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STUDIES OF MICROWAVE GAS DISCHARGES - I

T,M, Shaw

L INTRODUCTION

g This report contains further results of a study of some of the tactc. . that
influence the production of atoms from simpie diatomic gases in a gas

g discharge mraintained with microwave power, The report also presents
information concerning the mcasurement of atom concenications by the
application of electron paramagnetic resonance (EPR) techniques, Most

g of the material presented supplements the results contaired in an earlier

g

e
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report (TIS RSSELM 115)1 hereinafter referred to as I, which should be
consulted for details of the earlier work,

The major topics considered in the present report are the following:

1) the use of electron paramagnet:: resonance (EPR)
g techniques for the quarntitative measurement of the
number of atoms produced in a hydrogen discharge,

3) the influence of water vapor on the production of atoms
in a microwave dischzrge in hydrogen,

frequency of electrons in a hydrogen dis;:harge, and the

. g 3) the measurement of the density of electrons and the collision
% correlatica of these factors with the production of hydrogen

atoms,
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THE APPLICATION OF ELECTRON PARAMAGNETIC RESONANCE
(EPR) TO THE STUDY OF ATOM PRODUCTION IN A GAS DISCHARGE

It the previous work, I, EPR spectroscopy was used primarily as a means
of establishing the absolute rate of production of hydrogen atoms ina
microwave gas c¢ischarge., EPR and calorimetric measurements were
perforimed simultanecusly to make a direct comparison of atom density '
and thus to establish a calibration of the calorimeter which waé used for

the routine measurement of atom production, ;

As a result of the experience gained with the EPR method in I, the present
program was directed toward three areas., 1) Xr'nprovement of accuracy
was sought in the quantitative measurement of atom concentration based
on the intensity of EPR signals, 2) A high frequency modulation ‘
spectrometer was applied to the problem of reduciué the time required

to achieve a satisfactory EPR signal. Such an improvement would per-

mit the use of EPR techniques for the measurement of atom concentrations

in situations where the atom concentration is changing rapidly. 3) EPR

techniques were applied to the study of atom diffusion,

A, Quantitative Measurement of Atom Concentration

On the basis of the direct comparison between EPR measuremente and
calorimeter measurements discussed in I, it was concluded that the .
accuracy of the EPR measuremeats was poor because of some anomaly
associated with the use of solid diphenyl picryl hydrazy! (DPH) as a
reference standard of EPR intensity, Ii appeared that the number of
unpaired electrons in tha standard was approximately one-haif of the
expected amount, As a rerult, the atom roncentration obtained from the
EPR measurements was consistently about twice as large as the calori~
metric result,
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Although in principle it is not necessary to use a reference substance

to make EPR intensity measurements, a reference material is usually
employed because of the difficulty of making measurements of the micro-
wave and related electrical parametera required for an independeut
determenation of intensity.
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A survey of readily available solids which have properties guch as an
appropriate EPR line width and spin concentration which make them
guitable for a permanent reference standard showed that none were

well suited, Further consideration of the problem showed that standard«
ization might be accomplished more readily by a calibrator sirailar to
the Watkins-Pound calibrator” used at r-f frequencies for nuclear mage
netic resonance measurements, Such & device would serve ag a second=
ary intensity standard and, for narrow LPK lines at least, would allow
intengity measurements to be made solely in terms of the pertinent
microwave electrical parameters,

v
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In a conventicnal microwave spectrometer of the type used in EPR
spectroscopy, the signal observed arises from a change in the Q of

a resonant cavity which, in turn, results from a change inX','
imaginary part of the complex magnetic susceptibii 'v of the para-
magnetic material, 2 Ir. a spectrometer empioying reflection type
cavity,the ckange in Q is manifest by a change in the voltage reflected
from the cavity,

L 3 N
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g o

It was found that the £EPR signal can be simulated in a nuiber of ways,
The scheme finally adopted utilizes a small rotati.g metal dipole to
produce o reflected voltage ia the gpectromeier circ:its synchronous
with the voltage reflected from the EPR sample ca ity. The dipole

ig rotated by a 1500 rpm motor driven by the 50 c¢ps 1 poctrometer
modulater. The frequency of the reflected voltage ¢ :rr. 3ponds to
twics the {requency of rotation, The dipole signa® is . nuplad into the
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it

spectronicter microwave circuits by means of a calibrated directional
coupler and may be used to place a cziibration marker on the recorder
chart at any time, This calibration marker is obtained under identical
conditions of spectrometer operation as used in recording the unknown
EPR gignal, A detailed description of the czlibration procedure is
given in the appendix, As shown there, by means of a singie graphical
integration of the recorded derivative of th2 EFR absorption in con-
junction with the calibration data from the calbrator, one obtains

X" = X" (H), the imaginary part of the paramagnetic susceptiility

as a function of the static magnetic field strougth, H,

The nur? :: >f paramagnetic molecules per unit volun.2 in the sample,
f9 . . wud foom XY by means of the x‘el‘atlorus,2

N,
X, = 3k'rx0/v%2;;:s +1]) (1)
2wl @
Xo u (27]/7 W) X''dH, (2)
(o]
whare

Xo is the static susceptibility,

v {8 the elzctron gyromagnetic ratio equaltog /R,

w is the angular frequency of the linearly polarized
microwave magnetic fiels,

% is Planck's constan’ civided by 2%,

k is Boltzmann corstaat,

S is spin quantum aursber,

T 1is absolute ‘emnerature,

e
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Equation (2} which relates X o and X' can be derived {rovi the Kramers-
Kronig relation

L
Xo'—z_ ‘Xu:—. do ©)

(+]

subject to the restriction that the resonarce ir sufficiently narrow
with respect to frequency that (1/w ) reay be lzken outsile the iutegx-.axl.s'6
Then, making use of the resonance relstivn: = 71, equation (2) follows,

The use of equatio:. {2) 1» also justifiable for magnetic resonances gatis~
fying the Rloch equationa.s

T Cnid | toi-e Sy [ oSNz e g DRLAD

Application of equations (1) and {2) and the calibration procedure described
in the app:ndix were made to obtain the density of “vdrogen atoms in the
gas stream flowing from a microwave discharge in hydrogen. The
experimental arrangement used is shown schematically in Figure L

This is basically the srame arrangement used in I and provides ior
simultaneous determins .ion of the rate of prrnducticn of hydrogen zloms

in the discharge from the hydrogen EPR resonance and by a calorimetric
determination from the energy of recombination. Figure 2 shows a photo-

graph of the epectreineter and calorimeter, Figure 3 is a closeup of the
spectrometer showing the microwave components which make up the calibrator,

The calibration procedure used in making a determinatiun of the density

of hydrogen atons by means of the EPR resonance is similar to that
described in the appendix for the tests with manganous sulphate, Alter

the discharge has reached steady running c¢nnditions, the curve represent
ing the derivative of the EPR *bsorpt on is recorded on the chart recorder,
A record is made of tie sp : ‘reter operating conditions, in particular
b H_, the modulation azap.y ' +, and the rate of change of the magnetic
sweep {leld. {mmediately after recording the rssonance, the moter-

area [ STy [~ EndeAlS St

driven dipole is started and the attenuator ahead of the dipole is adjusted
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FICURE 2. PHOTOGRAPH OF EPR SPECTROMETER AND
RECOMBINATION CALORIMETER ARRANGEMENT

Microwave Bridge and Calibrstion Equipment
Gas Handling Equipment

Spectrometer Magnét

.  Calorimeter
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FIGURE 3. PHOCTOGRAPH OF MICROWAVE BRIDGE AND
CALIBRATION EQUIPMENT
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1. Klystron 8. Matched Termination
. 2. Uniline 10. Crystal Mount
3. 20 db Cross-Guide Coupler 11, Matched Termination
4., Wavemeter 12, 20 db Cross-Guide Coupler
5, Waveguide Swrtch 13.  Adyustable Attenuator
3 6, Thermistor 14, Phase Shafter
7. Hybrid Tee 16, Motor Drven Dipole
8., Slide-Screw Tuner 16, Mat.hed Termination
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to give a deflection of the recorder pen of roughly the same amplitude
as the peak of the resonance signal, A final reading is taken after
adjusting the phase shifters in both the dipole motor-drive circuit

and the microwave circuit to achieve maximum deflection of the re=
corder pen. Figure 4 shows a typical chart recording of the EPR
absorpticn derivative signal for hydrogen atoms and the calibrat

i SR TR S PV DUV SRV SO pOn 7y
S R o R SR

[ N

record,
'
8 It is essential, of course, to establish that the EPR absorption signal
1{ ’ iz cbtainedfor cond!tioué of négligible r~f saluration, In the work done
‘ £ ' . g here, all data were obtained with not more than 0, 5 mifliwatt incident
1 i on the gpectrometer cavity, At this power level, no evidence for r-f
' % ' saturation wag obtained,

"
R Yo

g All operatinrg parameters for the spectrometer are maiutained constant
vhile recording the EPR and the calibration signals, For the measure
ments made here, a specially calibrated{iap attennator was used. For

g the highest accuracy, a precision attenuator of the rotating vane type
is recommended, For this type of attenualor, the phase shift is

g negligible and the attenuator exrror is 0,1 db or less,

g

LZatai olg)

Table I summarizes the results obtained by an application of the
procedure outlined above to obtain the density of hydrogea atoms in
the gas flowing from a microwave discharge in hydrogen, A coraparie
son I8 made between (“a)EPN {the density of hydrogen atoms in the
stream as determined by EPR measurements) and (na)c (the density
derived from a calorimetric measurement of NA’ the number of
hydrogen atoms recombining in the calorimeter per second, the
pressure in the discharge tube p, and the {low rate, F.)

Comparison of the results presented in Table I with those obtained

“g-
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: TABLE i, SUMMAKY OF EPR AND CALORIMETRIC DATA FOR HYDROGEN
i
R
oo £
| & Experiment p F Ny (nale LR
§ . Number inm Hg Moles /sec Moles/sec Atoms/cc Atoms/cc
c=10/1 0. 60 49 x 1078 16.4x10°° | 0.65x10® | 0.59 x 106
d-10/2 0. 40 49 x 1075 14.2x10°8 | 0.38 »10'® | 0,38 x10%®
e~10/2 0. 40 49 x 10”8 14.2x10°% | 0.38x10" | 0,37 x 106
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earlier when DPH was used as an intensity standard (see Table V of I)
shows a significant improvement in the correlation ! etween the results
of the EPR and the calorimetric measurements, However, the close
agreement of the numerical values shown in some instances is
probably fortuitous since no account was taken in the calculations

of the loss of atoms due to recombination 12 the portion of the dis-
charge tube between the EPR cavity and the caiorimeter, Although
this loss is probably less than ten per cent, in the absence of a specific

correction for it, {n a)C should be less than (na)EPR'

The EPR results obtained with the aid of the calibrator permit a
comparison of the EPR and calorimetric determinations of n, for only
a limited range of hydrogen pressure and flow, However, the good
agreement shown in Table I between the values of n, obtained by the
two methods appears to show that the calibration procedure described
in I is the source of the discrepancies reported earlier for the
calorimetric and EPR methods (see Table V of I).

Further support for this conclusion was otiained by making, with the
i aid of the calibrator, an EPR determinatior of the number of unpaired
electrons contained in a sample of DPH. iue DPH was prepared
according to the same procedure used in making up the standards
used for EPR intensity measurements in the previous work, The
results of this determination showed the number of unpaired electronsg
in the test sample to be only 43 per cent of the number expected on
the basis of the amount of DPH used to prepare the benzene solution
from which the test specimen was taken, In view of this result, it

is concluded that the discrepancies in the earlier results can be

5

e ety e e,
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attributed to a loss in paramagnetic activity of the DPH,
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B. High Frequency Modulation Spectrometer

The EPR spectrometer which was used in I and for the measurements
described in Section II-A of this report is of the low frequency medulation
type. In this spectrometer, the magnetic field is modulated at a frequency
of 50 cps and noise reduction is achieved by the use of a synchronous
detector in conjunction with an integration time of a few seconds., Thus,

to record a complete EPR signal such as that shown in Figure 4 requires

a time of a few minutes,

For many. potential applications of EPR, it would be highly desirable to
reduce the time required to obtain a signal., For example, such a time
reduction would make it possible to use EPR to follow rapid changes in
atom conrentration such as occur when discharge variables are adjusted
or to measure the rapid decay of atom concen{ration in recombination
reactione,

Recent developments have shown that in a high frequency modulation

spectrometerz’ 7

the time required to record a signal can be reduced
to about 10”2 second. A brief investigation was made to determine
the feasibility of usingthis type of spectrometer for measurement of

the concentration of atoms in the gas phase.

For a test of high frequency modulation, the spectrometer described
in I wasmodified as suggested by Benneit et al? A block diagram of
the principal components of the spectrometer is shown in Figure 5,

Probably the most critical component of the modified spectrometer

is the sample cavity, The essential requirement for the cavity is that
the walls raust be thin to provide an adequate magnetic field at the
modulation frequency (100 kc) at the sample, At the same time, the

-13-
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wall thickness must be sufficient to provide a good conductir.g path for

the microvave currents {9250 mc), This requirement has been meot
7,8,9

ee mwvian o sdde it cwovand

by various artifices, For the experiments reported here, the

cavity, Figure 6, was constructed of polystyrene with silver plated

. e

interior surfaces. The heavy polysty rene walls serve to avoid the
microphonic effects observed with thin metal wall cavities, Unfortun-
. i ataly, the Q of the completed cavity was low (~200) owing to the
difficulty of obtaining a continuous surface of silver on the polystyrene,

r —here o

%, test of the feasibility of the 100 k¢ modulation system was made
by recoraing EPR spectra for hydrogen and nitrogen atoms produced

R S st Lo abt A IO ST VL P
o

in a microwave discharge. The arrangemant of the discharge tuhe and
EPR cavity was the same as shown in Figure 1,

e

Ea R O3 I3 o s o El

=

The results obtained with the 100 k¢ modulation experiment are shown
in Figures 7 and 8, Figure 7 shows the lines for the atomic hydrogen,
together with a record of the signal obtained from a sample of DPH
which was placed within the cavity for calibration purposes. The DPH
was attached to the outer wall of the discharge tube and was contained
within the EPR cavity during the entire experiment, Figure 8 shows
similar data for nitrogen atoms exhibiting the characteristic triplet
spectrum, Since the spectra for the hydiogen and nitrogen atoms and
DPH were obtained for the same spectrometer conditions, an estimate
of atom concentration can he made readily by comparing the integrated
intensities of the spectra,

The results obtained with the 100 ke mcdulation system demonstrate
the feasibility of making fast measurements of atom concentration in

-
sfss

gases by EPR. Although the photographs shown in Figures 7 and 8 are
records of multiple scans of the spectrumni at a 50 cps rate, it is clear
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that a record of a single trace could be used which would make it
possible to distinguish changes in concentraticn cccurring within about
10°2 second, Experience with hydrogen atoms in a flow system has
shown that the lifetime of hydrogen atoms is sufficiently long that a
regolution time of 10'2 second is adeauate tc follow details of the
recombination process,

C. Diffusicn Techniaues

An important application of EPR spectroscony is the study of the
recombination of atoms on sclid surfacers, The essential advantage
of the use of EPR is that it provides for the measurement of the
concentration of atoms without the need for disturbing the syetem under
investigation, a problem which occurs, for example, through the use of
thermocouple probes or other devices of a similar nature which may
modify the local atom population, Previous experiments showed that
EPR can be used to determine the concentration of radicals produced
in discharge tubes, 10,11 In these experiments the gasenus products
from the discharge are pumped through a glass or quartz tube which
is passed through the cavity of an EPR specirometer. Fivure ] shows
a typical experimental arrangement ihat has been used for this pure
pose, The distance between the region where the atoms are produced
. and the EPR cavity is varied by moving the discharge cavity along the
discharge tube, In a flow system of this type, the interpretation
of the data is complicated by the fact that gradients in the atom popu~
laticn are produced both by the effects of atom diffusion and by effects
due to mass flow, A desirable gimplification would be aclieved if
flow effects could be eliminated,

An experiment was performed to determine if a sufficiently high cone
ceniration of hydrogen atoms {or obs2rvation by EPR could be obtained
by diffusion alone, The experimental arrangement used is shown in

-18-
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Figure 8. Hydrogen atoms were produced in a discharge at a pressure
of about one mm Hg and pumped through 2 25 rm ID tube, At a distance
of 35 mm from the discharge region, a 8 mm ID tube was attached to tiv:
larger tvbe, Both tubes were coated withDri~film to reduce the loss of
atoms due to wall collisiona. The smaller tube passed through the cavity
of the EPR spectrometer, Thus, the atomsobserved by the EPR spectro=
meter were required to diffuse from the main tube an average distance of
about 3,5 cm into the side tube., With this arrangement, EPR lines for
atomic hydrogen were readily obtained with a signal-to~noise ratic of

50 or more, A typical record for a line is shown in Figure 10, The
intensity of the line was varied by changing the power input to the dis-
charge., The concentration of hydroger atoms in the side tube at the

position cf the EPR cavity was estimated to be between 1015 and

mxs
before application of the Dri-film coating, The experiment demonstrates

the feasibility of using EPR with the diffusion technique to study the re-
12,13

atoms /cmS. No signals were observable in the same apparatus

combination ¢of atoms on surfaces, No attempt was made to deter=-
mine the decay of hydrogen atom concentration as a function of the diffusion
length, since the experimental arrangement used was not suitable for moving

the diffusion tube relative to the EPR cavity,
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I, WATER VAPOR AS A FACTOR IN THE PRODUCTION OF ATOMS
IN A MICROWAVE DISCHARGE IN HYDROGEN

14

it has been recognized that the
dissociat{on of hydrogen in an electrical discharge is strongly influenced
by the addition of small amounts of water vapor to the hydrogen., As
described in 1, a procedure which has been found to give a large and

Since the early experiments of Wood,

ER BB G 6e3  BES

stable yield of hydrogen atoms consists of the use of a ° yer of Dri-film
on the inner walls of the diacharge tube, together with the addition of

a few tenths ofa per cent of water vapor {o the hydrogen supplied to

the discharge, With dry hydrogen, the yield of hydrogen atoms is only
about 1/10 of that obtalned when water vapor is prvaem.ls The experi-

ments described below were performed in order to Sbtain more informa-
tion concerning the role of water vapor in the dissociation process,

A. I'PR Spectroscopic Observations on Hydrugen Discharge

Produs .8

A hydrogen discharge tube was arranged so that the Jdischarge could be
operated on 1) dry hydrogen, 2) hydrogen containing water vapor (HZO
or D,0), or 3} water vapor (H,0 or D,0). The experimental arrange-
ment used Is essentially the same as that shown in Figure 1 except for
the addition of appropriate plumbing to facilitate operation on either
or both hydrogen and water vapor,

In g_nersl, it was found that an intense EPR spectrum for hydrogen atome

fo T xS

R e i

was obtained when the discharge waa operated on water vapor alone or on
hydrogen contaiming a small amount (estimated to be of the order of 0.1
per cent) of either HzO or D,0. With dry hydrogen alone, the intensity
of the hydrogen atom EI'R spectrurn was reduced by about 10-fold, When

operating on dry hydrogen, the addition of 2 trace of efthar H’ZO ur D,O

T

4 resulted In gn immediate increase in the Intensity of the hydrogen atom

’
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g spec‘rum, 'Figure 1l contains spectra whick illustrate some of the
observations, Figure lla shows the derivative of one of the EPR lines

g for atomic hydroger obtained when the discharge was operated on dry
hydrogen at a pressure of about 0, 5 mm Hg. The sesuence denoted

g b, ¢, d etc, in Figure 1l shows the changes in intensity of the atomic
hydrogen line due to the addition of DZO vapor to the hydrogen supplied

g to the discharge., To observ~ changes in inten-
sity which occur with the addition of DZO’ the spectro~
meter was set on the peak of the signal forthe hydrogen atom

E resonance. The diescharge was operated on dry hydrogen and allowed to

come to equilibrium, The addition of a small quantity of water vapor (the
pressure change was not observable) resulted in an immediate increase in
signal by about 10~fold. A few seconds later, the D,0 valve was closed
and the signal decayed in a few minutes to the original value, The same
change in intensity was obtained when H,0 was added to dry hydrogen,
The agreement of the results for D,0 and uzo shows that the increase

in intensity is not to be ascribed to hydrogen atoms from H,0.

'

srud

L 4l Bl

b

B, Operation of Discharge on Water Vapor

When water vapor alone was used to opersaie the discharge, the hydrogen
atom EPR spectrum was gener: ‘ly sbserved, However, under some

STSHETHRS

conditions of pressure, flow rate, and power lnput to the discharz.,
number of other EPR lines were observed, QOr¢ group of lines wars

16 The other i= bzlie rad to be due
17

identified as due t5 oxygen tin -,

ey R 8 = &N Tl ER

to a cyclotron reaonance of electrons,

C. _Q_ng_gn Spectra

As mentioned above, the lines for atomic oxygen were observed only
under certain specific conditions of operation of the discharge., In
general, at higher pressures (a few mm Hg) only the llnes for atomic

(3 28 B8

1 hydrogen were found, Xor pressures near 0.5 « 1.0 mm Hg, lines
for both atormie hydr »gen and oxygen were observed; the spectrum

3

-23-
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for atomic oxygen counsisted of only a single broad lire, At lower
pressures, the hydrogen lines disappeared and only the oxygen line waa

PR,

obgerved. Finally, at a pressure of about 6,1 mm Hg, the 6-line
oxygen spectrum became resolved, These spectra are shown {n
Figure 12,

It is difficult to make a meaningful interpretation of the effects of pressure

. s A e dew

G N EE BN O DR R e

on the dissociation of water vapor in the discharge, as indicated by the
spectra shown in Figure 12, In part, this is to be attributed to the fact
that a number of phenomena determine whether or not a sufficiently high
concentration of atoms 18 obtained in the EPR cavity, In addition to
pressure~dependent dissociation processes in the discharge, there are
recombination processes on the walls and in the gas phase which are also
pressure dependent,

Under some corditions of pressure, flow rate, and power input to the
discharge, a broad line shown in Figure 13 was observed at a value of
the magnetic field appropriate to the g= 2,0 position. bSince the line is
not cbserved with hydrogen alone, but only with water vapor present in
the discharge gases, consideration was given to three possible sources:
1) resonance due to OH radicals, 2) resonance due to 02}{ radicals,

as cbserved in solids by Jen18 and by Livingston and Zeldes, 19 and
3) cyclotron resonance of electrons, As & result of the two series of

experiments described below, it was concluded that the unknown reson=-

Eaad

ance was due to cyclotron resonance of electrons,

D. Collision Experimentas

in order to obtain O,H for possible observation of the EPR spectrum,
the discharge apparatus was modified to allow atomic hydrogen pro-
duced In the discharge tube to interact with molecular oxygen within

e @E
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(Spectra a, b, and ¢ were recorded
with fast magnetic field sweep to
show relative positions of lines only;
d and e were taken with slow sweep.
Examples of the lires shown in a and
b taken under slow sweep conditions
are to be found 1n reference 1.}
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the EPR cavity, According to 2 study by Foner and Hudson, 20 the

reaction of H and 02 results in the production of sufficient 02H to
identify by a mass spectrometer,

The modified gas discharge apparatus is shown in Figure 14, The dis~
charge is operated in the usual way, and the products of the discharge
are pumpsd out of the discharge and through the EPR cavity, A small
diamater tube allows a foreign gas to'be mixed with the discharged
gases just at the upstream end of the EPR cavity., Thus, any products
of the reaction are immediately (within about one millisecond) swept
into the EPR cavity for observation, The results of an experiment in
which oxygen, nitrogen, and hydrogen were individually mixed with
discharged hydrogen are shown in Figure 15, I all cases,EPR lines
were observed for hydrogen atoms at roughly the same 1=tensity,
independent of the presence of a foreign gas, When oxygen ig intro-
duced, a broad resonance near the g = 2, 0 position is ohserved, The
position and width of this resonance is generally similar to that observed
with water vapor in the discharge,

Measurement of the g-value of the broad line observed with water vapor
and by reacting the products of the hydrogen discharge with oxygen gave
in all cases a value slightly less than the value for an unperturbed
electron (g » 2, 0023), The measurements are summarized in Table IL
The estimated limit of error for the g~value measurement is + 0, 0305,
The g-values found for the broad resonance ranged from 2,000 to 2, 001,

TABLE lI. SUMMARY OF g~VALUES

Hgo 2, 0012 + 0, 0005

DZO 2, 0005 + 0, 0005

H+ 02

reaction product 2,0003 + @, 0005
-28-
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a. ESR spectrum for hydrogen atc
produced in microwave discharge
hydrogen.
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b, ESR spectrum obtained when
ducts of hydrogen discharge were
mixed with molecular oxygen,
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d. ESR spectrum obtained when
ducts of hydrogen discharge were
mixed with molecular nitrogen.
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FIGURE 15. ESR SPECTRA
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On the assumption that the broad resonance was due to electrons, it was
apparent that they may originate in two ways. In one case, when the
aischarge is operated on water vapor, the electrons appear to be pro-
duced in the dis¢harge and are transported or drift into the EPR cavity
where they interact with the electric iield and give rise to a broad
cyclotron resonance. In the other case, interaction ¢ discharged
'hydrogen with exygen results in production of electroni, 7 wther
discussion of the electrons which appear to originate in the discharge
will be presented later in Section lIII~E, The following discuseion is
concerned with the origin of the electrons which result {rom interaction
of the diecharged hydrogen and oxygen.

Although it is possible that electrons may be produced in this intere
action by a number of different tmechanisms, the most likely one appears
to be lonization of molecular oxygen by hydrogen atoms or molecules
excited by the discharge. The maximum excitation energy available
for production of an oxygen ion and release of an electron would be less
than the lonization potential of a hydrogen molecule, 15.6 ev. 2 Thus,
it would be expected that electrons could result from collisions between
excited hydrogen molecules and oxygen molecules, but not between
excited hydrogen molecules and nitrogen, since the ionization potential
of oxygen is only 12, 5 volts while that of nitrogen is 15, 7 volts, Thia
expectation is in agreement with what wag observed, as indicated in

Figure 15,

To further confirm the suggestion that electrons {and the broad EPR
lines) are due to fonization of neutral molecules by excited species

-3i-
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produced in the gas discharge, experiments were performed in which
the products of a helium discharge interacted witr hydrogen, oxygen,
and nitrogen. Since the ionization poten:ial of helium is 24.5 volts,

the maximum energy available in excited helium atoms should be
sufficient 10 fonize hydrogen, oxygen, ard mtrogen because the ioni-
zation potentials of these molecules are all lower than 15,7 volts,

This prediction was confirmed by the experiment,since in all cases a
broad resonance at the g = 2, 0 position was observed when the products
of the helium discharge were mixed with the three gases mentioned,

In another experiment, the products of a discharge in oxygen were
mixed with nitrogen and hydrogen, In thus instance, for oxygen the
maximum excitation energy availatle for ionization is only 12. 2 ev,
Since this is less energy than is required to :cnize hydrogen or
nitrogen, no electrons are to be expected as a result of mixing,

and none were produced as demcnstrated by the fact no broad reson=
ances wese observed at the g = 2, 0 position, The results of the above
experiments siiow that excited atoms or molecules which are produced
in a microwave discharge have a lifetime of at least 10"'2 acconds,
since, at the flow rates empioyed in the experiments, a time of

this order is required for the gas to flow from the discharge zone to
the EPR cavity,

An experiment was performed with the hydrougen discharge to determine
the depe~de: the intensity of the broad resonance on the amount

of oxygen m ~ith the producte of the hydrogen discharge, The
results are shown in Figure 16, Since the line width was relatively
constant, it is satisfactory to use the he:ght of the derivative of the
observed line as a measure of the intensity of the resonance, The
curve of h versus the increase in total pressure is roughly linear

»

for he initial 0,5 mm charge in pressure, A similar result was

-32-
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obtaired for a helium discharge upor the addition of oxygen to the

bnd GD3

1 discharge products,

Basid

E. Trapping Experiments

Some electrons appear to be produced inthe discharge in water vapor
and are transported or drift from the discharge region into the EPR
cavity where they interact with the microwave electric field and give

Rl Bl

rise to a broad cyclotron resonance. Experiments showed that these

4: i elecirons can be preverted from entering the EPR cavity by the

r é application of an electric field placed beiween the discharge region
H w3 and the EPR cavity., The arrangement used in the experiments is
3 ;3' shown in Figure 17, This apparatus is the same as that shown in

Figure 14, but with the addition of circuits and electrodes to apply a

&3

d-c field for trapping clectrons, It was found that the intensity
of the broad resonance at the g = 2.0 position could be influenced
by the application of a d-c voltage. The minimum value which would

”
823

eliminate the g = 2.0 line was 50 volts for a distance between the dis-
charge and the electrode of 3 cm, When the distance between the dis-

eaid

charge and the electrcde was increased 10 15 cm, aboui 2300 vclts was

required to eliminale the line, Other elecirode arrangements were

. N}

tried, but the one described was found to be the most effective, At no
time was it found that the d-c voltage had an effect on the broad line

Y
»

”

(described in Section [1I-D) which re ulted when gas from the discharge

was mixed with other gases in the EPR cavity.

2".“

The following conclusions can be muade from the experiments desoribed.

Banad

1) With 4 discharge in vater vapor or in hydrogen containing

water vapor, 2lectrons are produced which are able to drif! into the

Eunly

EPR cavi': where they give rise to z cyclotron resotance These

i

electrons cun be trapped or prevenied from entering the LPR cavaty by

an electrostatic field,

PR, S IR
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2) An uncharged but excite species is produced in a discharge
in hydrogen, helium, oxyget, and nitrogen, 2nd probably in other gasea
which when mixed with other molecular gares can cause ionization,

The lifetime of the excited gpccies appears to be at least 10'2 seconds,
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v, ELECTRON DENSITY AND COLLISION FREQUENCY

The primary mechanism for the production of free radicalé in an electrical
discharge is the bombardment of gas molecules by electrons in the discharge
plasma, There is, however, very little information available concerning
the interaction between plasma electrons and the gas molecules for the
discharge conditions under which free radicdls are produced, For example,
no information is available elating the number and energy of the electrons
in a microwave discharge and the production of hydrogen atoms,

To ¢btain further informaticn concerning these questions, experiments were
conducted to determine the electron density and the collision frequency of
electrons in a 30C0 mcs discharge and to relate these quantities to the

production of hydrogen atoms,

A. Experimental Techniques

The classical method for the determination of the electron density in a
discharge utilizes a metaliic nrobe in centuct with the plasma of the dis-
charge. It was expecied that such a method would not be applicable for
the present purposes since the introduction of a metallic surface would
catalyze recombination of hydrogen atoms, A test with platinum and
tungsten probes showed this expectation to be correct, since the yield

of hydrogen atoms dropped essentially to zero when the metal probe was
introduced into the plasma, as evidenced by inability to observe an EPR
resonance for stomic hydrogen, This approach was abandoned and
microwave techniques were used to obtain the desired info -stion,

B. Transmission Along a Plasma Column

A number of studies have ghown that the attenuation of a microwave signal

22,23

in a discharge plasma is proportional to the e2lectron density, In

-37-~
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order to util:ze ir.:5 phen.mer~a 12> dciermire tre dens:ty of a discharge in
hydroger, ‘e waveguiae arrargemert shownr Flgure 18 was constructed,
The structure was desig-ed ts provide art S~band sigral to sustain the dis«
charge and to u.ilize tke transmission of an X-kard signal by the plasma
column as a measure of electron density, Use of this method assumes
that microwave encrgy of cre frequency (S~tard) can be used to sustain

a discharge while a second microwave sigr.al at a different frequency
{X-band) can be used as a probe to determine the electrical characteristics
of the discharge., The basic protlem ‘o be solved was to provide a micro-
wave structure ir which the ‘wo microwave signals can interact with the

discharge plasma without irterfering with each other,

An experiment was performed in which terminals 2 and 4 of the X-»and
guides were short circuited, and tle atlenuatior of an X-bsnd signal

by a cylinder of piasma tetween terminals 1 ard 3 wag measured as a
function of the S~Land power suppiied to the discharge. The results
are skown ir Figure !9 for hydrogen at pressures of 0.3 and 1, 0 mm Hg
for a range of discharge power between 30 and 100 watts,

According to Figure 19, the atte~uation of the X+~band signal depends
linearly on the power !rput to the discharge plasma. The attenuation
at 0.3 mm Hg pressure 18 approximately 30 per cent larger than for
1. 0 mm Hg.

A gsomewhat similar result has beenobtained for the plasma of a d-c dis-
charge, aithough in that case a more complex behavior was found, However,
at the higher d-c power levels, increasirg attenuation was observed with

increasing power o the discharge. 22

A simple interpretation of the results presented in Figure 19 may be
made on the Lasis of the theery of .~.1a:-gcn:xuz4 for a high frequency dis-

charge. According to the theory, the cunduction of the discharge is

-38-
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prcportioral to the electror dewsity for constan: eleciron temperature and
pressure, Since the atlenuartion of the X-tarnd sigral is directly proportional
to the conduct!.:ty of the plasma, it foliows from the vuservations that tre
relative electron dersity increases in direct proportion te the S-band

power input to tze discharge,

The problem remains {o convert the data giver in Figure 19 for the relative
electron dersity to absolute values, To accomplish this, experiments were
conducted with the resonant cavity method for the purpose of estatlishing
the absolute density for at least one power level iu the range covered in
Figure 19,

C. Resonant Cavity Method

The reconant cavity metiaod has bteen used widely to obtain the electrical
characteristics of a gaseous discharge plasma. In most instances, the
method has been applied to d-c discharge plasmas or to the decaying
plasma pruduced by a pulsed microwave discharge, Only a limited use
of the method has beea madefor measuring the properties of a CW
microwave discharge of the type used for hydrogen atom production,

The theory and techniques of the cavity method are well known ard have
been described in detail, 25 For the present purpose, the discharge tubc
was passed through a rectangular resonator of the type shown schematically
in Figure 20. The resonator was coupled to the S-band power source by
means of an adjustable iris. Figure 21 is a block diagram of the cavity

and test enuipment, The discharge was coerated on Lydrogen ot several
pressures near 1 mm Hg and at power levels in the range 50 to 107 watts.
The iris was adjusted to secure maximum power transfer to the discharge,

Measurements « VSWR in the input line to the cavity were made with and
without the discharge, From thege measurements were obtained the Qof

$

! T see e eem e txome L W e eem L T v e - mes AR T T T e




A e

Adjuctable
Coaopling Ir.e

Vycor Discharge Tube
(09cmODx07cmID}

3000 mc Power to
Suaiain Discharge

Hydrogen Supply

RG48/T
Raveguide
Slots to Probe
Field in Cavity

To Pomp /

Cavity A. L =

25
2
Shiding Short
Cavity B L = i:_ﬂ_

FIGURE 20. RESONANT CAVITY ARRANGEMENT USED FOR ELECTRON
DENSITY MEASUREMENTS, .
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the cavity, Af {the cha~ge :n rescart frequency due :o the discharge), and
AVSWR {the change in tte VSWR a* resonarce caused by the discrarge),

As shown by Udelson, 26 these quaniities are related to the electron density,
n,, and collision frequency, Ver of the discharyge according to tte equations,

[ .2 2
- me v " +w’)

n = [4 -éfl] o 2l o — . F 4)

e w 2
i e

and

A me_ (v " +d)

n, =|2{aVSWR) : . F. (5)

ez/c i ®

Here e is the electron charge, m is the electron mass, e is the eleciron
density, 8 is the coupling coefficient, and F is a factor related to the
distribution of the electrons and the electric field in the discharge and
the cavity.strom the ratio of equations (4) and (5),

@) e

The resulis of the measurements are summarized in Figure 22 and in
Table lli. Figure 22 shows Af as a funcuorn of the power 1nput to the
digscharge, Over the range of power investigated, Af varies linearly
with the power input., Mecasuieme=*s ~f Af at lower levels could not be
made because the discharge would not operate stubly for less than
about 50 watts input for pressures near | mm Hg.

A value of v, was calculated according to equation (6) from the experi-
mental data for p = 1. 0 mm Hg and the maximum power input to the dis-

-44.
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1 is less than

charge (107 watts), Thre vualue {ound, Ve o 2.3 x 109 sec’
half of the value 5,9 x 109 wnich has been establist.ed for hydrogen for
electrons with energles greater than 4 ev, =7 A second determinatioa

of v, for p = 0,5 mm lg and a power irpui of 98 watts gave ar almost

S EN G’ en s SRTIC Tmi R

ol
identiczl value, v, = 2,2x 109 sec °,

R

To obtain nefrom ‘he experime-~tal value of Af given in Figure 22, it vas

assumed that the r-f field ir. the cavity was constar! over the cross section

12

of the discharge tube. Witr this assumption, a valye of ng = 4x10 cm"3

¥,

was obtained for p = 1, 0 mm Hg and & power irpu: of 107 wr tts, Unfor-
tunately, this result is of doubtful vaiue Lecause il is outside the range

for which the rescnant cavity method is applicable, 28 For a frequency

o 3 x 109 taec"1 as used 1t the presen! measurements, the upper limit

of electron density for which the me*hod 18 applicable is somewhat less
than 10ll cm'3, the density required for plasma resonance. [t iz concluded
that the resonant cavity method is not nuitable for quantitative determine
ation of the electron density or the collision frequency in a hydrogen dis~

charge in the power and pressure range of interest,

TABLE lIl, CAVITY PARAMETERS

P = 107 wats, p ~ 1,0 mm Hg
VSWR (DISCHARGE ON) 1.5
VSWR (DISCHARGE OFF}) 12

f = 3007 mc
Af = 350 me
B = 360
23 -46~
%
]
Y e - R
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§ V. CONCLUSIONS AD RECOMMEIIDATIONS
18
! A satisfaciory correlation hss ceev obtained in the measurement of the
) concentration of atomic hydrogen in partially disscclated hydrogen by
&

electron paramagnetic resonance (EPR) atd recombinstion calorimetric

£ 2 i el A ad
S

methods. The EPF measurements of atom co~certraticn were pe-formed

AR A Sl s )

by means of a microwave standardization procedure whick is especially
weil adapted for measurements ox gases., Time has permi‘ted only a

limited evrluation of the standardization precedure, A more extensive

Cabat 4

investigation of the technique will be required to rfetermine the limits

bt
(e

of error,

New information has been producedconcerring the role of water in the
production of hydrogen atoms in a microwave gaseous discharge, Evi-
dence has been obtuined to show that electrons ard excited atoms or
molecules may be readily pumped from a discharge coantaining water
vapor. It is suggested tha’ tectm1ques utilizing cyclotror resonrance
may be profitably employed to obtain a quantitative estimate of the
concentration of thege species,

W’M“ A

It wasg found that the conventional cavity method for measurement of
electron density is ursuitable for use with a 100 watt, 3000 mc CW dig-

Ly

charge in hydrogen because of the high eleciron density, It is suggested

ha-ing i

that i{a future work considers‘ion be giveh to *the low trequency soienoid
method, 28
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Vi, APPENDIX A: A TECHNIQUE FOR EPR INTENSITY
STANDARDIZATION

I

C. Milazzo and T. M. Shaw

S At b ebav bt mkend Aol a e e e

In principle, the determiration of ‘he absolute number of unpaired electrons
can be evaluated directly from ti.e observed EPR resonance and the elec-

LR

trical character:stics of the spectrometer, 2 In ~ractice, this procedure

is rarely followed, however, since 1t has been found more convenient

253

and posgsibly more accurite to employ a reference inaterial containing

a known numher of unpaired electrons. Tke lack of a convenient and

i s.1ble reference stariard for use in the determination of hydrogen atom
v

conzentrations by EPR led to the d-velopment of the procedure described
g herein,
¥
" The aim of the work .as tc develop a technique whereby the number of

&

unpaired electrons 1n a sample of paramagnetic matenial nught more readily be

determined directly from measured electrical quantities, The usual

e

microwave EPR spectrometer 1s 8 highly sensitive microwave receiver
which amplifies an extremely small modul ted signal reflected from the

micyrowave cavily in which the paramagnetic swbstance is placed, This

£

reflected signul {g due to the change in the cavity Q caused by para-

magnetic resonace, The magnitude of the signal is given by

5

AVpe = E.Ynf_ 98_9_ ’ {7
(g+1) Q

o BLE

where Vo is the nicrowave voltage applied to the cavity, f is the cavity

Comrind

coupling coelficient, Qo 19 the cavity unloaded @, and AQO the change in

caused by paramagnetic resonance,
o Y ¥ g

Y
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Because of the field modulatior technique used, sec¢ Figure 23, the change
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FIGURE 23 TO SHOW AFELATIONSHIP BETREEN AH_ AND AQ
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Sy

in Q brought about by the modulation superimposed upon the slowly varying

Lk

o

d-c magnetic field is,

s 4Q
AQ(H) ag- AH, . (8)

B3

where A}{m is the peak~to-peak magnitude of the modulation and dQ/dH

L0t

is the derivative of the paramagretic resonance, Upon substitution of this
relationghip in equation (7), one obtains

B

2v B 1 aQ
.E AVgg = - —-  AH_. {9)
(8+1) Qo dH

EER

For linear detection and amplification in the spectrometer circuits, the

3 g recorder output is ERS = AA VRS where A 18 the total gain of the
[ pe]
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gpectrocmeter, To c¢>iain X\, the imagminary par: of the paramagnetic ‘

NS

susceptibility, it is recessary to perform a numeriral integration of the

P

recorder output with the use of equation (9) ag follows,

| 01 S el

From the relation ERS = AARS and equation ($)

s , B+1® S 1 Egs (10}
dH A '

i} ZVO AHm

D R A 1)

Integrating over the absorption line, one finds

{ 2 Q E

Im .82 [ RS

B QE =" v - B A CH*Q,- an
-‘v

For small samples it is known

Q(H) = Q (1~ 4rq X"Qo). (12)

 Popet

where 5 {8 the filling factor,

[T g P Gy

(i)

Equating (11) and (12), it follows

53 BN ma

I

2
N +1) 1 “RS
X = o u“ﬁ 2V AT A 9H 03

y
Sa AL 0

Y Py

5

£ In order to calculate X', it is necessary to know, !n addition to the cavity

Bausd

parameters n, 8 and Qo’ the galn A of the system and the apphed voltage,
Vo. In the technique devised here, the gain of the system is measured

f .‘“ by coupling & small fraction of the voltage, Vo, to an auxiliary waveguide
i ¢ containing 3 rotating metal dipole (see Figure 24), In the auxiliary guide,
.
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Vo ia still further attenuated before it impinges on the dipole, The region
beyond the dipole is terminated by a matched load, The dipole i8 driven
by a synchronous motor from the magretic fieid modulation source, and
the rotating dipole induces a small reflection which varies at the modu~
lation frequency.

For a directional coupler coefficient, k, attenuator loss, a, and dipole
reflection coefficient, Ar‘m (peak<o-peak magnitude), see Figure 25, the

(Dipole ! to E Field)

: rmax

Ar —le N\m e AN — e

N Cio (Dipole L to E Feld)

Dipole Rotation

FIGURE 25. CHANGE IN I" RITH DIPOLE ROTATION
recorder output ia
2 .
Ege * a%? ar o Vo A (i4)
Substituting the expression for the gain, Afrom equation (14) {nto (13} yieids,
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, 1 +1B 22 Ay Ees
X'{H) = k — dH, (15)
BrnQ, B @ m Exc

or in terms of the loaded Q.

" 1 1, 1 g Al Eps
X = g (143) Q a’k —Ei‘;fﬁ;m (16)

The application of this calibration technique to the measurement of hydrogen

atom concentration i3 described in Section Ii~A, The system I8 well adapted
for work with gases since a single evaluation of the parameters p, B, QI_. is
sufficient., For work with gases such as has beea performed here, these
quantities need be evaluated only once for the particular exnerimental
arrangement since they are not sengibly influenced by changes in gas
pressure or atom concentration, The parameters for the apectrometer
employed for the measurements described in Section I1~A are tabulated
below,

m 58 B9

X = 0,105
g = 0,734
Q, = 1545
—
5 = 175
AT = 0,0343
n

The perfermaace of the cail:-ator was tested hy messuring the EPR
p Yy

absoi ption in a materis! contairing a known number of paramagnetic

molecutes, £ seriex of samplea wag prepared, each coniaining a welgh-

BER  EOE 2D ESm oo

1,0 encicsad ia a thin wall

ed amount of manguuous suiphste {Ma 80, 1,

dr it o e
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E Pyrex tube. ‘To obtain the EPR dhsorption, each sample was placed on the
axis of the discharge tube at the center of the EPR cavity, The volume

of the samples was sufficiently small to ensure that the entire sample

wag exposed to essentially the max:mum r-f magnetic field within the

cavity and that the loaded Q of the cavity was unchanged from the value

established with the discharge tube alone,

To make a determination of the number of paramagnetic molecules in the
test samples, the EPR absorption derivative signal was recorded in the
usual fashion for conditions of negligible r~f saturation, Following this,

the calibrator attenuator and phase were adjusted to establish a calibration
- marker on the recorder chart. The number of paramagnetic molecules

ﬁ per cm3 for each sample, No’ wag then obtained from the experimental
data in accordance with 2quations (1) and (2) and the procedure outlined

g above,

The results of the test with manganrous sulphate are presented in Table TV,

It was found thatthe average value of No determined experimentally is
approximately 20 per cent higher than the theoretical value, Examination

of the iadividual determnations shows that the max:mum error is associated
with the smallest sample, Except for thissample, the ;naximum discrepancy
is about .0 per cent, This is considered satisfactory, based on the relatively
Iarge possible errors involved 1n the microwave measurements and the
graphical integration of the EPR derivative curves,
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TABLE IV. RESULTS OF EPR MEASUREMENTS ON MANGANOUS SULPHATE
. Weight of
Experiment MnSO) 1,0 N,
(Grams) _(:m-3)

he10/2 21,3 x 1073 0. 98 x 1022

1-10/2 48,6 x 1073 1,03 x 10%2

j=10/2 1.6 x 1073 146 x 1022

k-10/2 1.4 %1073 1,90 x 1022

c-10/5"* 4.8x 1073 112 x 1022

1,30 x 1022 **

‘Sample on outer face of discharge tube; field at sample position calculated

and correction made ‘o filling factor,
*k

(“O)The ory

= 1,05 x 1022 ¢

3

m” " based on molecular weight of 169,0 and a

density of 2,95 grams/cma.
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