error voltage, which is determined by the
setting of a 100 K ohm Helipot variable resistor and the deviation of
the magnet current from a fixed value, is amplified by a 'chopper" type
amplifier, The amplified d.c. voltage, applied as the grid potential of
a set of eight 304 TL triodes, also in series with the magnet coils,
controls directly the current flowing to the magnet. The magnetic field
may be varied by changing the setting of the Helipot either manually or

automatically with an electric clock motor.




The magnetic field, when measured with a nuclear induction appara-
tus was found to have a short time stability of approximately one part
in one million, The inhomogeneity of the field was measured as approxi-
mately 5 parts in one million over a 2 cc volume.

THE RESONANT CAVITY

The TEOll cylindrical cavity mode is particularly useful for our
experiments. The field configuration is indicated qualitatively in

Fizure 5 and is described analytically in terms of the usual cylindrical

components , xig:l7
Er =E =Hy =0,
E =

o = J,(3.832r/R) sin (n3/L),

b >
f

= —k3/k Jl(3.832r/R) cos(mz/L),

j= 4
I

= kl/k Jo(3.832r/R) sin (mz/L),

where R and L are respectively the radius and the height of the cavity.
The electric field is small near the axis of the cavity allowing the
quartz flow tube to be inserted coaxially without appreciable dielectric
loading. The cavity's Q is not greatly reduced by the holes drilled
through its top and bottom since no radiofrecuency currents need flow
across these holes and since the power coupled out through the holes

is reduced by brass sleeves dimensioned so the radiation is beyond

"cu.t.off”.l8

The large radiofrequency magnetic fields along the cavity
axis make possible high sensitivity for paramagnetic resonance in the

flow section. In addition, as required for the observation of cyclotron




resonance, there is a component of the radiofrecuency electric field
perpendicular to the external megnetic field which is in the plane of
a circular section of the cavity.
PROCEDURE

In carrying out the experimental observations the gas under study
was injected into the flow system through a finely controllable needle
valve. In the earliest experimentation with the nitrogen afterglow the
relative percentage of oxygen "impurity" was adjusted to give the best
resonance signal, However, in all of the nitrogen experiments reported
here a near optimum fixed commercial mixture of 0.2 percent oxygen and
99.8 percent nitrogen was used in a fairly vacuum tight flow system,
to avoid irreproducible electron densities. The pressure of the :as
wag measured with a Zimmerli manometer upstream from the discharge.
The plate current of the exciting magnetron was held constant at an
optimum value to eliminate the strengbth of the discherge as a source
of variation in the electron production rate. While the quartz tube
was carrying the afterglow from the discharge to the test cavity, the
deflection of charged discherge products in the strong magnetic field
was tending to keep noise producing ions from enterine the cavity.
Relatively low gas pressures were used since the production of electrons
at pressures greater than about 10 mm of mercury became high enough to
cause serious loading of the cavity. The low pressure limit was set by
the disappearance of the afterglow and its associated electron density

at about lmm of mercury.
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With the afterglow conditions held constant, the magnetic field
was swept automatically through the resonant values to give recorder
traces typified in Figure 6. The two narrow lines shown arise from the
paramagnetic absorption of atomic oxygen and nitrogen, while the broad
line arises from the cyclotron absorption of the electronic plasma
broadened from the "heating" effects produced by the high powers necéssary
for observetion of paramagnetic resenance. In medsuring relative abun-
dances, the paramagnetic species are viewed at the necessary high powers
and then the microwave power should be reduced to levels where the line
shape is less difficult to interpret. The bolometer detector was used
at high power, but below one hundred microwatts, due to the rapid drop
in bolometer sensitivity at low pewers, a 1N23B crystal detector had to
be used. An absolute caliuration of the power transmitted to the detector
at a specified level was mede with a Hewlett~Packard bolometer bridge.
Relative power levels were determined by the use of calibrated flap
attenuators. The power dissipated in the cavity is inferred from the
value of the power transmitted and a knowledge of relevant coupling
factors. In the course of the experinents the incident radiofrequency
pover was varied by a factor of 104.

C., THECRETICAL CO#SIDERATIONS

NITROGEN AFTERGLOW

Before proceeding to an analysis of the cyclotron absorption
process we shall briefly review the pertinent properties of the nitrogen
afterglow, The glow that continues in nitrogen gas for an appreciable

time after a discharge has passed through it, was reported as early as
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FIGURE 6: A recorder trace of the derivatives of the
power absorption showing the simultaneous
observation of cyclotron resonance and
paramagnetic resonances of atomic nitrogen
and oxygen. The broadening of the cyclotron
resonance is due to the heating effect of
the high r.f, level required for the obser—
vation of paramagnetic resonance,



1865 by Morren.19 Since then it has been rather extensively investi-

gated by "classical" techniques.zo ,21,22

There now seems to be quite
general agreement that the long living excitation energy of the glow's
"active nitrogen" is stored in the dissociation of nitrogen molecules
which recombine only in three body collisions in the body of the gas.*
To keep the walls of the containing vessel from "sticking" nitrogen
atoms and acting as a point of recombination, it is postulated that

they are coated with a layer of, perhaps, nitrocen molecules which have
a high reflection coefficient for incident nitrogen atoms. In terms

of this picture, the emitted lisht of the afterglow, which is character-
istic of the transition between the BBE state and the metastable ABE
state of the nitrogen molecule, may be explained as the simple recombina -~
-tion of two nitrogen atoms into an excited BBH moleculer state. On

the other hénd, this simple picture does not give a source for the
ionization ﬁhenomena associated with the "active nitrogen". This
difficulty was a point of considerable consternation for many years and
led people to postulate other mechanisms for energy storage. However,

9

recent work by Benson,” involving microwave measurements of the associated
electron densities, have established that the ionization is incidental
rather than essential to the production of afterglows. Kunkel and

23

Gardner, - also uwsing static microwave technicues, have shown that the
presence of nitric oxide is necessary for the production of electrons.
In their experiments the loading effect i. e., the electron density -

of an afterglow flowing through a microwave cavity was measured as a

function of the amount of oxygen or "nitric oxide injected into the glow

¥ (. H. Reinecke, Zeit, f, Physik, 135, 36, (1953).




upstream from the test cavity. It was found that the addition of trece
amounts of these zases increased the eleotron density tremendously (in
fact 0.1 percent nitrig oxide doubles the electron density). They
proposed two mechanisms by which the energy of the active nitrogen may
be converted into ionization enersy, vigz: direct ionization of nitrie
oxide in a triprle collision with two nitrogen atoms or ionization of
nitrie coxide in a binary cﬁllision with a metastable nitrogen molecule
which has been excited by a triple collision with nitrogen atoms., It
is sufficient, for the purposes of the interpretation of our experiments,
%0 assume that electrons are continuously generated in the body of the
glowing column and that these electrons have energies such that% pre-
dominantly elastic collisions are made with the nitrogen molecules. It
might be noted at this point, apropos to the continuous generation
hynothesis, that a diffusion calculation of the number of electrons
capable of diffusing from the discharge into the test cavity in our
experiments makes it inconceivable that the observed electYons could
origincte in the discharge.

The goal of our theoretical analysis of the cyclotron rescnance
phenomenon is two-fold., Firstly, applying the simplest possible model
of cyclotron power absorption, we can derive an expression relating
the electron density to the observed line intensity. Secondly, we
consider a more detailed theory which may enable us to infer from the
experimental line shanes the dependence of the electronic collision
cross section on pressure and effective temperature as determined by

the incident radiation.
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According to elementary theory, a free charged particle in motion
in a static magnetic field H will execute circular orbits with a rota-
tional frecuency of W, = eH/mec, When an electric field of frequency w
acts on this particle, the system will behave like a driven oscillator
which resonates when w approaches the "natural" frequency @, According

to Lorentz,zLF the particle's drift velocity should obey the equation of

motion
. 1 Y xH
m(y+3x)=e(E+ ==, (1

where T is the mean free time between collisions. This equation simply
assumes that the mean momentum loss per collision is mv. If the par-
ticle is driven in spiral crbits by a circularly polarized radiofrecuency
electric field E = [Eb/2 sin wt, EO/2 cos wt, Ez(t) ] and if H is parallel
to the z-axis, the time dependence of the velocity is represented by

v = [vo(t) sin (wt + @), vo(t) cos (wt + @), vz(t)], where f specifies

the phase with respect tc E of a particular electron at "birth". Ez(t)

in our case is a pericdic function but need not concern us since the

v, motion is not restricted by the magnetic field and does not contribute
te the resonant process, The pertinent x- and y-components of equation

(1) can be written in the com-lex form

e 1 £ .
u+Zus=-=< Z+ iw.u,
where u = v_ + iv_ = v eiwb + 1P and £ = E_ + if = Y E eium. The
b4 Yy o} x Yy 270

solution for the complex drift velccity u is readily obtained as




T

el R
u = == i(w - w) 1 + Tz(mc - w)?

The time average of the real power absorbed by an electron with mean

free time t is given as

e2E 2T
o

TR | -
(Pa)T 23 k=3 eut

o« Tz(u)c - w)2]_l (2)
Lm

In the actual experimental setup, the applied electric field can be
considered as having a linear polarization in the x=direction and a
time wariation Eo sin wt where Eo is a spacially varying function,
However, following the usual practice, the linearly polarized field
can be resolved into two oppositely rotating circularly polarized
fields each of amplitude EO/Z. From equation (2) it is seen that the
sharply resonant, Lorentizian line shape is obtained from the component
for which w, = w, while the oppositely rotating component gives a
broad absorption which is negligible in our experiments since wv > 1.
The total power absorbed would be found by integrating equation
(2) over a suitable distribution of t's. In general, the heating of
the system due to enghanced power absorption causes radical departures
in the velocity distribution from the normally expected Boltzmann
function. Later we shall try to account for these changes in terms of
the more: so-histicated diffusion theory. However, for the purposes of
the abundance measurements at low power levels it is sufficient to
assume that equation (2) multiplied by the total number of electrons
gives the total power absorption, where T now becomes the average mean

free time.
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In past studies of nuclear and electronic paramagnetic resonance,

it has been found25

that if the line width is determined predominantly
by a relaxation process and not a magnetic inhomogeneity, the power
absorbed by n paramagnetic species with magnetic moment guBJ can be
represented to good approximation by a Lorentzian line shape of the

form

P .
. 25 2
12kT 1+(m-m°) Tz

a

l, (3)

where w is the frequency at which the resonance is observed and H1 is
the amplitude of the linearly polarized radiofrequency magnetic field.
Unfortunately, the fact that we observe experimentally the derivative
of the line intensity complicates things. Since the power leﬁel itself
PL is proportional to the total Q of the cavity QT, the recorded signal

is related to the change in the total Q, AQT, by

S cc OPp oo PLOAQT/QT). (4)

But QT is given by

L1

= +

- =4
b % %
where QC is the loaded C of the empty cavity and QS is the equivalent Q

of the sample resonance. Since QS >> QC

o ¥ (1 = G/Qg),

and (4) becomes

Sa OP e PLA(QC/QS).
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Actually, the detected power is modulated by a sweep field of amplitude
HS’ so
d
S o (AP/OH)Hg & HePp 7 (Qy/Qg)e

In the usual formulation

Q= Energy density - u
Energy loss per radian 1 7P dv ?

w V' a
where fV Padv is the power absorption integrated over the volume of the

cavity. Since neither QC nor u depend on the magnetic field,

d
S HSPL T fV P_dv. (&%)

If we have paramagnetic gases at low pressures and electrons at low
powers, we may assume that the lines shapes we will deal with in the

density measurements can be expressed in a standardized Lorentzian form

T
P = ¢ (%),Awsw—wo,

a a 1+ t%A 2

then

T
d
S'L vy @ dwo 1+ T%Au?

We can express the peak-to-peak meter excursion, which occurs at the
inflection point (Aw)i =1/./3 7, as
= 2
Sm (constant) HgP T k/; e dv. (5)

Thus, in comparing the number of electrons to the number of magnetic

dipoles in the same cavity, we have the expression
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2 2 22
J
v nch dv g kg J(J + 1)m Hss

EH
R TS ) D) (Pz5> (AH> (6)

S
v nsHl

where the subscripts s and ¢ denote respectively the spin epd cyclotron
resonance quantities. If the experimental conditions are the same in
the two cases the ratio of the densities for identical signals is

- 13
ns/nc L x 1077,

where J = 1/2 and g = 2 have been assumed, We see that the cyclotron
resonance is enormously more sensitive than the spin resonance. In
fact, it is estimated that we should be able to detect as few as 100
electrons/cc with our apparatus.

Up to this point we have considered cyclotron resonance purely
from a classical point of view. It would perhaps be beneficial to
examine whether this apnroach is strictly valid. If one solves the
Schrgdinger equation for a free nonrelativistic electron in a magnetic
field and includes the effects of the electronic spin, the energy levels
are found to be En,m = (2n + 1 + gem)pBH where n specifies the orbital
levels and m the spin's Zeeman levels (Figure 7). The applied electric
field couples to the electric dipole moment of the electronic orbits
to produce electric dipole transitions {(An = * 1, Am = 0) which leads to
cyclotron absorptions. The radiofrequency magnetic field induces mag-
netic dipole transitions (&n = 0, Am = % 1). Ding1e26 has shown that
the probability for a cyclotron transition is proportional to the effec-
tive electric dipole moment. Since this moment ( ~ e(average radius of

orbits) ~ 5 x 10'13) is much greater than the magnetic dipole moment
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(~ T 10-20) which determines the electronic spin flip transition
probability, the orbital transition is about 5 x 107 times more probable
than the spin flip. This higher probability can also be understood on
the basis of the continuous nature of the orbital levels (n = 0, 1, 2,

.). The electric field can excite a series of successive transitions
limited only by its strength. In addition, all of the electrons con-
tribute to the diamagnetic process, whereas only the statistical excess
{~ uH/XT n) is effective in the Zeeman case. Therefore, the possible
spin resonance would be "lost" in the much stronger cyclotron transition,
even though the two resonances occur at a slightly different frequency
due to the fact that ge is not exactly equal to two. These same reasons
apply %o explain the higher sensitivity of cyclotron resonance compared
to all paramagnetic resonances.

The foregoing considerations are sufficient to enable one to measure
abundances; however, we have carried the analysis one step further and
applied the Boltzmann transport equation to the problem. The details
of this work will be left to the Appendix and only the results will be
summarized hefe. The Bbltzménﬁ theory t;kes into acédﬁﬁt thé perturba-
tions in the electronic velocity distribution imposed by external forces.

The transport equation has the form

3i(v,x)|  dily,z) 33 (v,x)
| = +vVilv,r) +a - ———, (7)
d e ot v

vhere j(x,g)dx dr is the number of electrons having respectively their

velocities and positions in the range between (y,r) and (y + dyv, r + dr),
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8 1is the externally imposed acceleration of the electrons, and.g% o

is the change in j(v,r) due to collisions. It was assumed in solving
equation (7) that the collisions are predominantly elastic, that

J(¥,r) is independent of spatial coordinates, and that the electrons
are in dynamic - not thermal - equilibrium with the gas molecules. All
of these assumptions are reasonzble under our experimental conditions
and in the low energy region (< 1 ev.) in which we are working. The
resulting solution for j(x) has been applied to find the power absorp-
tion by setting

P=J3 E=ne(v) B =nn? - {vilvidy .
~ ca c ~ ~o . -~ o~

In order to carry out the scintica 7c- i{v' sone assumption about

the dependence of the wear. free path on vzioeity, A(v), must bé made.
j(x) has been solved to first order in velocity with two separate
assumptions about A(v). The simplest assumption of constant mean free
time leads to a Lorentzian line shape independent of the heating effeet
of the incident power. This result is expected qualitatively since the
assumption does not allow the electrons to warm up. The other, and

perhaps most reasonable, simple assumption of constant mean free path

leads to the much more complicated expression for the power absorption,

ucegEcgh .

P_= g(x, ,a) (8)

- . / [N 2 2
2 g5 (wp)t/® L
where
Jf x2(x + X + a)a_l e * ax
glxy,0) = 2 = (9)
1/2 a =%

u/\ T (x + X+ Q)" e T dx
o
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1

is a dimensionless line shape function, 3 =3 mxz(Am)g/kT, and

o= %ﬁ (eEO?»/2kT)2.

This parameter ¢ can be given a physical interpretation. Since there

is an equal a priori probability that a given electron has any phase

@ with respect to the radiofrequency field, we may assume that the
average energy gained per electron ZE in a mean free path is one-half
the net energy gained by two electrons initially moving in the opposite
directions. The electron out of phase will lose energy while the in-
Phase electron will gain energy. At exact resonance, w = wc, an elemen-
tary calculation yields Zg = The energy loss per
elastic collision ZL will be given by (2m/'M\.(3kTe/2), where M is the
mass of the scattering molecules and T, is the "effective" temperature
of the electrons. Therefore O can be expressed as 3(Te/T)2 .(Zg/ZL)'
At high power levels ZE ~ ZL’ s¢ @ is a measure of the square of the
effective temperature in units of the gas temperature; while at low

powers T  ~ T, 0 O now measures Eg/ZL' g(xl,a) can be expressed as

l/2 ‘I’(3,C¥ + 3; Xl + CZ)

4
glx,,a) = — (x, + Q) ’
1 St ¥(3/2,a + 5/2; % + Q)

where the ¥'s indicated are confluent hypergecometric functions of the

27

second kind. Unfortunately, these functions are not tabulated for
usefully large values of & (average experimental values of & are of the
order 10). Numerical evaluations of dg/dH have been performed for

@ =0, 1, 2. These curves are shown in Figure 8 and indicated analyti-

cally in the Appendix. An elementary approximation for & > 1 [equation
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1

is a dimensionless  line shape function, 3 =3 mxg(Am)e/kT, and

a = %ﬁ (eEO?\./2kT)2.

This parameter @ can be given a physical interpretation. Since there

is an equal a priori probability that a given electron has any phase

@ with respect to the radiofreguency field, we may assume that the
average energy gained per electron Zg in a mean free pathlis one~half
the net energy gained by two electrons initially moving in the opposite
directions. The electron out of phase will lose energy while the in-
phase electron will gain energy. At exact resonance, w = wc, an elemen-

1 0ef5 2.2 /)

tary calculation yields Zg =z (e B 1 /4w The energy loss per

no!

elastic collision EL will be given by (2m/M‘.(3kTe/2), where M is the
mass of the scattering molecules and T, is the "effective" temperature
of the electrons. Therefore & can be expressed as 3(Te/T)2 -(ZE/ZL).
At high power levels ZE ~ ZL’ 80 O 1s a measure of the square of the
effective temperature in units of the gas temperature; while at low
powers T_ ~ T, 0 O now measures Zg/ZL’ g(xl,a) can be expressed as

1/2 ¥(3,0 + 3; Xy + a)

N
g(x,,a) = — (x, + Q) ’
1 St ¥(3/2,a + 5/2; x + Q)

where the ¥'s indicated are confluent hypergeometric functions of the

27

second kind. Unfortunately, these functions are not tabulated for
usefully large values of & (average experimental values of & are of the
order 10). Numerical evaluations of dg/dH have been performed for

@ =0, 1, 2. These curves are shown in Figure 8 and indicated analyti-

cally in the Appendix. An elementary approximation for o > 1 [equation
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(23) Appendix] is given by

= 2101 4 x.2/160)
1
g(x,,a) = e V2 , (10}

and
() % (x) pp ¥ 0922, (11)

vhere (xl)i and (xl)l/2 are respectively the values of x, at the
inflection and half-maximum point of g. It is interesting to note that
(11) leads to a line width proportional to (E/h)l/e which is consistent
with a result derivable from elementary considerations at high powers.
The limiting heating, within the assumption of elastic collisjons, is
obtained, as mentioned above, when the energy gained by the system in a
mean free path is lost in the concluding collision with a molecule of
mass M. Expressing Zl as (Em/M)(% v 2) = mgke/MTe, where v is the
average velocity of the electrons, and setting Zg = Ze’ we obtain simply

that

1/ = O.707(M/2m)l/u(eEo/m}\)l/2,
vhich compares remarkably well with

(&), 7y = 0.74500/2m) (e _fun) /2,

1/2 =
from equation (11). The low power results (a.S 1) indicate a line width
independent of power, as expected. The expression for the mean free

path obtained from the curve for a = O (Figure 8),

A = 0.373 -(A—ér cm, (12)
1
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is consistent with the similar expression
A = 0.437 12%7— cm, (13)
i

derivable from simple Lorentzian theory.

Because of the intractable nature of the integrals invelved,
solutions with other assumptions for A(v) have not been carried out.
It would appear that the theoretical limit to the application of simple
diffusion theory is imposed by the increasing effectiveness of inelastic
collisions as one proceeds to high power levels. The point at which
inelastic collisions become lmportant experimentally can be egtimated
in the following menner: The ratio of the effective temperature of the
heated electrons to that of unheated electrons will be proportional to
the ratio of the squares of the average velocities in the two cases - i.e.,
o 2 NI
Te/T =V /vo N
Mo /T

If we again assume that A is relatively independent of velocity, then

T /T > 8H/0H 7,
vhere OH and AHO represent respectively the experimental line widths at
finite and vanishing power levels. If we assume that the onset of apmecidie
inelastic processes is determined by the excitation of the first electron
level of the nitrogen molecule at 6 ev (A3 L), then there will be
sufficient spread in the energy distridvution at 3kTe/2 ~ 4 ev to excite
these levels. Therefore, if AH ~ 10 AHO(BkT/2 ~ 0.04 ev), we should

expect deviations from theories derived by an elastic assumption.
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D. EXPTRIMENTAL RESULTS
ABUNDANCE MEASUREMENTS

Since neither an extensive nor a systematic series of abundance
measurements under a variety of conditions were contemplated or carried
out, only typical observed densities will be reported here. To calibrate
the absolute sensitivity of the apparatus for paramagnetic resonance, a
small carillary, containing 1016 Mh2+ ions in solution, was placed along
the axis of the test cavity and the signal intensity of one of the six
hyperfine components -~ i. e., 1/6 x 1016 spins - was recorded at a detec-
tor power level of 7 milliwatts. The average line width of these lines
was about 40 gauss. After this calibration was made, then equation (6)
was used to establish relative abundances.

In a nitrogen afterglow at a measured nitrogen pressure of 6 mm's
of mercury withe 0.2 percent imrurity of oxygen, one 0.5 gauss hyper-
fine component of the N14 resonance had & signal height of 2 relative
to one of the calibrating M’n2+ hyperfine components, when observed at
a detector power level of 2,7 milliwatts. Using these experimental

values, we find an approximate density of

N(N) & 4.2 x 1013 nitrogen atoms/cc,
- i.e., the gas was 0,02 percent "active". Under these same conditions,
the signal height of the atomic oxygen resonance (J = 2, g = 3/2) was

1/12 that of atomiec nitrogen. Hence, an atomic oxygen density

n(0) = 3.9 x 102 oxygen atoms/cc.

The small nmumber of oxygen molecules present (% 4 x 10t per c¢) have
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a higher (1 percent) activation than the nitrogen molecules (0,02 per-
cent), as one would expect from the lower dissociation energy of oxygen.
The chief difficulty in making good relative electron abundance

determinations lies in the estimation of the integrals fncﬁzdv and
fnSszv. By considering the analytic expressions for the electric
field configuration given in an earlier section we have estimated that
the average electric field over the volume of the flow tube is 0.0

times the maximum value. Using this estimate equation (6) can be

rewritten
nCvC ~12 (HSS) (AHC 2(PLS 2 Smc (6 )
e =33 x 1077 (75 @) G @), '
ZE;VS an+ HSc AHs PLc Sms

where the extra factor (PLS/
-2

H” o PL. At a measured pressure of 5mm's, the relative signal height

PLc) has come from the fect that o=

of the 292 gauss cyclotron line is 27,6 with respect to the calibrating
Mh2+ line, when the detector power level was 0.38 milliwatts. The
density thus obtained is

7 electrons/ cc.

n(e) = 8.4 x 10

A& sharp experimental low power cyclotron resonance is shown in Figure
9 and is to be compared to the broad high power curve in Figure 6.

Careful searches were made for the paramagnetic resonances of the

2D and 2P metastable states of atomie nitrogen, molecular nitrogen oxide
and peroxide, The negative results of these investigations indicate

the following maximum densities for these species:
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FIGURE 9: Derivative of a sharp cyclotron resonance
absorption line obtained at low r.f, level
(1,9 microwatts at the detector),
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2

a(®D or %P N) € 1032 atoms/cc,

13

n(NO or N02) < 10~ molecules/cc.,

However, the real power of the cyclotron technique was revealed
when the never-before-observed electrons in the pale green air afterglow
= i.e., 20 percent oxygen and 80 percent nitrogen -~ gave excellent
signals. Because of the low abundance of active nitrogen no atomic

signals were observed, so

n(N) < lO12 nitrogen atoms/cc.
However, the expected enhancement of the atomic oxygen signal was

observed. The air afterglow at 4 mm had an approximate electron density

n(e) = 10° electrons/cec.
The mechanism for the generation of these electrons is not established.
It may be thet a small trace of active nitrogen, not "used up" in
dissociating oxygen, would be sufficient tq maintain this electron
density. It is interesting to note that, in contrast to the "pure"
nitrogen case, the electron signal intensities in the air afterglow.
decrease with pressure and disappear at 7 mm. This curious behavior can
perhaps be understood on the basis of the abnormally high electronic
attachment coefficient of oxygenj as the pressure increases the proba-
bility that an electron will be captured and removed from the plasma

before absorbing an appreciable amount of energy will also increase.

COLLISION CROSS SECTIONS
One of the difficulties enountered in carrying out a systematic

study of the experimental line width as a function of incident power and
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Pressure was the presence of a background impurity paramagnetic signal
at g = 2.0. This extremely sharp resonance @AHi < 0.5 gauss) which
seems to be produced in the walls of the quartz flow tube by the action
of the afterglow, can be eliminated by heating the tubing to between
600° to 800°C, However, the spurious signal returns within a short
period of subsequent exposure to the afterglow. The annoying aspect of
this impurity lies in the fact that it does not appear at very low
powers, where cyclotron resonance is simple, because of the reduced
sensitivity for psramagnetic resonance$ while it is saturated out at
high powers, where cyclotron resonance is complicated by inelastic
collisions, because of its long relaxation time. It appears only in
the 10 to 100 microwatt range of detector powers (& of the order 10)
where the interesting things are happening in the simple cyclotron
theory. The sharp impurity line, which produces a distortion in the
experimental cyclotron curves, seems to be due to the paramagnetic
behavior of scme type of vacancy generat=d in the quartz by either the
active nitrogen, electrons, or radistion from the discharge. It was
also diffisult to avoid distorted line shapes at low power levels, since
the klystron frequency cannot be closely monitored for exact tuning.
However, the relatively reliable data obtained for nitrogen after-
glows at pressures of 2, 3, 4, and 5 mm's of mercury and powers from
2 microwatts to 8 milliwatts and for an air afterglow at 2 mm's of
mercury are plotted in Figure 12. The data at high levels scems
generally to obsy the expented AH oc Pl/h relationship, Curves of

/
OH oo (E/h)]"2 are plotted also for comparison. The horizontal axis
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represents the measured power level at the detector, which is 0.195
times the power dissipated in the cavity. The deviation of some of

the data from simple behavior may perhaps be to some extent explained
by inelastic collisions. For example, some of the values of AH for
pressures of 2 and 3 mm have increased by a factor of approximately

ten from their low power values and hence from an argument in an earlier
section we might expect elastic processes to be important.

Combining equations (12) and (13) with the experimental power
limits for AHi, calculations of A and normalized collision probabilities
P, = (A4$m9-l, where p  is the pressure in millimeters of mercury, have
been made are tabulated in Table I. In this table the subscripts D and

L denote respectively diffusion theory and simple Lorentzian theory

quantities.
Table I
Pmm Hi D L (Pc)D (PC)L
gauss cm cm (em ~ mm of Hg)"-1

5 170 2.19 x 107 2.57x107  9L.5 77.8
b 100 3.73 ba37 67.0 57.2
3 L2 8.88 10.4 37.5 32.0
2 17 21.9 25.7 22.8 19.5

E. CONCLUSIONS
There seems to be no doubt that cyclotron resonance can be used, to
sensitively detect and, under suitable conditions, to measure the densities

of charge carriers in a plasma. The values obtained in our experiments
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compare favorably with densities of approximately 108 electrons/cc
deduced from less sensitive microwave conductivity measurements.9’23
Because of differences in flow rates, methods of excitations, and pressures
it is difficult to make an exact comparison between these values. The
technicue could perhaps be fruitfully applied at lower radiofrequencies
to measurements of heavier ion densities,

To understand the line shape theory, molecular nitrogen is rather
an unfortunate place to start since the collision properties of molecular
gases have anomalous features among which are the apparently very large
energy losses in elastic collisions = i.e., each elastic collision seems
to take up at least 20 times the expected 2m/M fraction of the average
value of the electron's energy.28. The valyes of Pc obtained seem to
be at variance with the previously determined value 15 (cm = mm of Hg)-l
for 0.039 ev electrons in molecular nitrogen.lo

If suitable companion computational facilities for calculation of
the diffusion integrals were available, it would seem worthwhile
studyinc the afterglow electrons with simpler noble gas atoms as the
main collision centers —~ i.e., just enough nitrogen would be added to,
say, helium gas to maintain a continuous electron production. This
suggestion points up some of the limitations of our simple technique,
since its convenience rests on the rather unique nature of the nitrogen
afterglow,

This research has been supported in part by the Research Corporation

and the U. S. Atomic Energy Commission.
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F. APPENDIX

DIFFUSION THEORY CALCULATION OF POWER ABSORPTION

Qur treatment of the Boltzmann transport equation,

9] 03 93
=] s=tyeByea—, (7)
ot le 0t ~ ~ ~ az

generally follows that applied by Marganau29 to the problem of non-

resonant microwave electron conductivity. In our case

o

a = E""' vao

o

C

=

We shall assume, as discussed in the text, that we have a circularly
polarized electric field in the xy=-plane and 2 maghetic field in the

z-direction. So
a = (v cos ut + wbvy)} + (v sin @t -~ w v )},

where Y = eEo/2m and w, = eH/me. The solutions of (7) can be expressed
in terms of the spherical harmonics of the veloecity. It is sufficient
for our purposes to keep only terms of first order, so

3(v) = 3,(v) + v, [5,(v) cos wt + g (v) sin wt]

+ vy[jz(v) cos wt + gz(v) sin wtl. (14)

From kinetic theoryBO it is found that the discontinuous change in

j( v ) due to elastic collisions is expressible as

L., 3
a3 1 m? vtj KT 9o vo 9j
th ee V- MOv A My~ dv A Ov
F | v
- =-=F, (16)
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where F = v_j, , Vyj2’ V81 s y8ae The second term in (15) is small
but necessary if jo is to approach a Boltzmann distribution as the
electrons approach thermal equilibrium. If we assume that j is inde=-
pendent of spacial coordinates, then (7) becomes

3j v

== [ (3 coswt+ g, sinawt)v. + (j, cos wt + g, sin wt)v ]
dv lee A o 1 x 2 €2 ¥y

+

w [(gl cos wt = J; sin wt)vx + (g‘,2 cos wb - j, sin wb)vy]

+

w, [(gl sin wt + j; cos wt.)vy - (g, sin wt + j, cos ut)v ]

+

v
ylcos wt( ;’—CK + Jy cos wb + g sin wt)

<

~ sin wt( ;xK + J, cos wt + g, sin wt)d, ' an
where
ajo ajl agl sz agz
K=—w+vy (e cos wt + === gin wt) + v_ (~—= cos wt + = sin wt ).
dv dv v y ov ov

Equating coefficients of respectively v sin wt, v, cos wt , vy sin b,
vy cos wt, and the time average of their products, five independent
linear equations are obtained which can be solved for jl’ j2, 811 8By

and j . We find

93

2 2 2171 o

3 = 8 = = M+ A, + )] ----av .
'Y?\.z ajo

2 ,,2 211
Jo = =g = == [v© + N(w, + )] —=
2 1 v c dv
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2

Y.ZA.M 93

3 --{1+-—-—-[v2+7\,2(w +w)2]_1 -{9.
(o] 3KT c dv

The power absorption then will be found from

Pa=;’.'§=e(vxEx+vyEy)

=my [cos wt v j(v)dv + sin &t [ v_j(v)av]
‘/;f' JJ o' . f y ~ ~

v

When the time average of Pa is carried out

P, = & [ J; v, 23 (Vav + fv vyzjl(}:)*x']

~ ~

2,
%1 J; v (v

~

- 4 f vy (pay,

(18)

The equations that must be solved with some assumption about A(v) are

aj X +
Jo. . <) 3, (19)
Ox x+x1+a.
and
Am ymv -1.
3= L2 E) x+x + )5, (20)
1 2xr kv 1 °
where
x=% z/kT.

1. Constant mean free time assumption In this case equation (19)

becomes
03, /ox = = (/1)1 »

or

jo = Ae—(T/Tc)x ’
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where

rue 1 =) ]

T =T7[1+ >
e KT 1+ AW

and A is a constant of intesration determined from n =/ j (v)dv.

Therefore -
2y 1 f°°° w2 ~ugy
Pa = ( 2A 2 ) .
3 1edad e a2y,
ezEOZT 1
- (———) , (21)
1+ 0

which is independent of the power level. However, in determining the
mean free path from experimental line widths, one would use an average
velocity v = (BIcTe/m)l‘/2 .

2. Constant mean free path assumption: For A = constant, equation

(19) integrates immediately to give

YOt XNT
a'o”—(xl )e . (22)
+Q
x+x+cx (75-1._x
jl < ) e ,
2kT(ﬁ*a):Tv: e

which in turn leads to

n'yz?\,(zmj l/2f x(xl+a_+x)al"'x

P
a 00 1/2
3 o

and

(x1+a+X)

o ne% 2

Pa 6J- (ka)l]— gla !xl)s (23)
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vhere

© 2 0=
fo x(x1+a+x) le-xdx

(a,x) = L
8Gx1) foooxll?.(xl +q + x)a e Xax

As pointed out in the text, g can be expressed in terms of solutions of
the confluent hypergeometric equation,
A simple approximaticn can be made if g is written

®
fo Fl-(a :xnﬁ)dx

glax) = —5
S R Fz(a,x,_xl)dx
and if it is noted that both Fy = x.z(x tx o+ a)a-l e * and F, =
xl/ 2(x + x + a)® ™ are sharply peaked around their maximum values
F(xm) » 8ince then the line shape can be expressed as
F.(x)

FZ(xm) ) sz

where the Ax's correspond to half widths of the F'e. In fact, because

of the general similarity of the F's, to first approximation (24)

reduces to ( )
Fo(x
g @ —=—E- (25)

By setting the second derivatives of the F's enual to zero and assuming

Va > 1, we obtain-the following estimates of the x,'s:

-1)% - - D2(x, + a)1V/?
(xm)l - [a(xi + a)]l/Z [ 1 * ﬁ ) h(ﬁ‘ ) xl a) ;;],
16(x1 + @)

‘a1z (x, = 1/2)2 - 2(x, - /2)]2(x, + a)¥?
g A5V SRLELEL )
2 h(xi + a)




31

These estimates in turn lead to an approximate line shape function

-5 2
- + 6a
e
glx; o) « e (26)

The solution of the simple cubic ecquation for the half-width-at-half-
maximum of (26) is given by
()17 = 0-92V3
This value also approximates numerically the inflection point (xl) 5 of
(26).
The algebraic expansion of =cuation (21) leads to the following

values for dg/dH at a = 0, 1, aud 2

& | @ VR g2+ x)e 1) [- 5 (=) = (@ + x)],

gﬁ' a=1 ¢ '/q (2xl * 5)-2 !

24— +
e fx{hxl 2% + 21

————

(12, % + 12 + 15)°

.

dg
dH

These functions are normalized and plotted in Figure 8.
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