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ABSTRACT

Electron paramagnetic resonance spectra have been ob-
served from the products of gaseous microwave electric
discharges frozen at 4.2°K. The gases investigated were

N, and NH,,.

2 3

The spectrum of the frozen nitrogen discharge products
plainly iﬁdicates the presence of atomic nitrogen whose
half 1ife in the solid is greater than ten hours. Dilution
of the nitrogen in an inert matrix of argon is found to
cause considerable line broadening. When the nitrogen dis-
charge products are passed over mercury prior to condensa-
tion, a complex spectrumof 11 lines 1s obtained.

The spectrum of NH3 discharge products indicates the

présence of atomic nitrogen and hydrogen. Data concerning
the presence of NH and NH2 radicals are not conclusive.

A description of the apparatus and techniques developed

for these experiments 1is included.
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INTRODUCTION

Trapping of reactive chemical species by means of low
temperatures is a relatively old technique. When sucn
species are trapped from a gas discharge, as in the present
experiments, it is often difficult to ldentify them since
direct chemical tests are infeasible, Identification has
usually been made by means of infra red spectroscopy or
static susceptibility measurements. With the advent of
electron paramagnetic resonance (EPR) spectroscopy it has
become possible to make a far more definltive analysis of
the free radicals present. Obtaining an EPR spectrum from
a condensed discharge 1s positive proof of the presence of
free radicals and the hyperfine multiplets and line widths
can be used to determine the groups present and the type of
matrix in which they are imbedded. |

The two materials investigated were nitrogen and am-
monia. Apparatus and techniques used in their study are
described in the following section., A brief review of the
work on the discharge products of these compounds is given
followed by the results. No account of the fundamentals
of EPR will be given since they have been covered fully in

a number of review articles (1,2,3) and books (4,5).
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EXPERIMENTAL APPARATUS

Observation of the EPR Spectra of free radicals trapped
at iow temperatures required a three part apparatus: a
system for dissociating the sample gas, a means for condens-
ing and maintaining the gas at a low temperature and lastly,
an EPR spectrometer to obéerve the peaks and valleys of the
resonance épectrum. Figures 2 and 7 are photograprhs of the
assembled equipment. A detailed description of its opera-

tion follows,

Gas Dilssociation Apparatus, A gas dissociation apparatus

similar to that described by Broida and Bass (6) (figs. 1
and 4) was constructed. The sample gas entered through a
pfessure reduction valve from a high pressure cylinder or
in the case of ammonia, the gas was contained in a plastic
beach ball. Two stopcocks regulated the flow to the dis-
sociatlon chamber--the gas being drawn through the apparatus
by a mechanical vacuum pump. A side arm, downstream from
the dissoclation chamber, was fitted with a large stopcock
to control the flow of dissociated gas to the sample
cavity. Energy for dissociation of the gas was provided
by a Raytheon medical diathermy device (fig. 2). The
2450me magnetron.in this unit was connected through a
coaxial cable to a rectangular cavity operating in the
’I‘E012 mode. The b dimension of the cavity was tapered in

order to increase the electric field strength. A slot cut
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in the narrow end of the cavity allowed the dissociation
tube to pass through the cavity parallel to the E field

at a . point of maximum field strength. When in operation
the dissociation tube required cooling to prevent soften-
ing of the pyrex tubing through dielectric heating. To

do this a coaxial collar was placed around the dissociation
chamber through which air was forced during a run. The
side arm was attached through a ball and socket joint to a
section of 9 mm pyrex tubing sealed into the waveguide

that formed arm 3 of the microwave bridge (figs. 3 and 5).
This tubing extended downward inside the waveguide approxi-
mately 1 m to the iris of the sample cavity at which point
it was narrowed to 4 mm and extended a few mm into the
cavity. In order that neither air nor helium could enter,
this section of the waveguide was isolated from the rest

of the microwave system and made vacuum tight by the two
Teflon gaskets. The gas inlet tube was sealed into the

short wavegulde section with red sealing wax.

*
Low Temperature Apparatus. A conventional duck billed

double dewar system, shown disassembled in figure 5,
held the ligquid helium used as coolant in these experi-

ments. The duck bill section was provided so that a rela-

*
Figure 6 is a photograph of the assembled low
temperature system.
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tively small magnet gap(2-1/4") could be used. The dewars
were suspended from a brass collar which in turn was hung
from the ceiling by four nylon cords. This collar also
served as a seat for arm 3 of the microwave bridge. Two
copper pipe fittings projected from the collar in the form
of a T. The larger pipe was connected to a high capacity
Kinney pump with which the inner dewar was evacuated
prior to precooling.* The smaller pipe was connected to

a one way mercury valve which allowed helium gas to escape
and prevented air from entering the system. Hellum was
liquified in the Cryogenics Laboratory with a Collins
helium cryostat and stored in conventional double dewar
storage vessels. Helium was transferred from the storage
vessels to the inner dewar by means of a vacuum Jjacketed
transfer tube. Arm 3 of the microwave bridge passed through
a brass cup which fitted over the dewar collar and was
sealed with an O ring. A 3/4" hole at one side of the cap
accommodated the transfer tube.

One of the unusual features of this set-up was that
although a length of 3 cm brass waveguide whose upper end
was at room temperature, was immersed in liquid helium
the rate of helium evaporation was less than 200 cc/hr.
The reasdn for this was that the waveguide possessed a

large surface to volume ratio; thus, 1t was cooled very

*
See experimental procedure section.
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efficiently by the effluent helium gas rushing by it.
Therefore, most of the heat coming down the waveguidewas
absorbed 1in heating the effluent gas rather than in boil-

ing the liquid helium.

EPR Spectrograph. A greatly modified version of the spectro-

graph built by Humphrey (7) was used to observe the EPR
resonance of the free radicals. A fairly detailed descrip-
tion is given below of those parts which have been changed
or were not included in his instruments.* The more funda-
mental concepts involved in the design of an EPR spectro-
graph will not be dealt with as they are fully described by
Wertz (3), Bleany and Stevens (2), and Ingram (5).

A block diagram of the complete instrument (fig. 8)
consists of four main divisions: 1) Magnet, 2) Magnetic
Field Controller (referred to as the controller),

3) Microwave System, 4) Signal Detection System. Descrip-
tions of these divisions follow,.

1. Magnet. An A, D. Little Electromagnet of the

type designed by Bitter (8) provided the magnetic
field for the spectrograph. Polefaces machined
for this experiment were cylindrical, 11" in
diameter and made of Armco iron. The magnet

air gap was 2-1/4". The magnet is shown open

*

For a fuller description of those parts which are
identical or have minor modifications, the reader is re-
ferred to Humphrey's thesis,.
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in figure 6 with the dewars hanging in place.
Using these pole faces 1t was possible to attain
fields as high as 1.9 weber/m® (1 weber/m> = 107
gauss). Since this magnet was of the high
current low voltage type (an internal resistance
of C.5 ohms), it was originally planned to ener-
gize it by means of a 25KW DC generator whose
field current was regulated to provide the neces-~
sary time stability of the field. This proved to
be very difficult for electronic reasons and sub-
sequently, it was found that three automobile
storage batteries continuously charged through a
water cooled 2.9 ohm buffer resistor would pro-
vide a reasonably steady current of 25 A.
Residual fluctuations in the field were easily
compensated by the controller.

Measurement and control of the magnetic
field required three auxiliary coils. The modu-
lation coil was a 610 turn coil of 22 gauge
enameled copper wire wound on a bakelite form
producing a modulation of O to 1.3 milliweber/mg.
The correction coil contained 2100 turns of 28
gauge enameled copper wire and could produee cor-
rections of + 2.0 milliweber/’m2 in the magnetic
fileld. A pair of 2400 turn sweep coils were
imbedded in the magnet yoke and provided wide

sweeps of + O.O3/Weber/m2.
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*
2. Magnetic Field Controller. The maintenance of

‘a steady magnetic field of known strength is
essential in any magnetic resonance spectrograph.
Rough field stabllization was achleved by the use
of storage batteries as a current source for the
magnet. Precise stabilization was galined by the
servo loop consisting of proton fluxmeter, phase
sensitive detector A and DC power amplifier. The
proton fluxmeter measured the B field in the mag-
net gap and any change therein was sensed by

the phase sensitive detector. This detector
supplied the DC power amplifier with a voltage
whose size and polarity indicated the rate and
direction respectively of the field drift. The
power amplifier, actuated by this DC signal, sup-
plied current to the correction coil in the magnet
in such a way as to cancel the drift. Any drifts
which were so large that the DC amplifier was
driven into a nonlinear region actuated the field
control relays thereby increasing or decreasing
the output of the variable power supply to the
two sweep colils. The auxiliary equipment in

this section of the spectrograph will be con-

sidered in the more detailled description below.

*
Shown in Tigure 7.
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*
a. Proton Fluxmeter. The probe or sensing

element of this unit was a 2 cm bulb of 7 mm

pyrex tubing filled with a 0.1 M Fe(NO3)3-6 HyO
solution around which was wound a coil that to-
gether with a 250 pufd precision variable capaci-
tor formed an RF tank circult. This tank circuit
was connected to the 6J6 oscillator tube acting

as a regenerative feedback amplifier or negative
resistance. When the negative resistance cancelled
the parallel resistance of the tank circuit, oscil-
lations built up. A 6AKS5 pentode amplified the

RF voltage and applied it to one half of a 6AL5
diode detector. Rectified RF current charged the

CLCH.fdﬁ.capacitor so that a voltage of the form
V = A + Bf(t) (1)

appeared across the 20K fine level potentiometer.
The first term represented the average level of

RF oscillation and the second term any amplitude
modulation of the RF. By means of the potentio-
meter, a portion of this voltage, after sultable
filtering, was applied to the second grid of the
6J6. If the level of oscillation tended to rise,

the increasing negative grid bias acted to keep

*
A schematic diagram is shown in figure 9 and is
labelled A in figure 7.
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the gain of the second triode down, thus the level
‘'of osclllation was maintalned at a low and con-
stant level. Oscillation could be initiated by
the 1K coarse level control. This circult was a
somewhat modified version of that published by

Pound (9). When the resonance condition,

=
Bo, f/Yb

where ouf is the angular frequency of the flux-
meter and Y% is the proton magnetogyric ratio,
was fulfilled, the protons in the probe absorbed
energy from the tank coll and caused an ampli-
tude modulation of the RF output. In order to
make use of a phése sensitive detector, the modu-
lation must be recurrent periodically. This

was accompllished by the field modulation ampli-
fier (fig. 15) a 25 W push pull amplifer of
conventional design. Its U400 cps input was
supplied by a General Radio electronic tuning
fork. The amplifier was connected to the modu-

lation coil. Thus, the field B in the gap was
B = B, + B! cos (2 <400 t) (2)

where B! may be varied from O to 0.6 milliweber/mg,
When the field BO was such that the fluxmeter
frequency equalled the proton resonance frequency

at
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cos (2 -400 t) = O (3)
and therefore

Bo =(0f/Yp (4)

the RF output was modulated at 800 cps. If By
had any other value in the range “%/Y; + B1,
the modulation would have been 400 cps either in
phase or 180° out of phase with the field modu-
lation. Percentage modulation of the carrier
was determined by the distance of the resonance
field from the center of modulation.

The magnetic field was determined by measur-
ing We (the fluxmeter frequency) and substituting

in equation 4 using

27/Y, = 2.34836 x 1070 ——‘?h—-webrflr- 2e¢

Frequency determination was made by obtaining a
zero beat with the BC 221 N frequency meter

(B in fig. 7). The zero beat was observed

with a CRO (C in fig. 7) which also served to
monitor the proton resonance line. A Haydon
clock motor was attached to the tuning capacitor
so that the fluxmeter freqguency and therebyAthe

field could be scanned slowly.

b. Phase Sensitive Detector A (7). A basic

principle of a phase sensitive detector is

that if two sinusoidal voltages are multiplied
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together and the product integrated over a time
‘long compared to the period of oscillation, 1t
is found that there is no net voltage except
when the two frequencies are identlcal and in
this case there 1s a constant term proportional
to Cos (d) where d is the phase difference be-
tween the two voltages. In a general case the
voltages may be a Fourler series forming a com-
plex waveform with fthe above princilple applylng
to each of the terms of the Fouriler series. Proof
of these statements may be found in the book by
Andrew (10).

Information in the envelope of the RF, 1.e.
the frequency and phase of its amplitude modulation,
allowed the phase sensitive detector A to sense
and correct the fluctuations in the magnetic field.
. The rather weak proton absorption signal was
amplified by the first two stages of the detector.
The two 6SL7's in this unit served as the actual
detectors. The reference sighal from the tuning
fork was applied to the screen grids and the
signal voltage to the signal grids. For a pentode

the plate signal voltage Ep was

Ep = /“.eg\/uzesz

where//h and/uzare the amplifying factors and
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©q, and €4, are the grid voltages. This fulfilled
the condition for multiplication of the voltages.
Following these tubes, there was an RC integrating

circuilt and a one stage difference amplifier.

c. DC Power Amplifier (7). This unit contained a

pair of 6SL7's as another difference amplifier
and a pailr of 211's wired as cathode followers to
supply current to the correction coil. One minor
change was made in Humphrey's original circuilt.
The antihunt control was changed to a simple low
pass RC filter’in the grid circuilt of the 6SL7's.
Field control relays were identical td those
described by Humphrey and were actuated by the
voltage across the correction coil. In the present
spectrometer, however, they controlled a DC motor
which changed the setting of a variable auto-
transformer (Powerstat) in the variable power
supply (fig. 11). Current for the 211's was sup-
plied by the 1000 volt power supply (fig. 12)
which was a full wave rectifier using 866 mercury
vapor rectifier tubes and an inductance input
filter. A 25v DC potential was also provided by
a selenium rectifier half wave voltage doubler
for the DC motor in the variable power supply.

To prevent the high voltage being turned on until
the filaments of the 866's were hot, a time delay

switch was included.
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*
3. Microwave Apparatus. A war surplus radar test

set (TS 13/AP) served as the radiation source
providing up to 25 milliwatts of microwave power
at frequencies of 8500-9600 me. The circuit
diagram (fig. 14) shows that the set consisted of
two regulated power supplies, a 2K25 (723/AB) klys-
tfon and associated wave guides and attenuators.
The original set included circuits for sawtooth
and square-wave modulation which were disconnected.
A thermistor bridge network and cavity wave-meter
were also included but since these were not used
in these experiments, they are not shown. The
power supply using the 6AC7 and 6Y6G generates -300 V
and was connected to the emitter of the 2K25. The
other supply connected to the 2K25 reflector
generated -210 V and was in series with the
300 V supply thus making the reflector -510 V
below ground. Coarse frequency adjustments were
made with the 2K25 tuning screw, fine adjusément
with the 25K Helipot.

Microwave power output was controlled by two
attenuators in the TS13/AP. One attenuator
marked output was not calibrated, therefore was

generally left at zero attenuation while the other

*
Figure 13 shows a schematic diagram of the microwave
section of the spectrograph.
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attenuator, calibrated in db, was used to regu-
‘late the output. Following the TS13/AP, a Uni-
line microwave isolator prevented power reflected
from the rest of the system from reaching the
klystron and affecting 1ts frequency. Frequency
measurements were made with the Sperry cavity
wavemeter., The variable stub tuner was an
impedance matching device allowing maximum power
to be transferred to the "magic Tee."

The magic Tee functioned as a microwave
bridge--its purpose being to balance out almost
all of the power reflected from the cavity. If
arms 2 and 3 (H arms) of a magic tee are termi-
nated by identical impedances, the power entering
arm 1 will be divided equally between them and
none delivered to arm 4 (E arm). Unegual im-
pedances in arms 2 and 3 will unbalance the
bridge and power will be transmitted to arm 4.
Arm 3 (fig. 3), the sample arm of the bridge,
consisted of approximately 1 m of waveguide
terminated by a rectangular reflection cavity
operating in the TEO11 mode which was coupled
to the waveguide through a 4 mm iris. The iris
also served as the inlet for the dissocilated
gas. Arm 2 contained a waveline precision

attenuator and a movable shorting plunger. These
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served as the real and imaginary parts respec-
tively of a variable impedance that was used to
match the impedance of the cavity. Arm 4 con-
tained a tunable crystal mount in which was a
1IN23 silicon crystal diode. Because of the low
power level in arm 4, the crystal current was
kept low, thus improving the signal to noise
ratio. Full discussion of this point is gilven
by Ingram (5).

Since both the sample cavity and microwave
bridge had an extremely frequency sensitive re-
sponse, it was vital to keep the klystron frequency
constant to within one part in 105. A falr degree
of stabllity was achleved by using regulated
power supplies to power the klystron. Slight
variations in the temperature of the klystron,
however, changed i1ts freqguency so that even per-
fectly regulated power supplles would not have
produced the desired stabillty. Instead, a
feedback system was used to compensate for
thermal and electrical drifts. This was the
purpose of the 10KC oscillator (7) and the
AFC (7) unit. As shown in circuilt diagrém
(fig. 14), the 10KC oscillator output was ap-
plied to the repeller of the klystron in the

TS13/AP--frequency modulating it sinusoidally
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about an average frequency. One volt (pp)

produced 0.13 me modulation. The Q curve or

frequency response, characteristic of the

sample cavity, amplitude modulated the power
entering arm 4 of the bridge. Thus the action
of the Q curve was made similar to that of the
proton line described in the Fluxmeter section.
If the klystron drifted to one side of the
curve, an amplitude modulation of sin (QJT-IOut)
occurred while on the other side the modulation

ut + ) with respect

had an envelope of sin (277 +10
to the modulation voltage. The amplitude modu-
lation was detected by the 1N23 crystal in

arm 4 of the Tee, amplified by the AFC, and

fed to a ring modulator of IN42 diodes which
acted as a phase sensitive detector. Any net
DC voltage was amplified by a difference

amplifier and applied to the repeller of the

klystron so that it cancelled the frequency drift.

Signal Detection System (7). Only minor changes

were made in thils section of the spectrograph.
In the phase sensitive detector B these inoluded
conversion of the twin tee filter to 400 cps
operation, removal of the variable twin tee
filter and an increased resistance in series

with the Brown recorder balancing potentiometer.
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A 3000 mfd capacitor was placed in parallel
'with the mercury cells that biased the
filtering capacitors. This change was neces-
sitated because the internal resistance of the
cells was 50 ohms; therefore, unless this
resistance was bypassed no filtering took

place at all. A further modification of the
system'was made by the addition of a chopper
driver. As seen in the circuit diagram (fig. 10)
this was a simple cathode follower using a

6AS7 power triode and designed to matech the
chopper impedance of 28 ohms. A phase shifting
network was provided so that the phase sensi-
tive detector could be adjusted for maximum

output.
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Closeup showing gas dissoclation apparatus,



-9

Fig. 2. Complete apparatus set up in preparation for

an experiment.
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Fig. 5. Low temperature system disassembled showing
1 to 3 ligquid N2 dewar, liguid helium dewar,

and arm 3 of microwave bridge.
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Fig. 7. Magnetic field controller,
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EXPERIMENTAL PROCEDURE

Experiments on all of the substances followed the

same schedule of operations:

1. Isolation. Subsequent to the assembly of the
dewar system, sample arm of the bridge and gas
system as described above, the inner dewar was
evacuated with a high capacity Kinney pump to
0.1 mm Hg or less. The valve connecting the
system to the pump was then closed and the pres-
sure observed for several minutes to check for
leaks, If no leaks occurred, the inner dewar
was filled to a few mm above atmospheric pres-
sure with dry helium. A one way Hg bubbler
maintained this pressure thus preventing air
from leaking back into the system.

2. Precooling. One and one-half hours before the

helium was transferred, the inner dewar and
sample cavity were precooled by filling the
space between inner and outer dewar with
liquid N2.

3. Transfer. The inner dewar was filled from one
of the storage dewars with approximately 3 liters
of liquid helium. At this point the magnetrwas
tqrned on and the field controller set on auto-

matic.



-33-

Deposition of the Sample. Using the sawtooth

sweep from a Cathode Ray Oscilliscope (CRO) to
frequency modulate the klystron, the crystal out-
put from arm 4 of the tee was displayed on the CRO.
The tuning of the klystron was adjusted so as

to display the cavity resonance curve. After
placing the diathermy cavity over the discharge
tube, the air cooling jet was turned on and the
diathermy unit adjusted to approximately 80%

full output. With the valve leading to the
sample cavity closed, a small amount of sample
gas was admitted to the discharge tube through
the regulating stopcocks; the discharge was then
started with a Tesla coil. The valve leading

to the sample cavity was opened while observing

the cavity @ curve on the -CRO. Deposition was

stopped when the Q curve had shifted approxi-
mately 20 mc and the © had decreased 20%.

Microwave Adjustment. Sample cavity frequency

was measured py tuning the Sperry wavemeter

until its Q curve was superimposed on that of the
cavity and the frequency read on the wavemeter
scale. The wavemeter was then tuned approximately
100 mec away from the cavity frequency. To balance
the tee, alternate édjustments were made of the

attenuator and shorting plunger in arm 2 until
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a monitor microammeter indicated approximately
5-10 microamperes crystal current with the
klystron output at maximum and the Q curve appeared
symmetrical on the CRO. Amplitude of the CRO
sweep was decreased to zero while adjusting the
klystron repeller voltage to keep the Q curve

at the center of the trace. Klystron modulation
was then disconnected from the CRO, and connected
- to the 10.ke output of the AFC which was switched
to automatic.

Spectrum. The capacitor dial of the proton flux-
meter was turned manually until the magnetic
field was near the expected electron resonance
field. An appropriate sweep gear was chosen for
the sweep motor which was then attached to the
fluxmeter. The'spectrum was run as described

in the controller section.



-35-
NITROGEN

Lewis (11) in 1900 discovered that upon passing an
electric discharge through a bottle containing N2 at low
pressure, a yellow glow was produced which persisted for
several seconds after the discharge stopped. Shortly
afterward Rayleigh began a systematic study of this phenome-
non and in a Sseries of masterful papers (12, 13, 14) from
1611-1913 described in detail nearly all of the features
of this afterglow that are known today.

The following is a brief summary of the properties
of nitrogen afterglow sometimes known as active nitrogen:

1. It emits light in 3 bands in the visible spectrum,
viz. yellow (brightest), red and green (13).

These are identified as coming from excited elec-
tronic states of nitrogen molecules. Light is
emitted by the gas for as long as five hours (15).

2. No emission lines corresponding to the spectrum
of atomic N are found (12, 13).

3. The glowing gas 1s extremely reactive and forms
nitrides and azides with metals over which it
flows. These reactions usually produce light
which when analyzed, invariably contains the
bright line spectrum assocociated with metallic
atoms (12).

4, Upon heating of a portion of a tube carrying the

afterglow, the glow is found to be extinguished
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in the heated region only to reappear in a
cooler section downstream (12).

5. Reactivity of the gas is maintained in the heated
section (12).

6. The active portion of the gas accounts for

0.1-0.5% by weight of the total.

7. The gas 1is approximately 10_8 molar in electrons

and contains no detectable positive ions (16).

At present the most widely accepted theory of active
nitrogen is that of Mitra (17) who contends that the
active species in the glow are nitrogen atoms in the HS
ground state and 2D and 2P excited states. Transition
frbm these to the ground state are strongly forbidden and
therefore are not seen in the spectrum of the glow. This
theory is supported by Heald and Beringer (18) who obtained
the EPR spectrum of ground state nitrogen atoms in the
afterglow and also by the mass spectromeéric studies of
Jackson and Schiff (19).

A new phase of this problem was opened by Pellam and
Broida (20) in 1954 with their discovery of the brilliant
green glow in the Lewis Rayleigh afterglow condensed at
M.EOK. Although the spectrum of this afterglow contains
some molecular bands, its strongest features by far are
two brilliant lines at 19100 and 17800 em™ ! corresponding

to atomic transitions 2D -*48 and 2p25d 2D-92p23p uD.

An hypothesis of Broida and co-workers in recent papers (6,

21) is that crystalline fields in the solid perturb the
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energy levels of the atom and increase the probability

of these transi tions relative to the probability in the
gas phase. Evidence for this explanation is that the
lines are shifted slightly from their free atom values and
additional splittings are found. Besides the excited
molecules present, it has been inferred by Pimentel (22)

from infra red spectra that the solid also contains N3°

Results

Figﬁre 16 shows a composite of several EPR spectra
from pure nitrogen consisting of three distinct lines
whose estimated center values are marked A, B, and C.
The splittings from the center line of the triplet are
Lo + 0.2 x 107 weber/mg. The value of g for the
center line is 2.0013 + .0005. Two weak satellite lines
may also be noticed at points 1 and 2; their separations
from B are 1.4 and 1.6 milliwebers respectively. There
was no noticeable decrease in signal after 2 hours indi-
cating a half 1ife of at least 10 hr. for the nitrogen
atoms in the solid. Upon warming of the sample cavity

to 77OK, the spectrum disappeared.

Analysis
The identification of the spectrum as that of nitrogen
atoms rests on three points:

1. The value of gj indicates an atom in an S state.
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In its ground state, very nearly 1822822p3 MS / R
3/2
atomic nitrogen has a total electronic spin of

S-3/2 and a nuclear spin of I = 1. As the Hamiltonian

for an atom in an S state 1in a magnetic fileld, take

H = -nlygs + ¥11-B, + AI-SAH® (5)

wheré ); and ); are the magnetogyric ratlos of

-the electronic and nuclear systems respectively;

S and I are the angular momentum operators for the
electronic andbnucléar systemg; A 1s the hyperfine
coupling constant. First order perturbations result
in three allowed magnetic dipole transitions (see

Appendix 1)

= hY;Bt AN

which correspond to the three strong lines observed.
The magnitude of the triplet splitting gives AR= 0.40
milliweber/’m2 of §%= 11,2 mec, as compared witgﬁlo.MB me
found by Heald ang Beringer (18) for nitrogen after-
glow at room temperature.

Secona order perturbation calculations (Appendix 1)
leads to an additional splitting which, if unresolved,
producesza;igft of thé center of gravity of the

A

order I/4(——Tr : . For the above value of A and
¥s Bo

a field of 0.33 Weber/m2 which was employed, this
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shift is 1.5 x 107/ w/m°, far below our limit of
resolution.

No satisfactory explanation is available for the
two weak satellite lines shce they may represent
only part of a weak spectrum which 1is obscured by

the strong triplet.

Additional Experiments

The change in the size of the triplet splitting be-
tween the gas and solid afterglow may be caused by the
energy level broadening surmised by Broida et al. (6,21),
This view is supported by the line widths which would not
be expected at these low temperatures. In order to de-
termine the effect of the matrix on the spacing and line
width of the triplet, pure N2 was diluted 10:1 with dry
argon and subjected to the same discharge and condensation.
Results of thils experiment are shown in figure 17. The
lines have maintained the same spacing but have broadened
by a factor of 2 to 3. This result is at first sight
rather unexpected since if the original line width were
due to dipole or crystalline electric field broadening,
the lines would be expected to narrow upon dilution in
an inert diamagnetic lattice containing no ion pairs.
Broadening may be explained by assuming the argon terform
a dense closest packed structure into which the nitrogens
are fitted as defects--their electron clouds and thereby

their energy levels being perturbed by this crowding.
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It may be suggested that a more open lattice should
be chosen for the diluting matrix but here one is faced
with the task of finding an open lattice sufficiently
inert that 1t will not react with free nitrogen atoms.

A possible solution is to dilute the afterglow downstream
from the discharge zone with a guantity of undissociated
nitrogen gas. By this procedure one could determine
whether the broadening were a magnetic dipole-dipole ef-
fect or due to the guadrapole electric field of N2.

During the course of one of the nitrogen experiments
the complex spectrum shown in figure 18B was obtained.
When the sample cavity was warmed to 77OK, the spectrum
disappeared. Upon subsequent dismantling of the appara-
tus, it was found ﬁhat several small droplets of mercury
had been drawn into the discharge tube. Each of the drop-
lets was surrounded by a green powdery deposit, the’same
deposit being found on the walls of the sample cavity.

The spectrum obtained contains 11 lines of varying intensity
ranged unsymmetrically about a strong central line at
g5 = 2.0046 + .0005. No explanation of these lines can

be given at present.
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AMMONIA

In order to test the general applicability of the tech-
nigues developed for N2 to other compounds, it was decided

to substitute NH3 for N2 in the dissociation apparatus.

Results
The discharge produced by the diathermy unit in the

NH, was of a reddish color and was not followed by any

3
afterglow. A composite of the EPR spectra (fig. 18A)
consisted of a closely spaced triplet at g = 2.002 and a
wide doublet unsymmetrical with respect to g = 2.0. The
triplet splitting was symmetrical and equalled 0.4 milli-
weber/ﬁz. Total doublet splitting was 50.95 milliweber/m2
and had a center 2.0 milliweber/’m2 below the field value

for gj = 2,00, The line widths were between 0.2-0.3

milliweber/mg.

Analysis

The two portions of the spectra are interpreted as
being the resonances of free hydrogen and nitrogen atoms--
the former giving rise to the doublet and the latter, the
triplet. The value of the splitting for nitrogen checks
closely with that given in the nitrogen section above. The
doublet splitting and center bf gravity shift of 2 milliweber/
m2 correspond to the values found for H atoms trapped in H2 by
Jen and Foner (23). It also is in agreement with the well

known 1420 me splitting of the ground state of hydrogen (24).
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The wide satellites found in N but not in NH3 discharge
products should also be noted. There is no evidence in
these spectra of the presence of NH or NHE. This, however,
does not preclude their presence in the sample. NH,

being in a 32 state, may have zero field splitting
between the 3 spin levels. This splitting may be large
compared with h4 for the microwave radiation so that no
resonance could be observed. In the case of NH2 the odd p
electron possesses orbital angular momentum which may or
may not be guenched by the intramolecular electric fields.
If the angular momentum were quenched leaving spin-only
angular momentum, one would expect to find a set of hyper-
fine multiplets around g = 2.00. If the orbital momentum
was not quenched, the EPR lines of this electron would be
far outside the region of fields investigated and could be
so broadened that they would be undetectable.

Theoretical calculation of the size of these splittings
for both NH and NH2 is a problem of practically insuperable
difficulty. It is therefore possible that a spectrum from
either or both of these might be present but be completely
masked by the strong N triplet observed. It is interesting
to note that Rice and Fremano (25) have found no evidence
for NH in the discharge products of NH3 frozen at liquid

N2 temperatures.
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APPENDIX

To calculate the energy levels for an atom In a magnetic

field B, with J = 8 = 3/2 and I = 1 we use the Hamiltonian,

N = -h(Y,;s + KI)- Bo + AKIS

}; = magnetogyric ratio of the electronic spin
system

7;= magnetogyric ratio of the nuclear spin system

S = electronic spin operator

.J = nuclear spin operator

A = hyperfine coupling constant

In the strong field case when I and S are decoupled
by the magnetic field we may take the first term on the

right of equation 1 as the unperturbed Hamiltonian and

(1)

the second as the perturbation. The unperturbed eigenfunc-

tions may be written, using Greek letters to denote electron

spin and English letters for nuclear spin, as follows:

& a Ba Ya da
&b BD Yb 8b
o C @c Yec dc

where cL‘ (3 ‘Y' and § are electronic spin functions cor-
responding to m = 3/2, 1/2, -1/2 and -3/2 respectively
and a, b, and c¢ correspond to my = 1, O, and -1. The

Hamiltonian for the atom may be rewritten.
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H=-hn(XS + Y,I )'B +arl1s,+%1s +1s] (2)

or

H o= H, + AfH" (3)

I,_

I, and S+ are the spin raising and lowering operators,

S, = (84 + isy)
S = (sX - iSy)
I, = (I, + in)
I_= (I, - in)

We may now calculate the energy levels using the second

order perturbation formula:
E = Ho + ANH =+ R h } _nm_"‘mn_
nn nn

wherelﬂe nare the unperturbed energies and

1
~—

s, A1}
H g YR @ dr (

The new energy levels are:

Level Energy

% a - 3/2V - X + 3/2%Y%

® b - 3/2V - 3/2 7
o - 3ﬂzv + X - 3/2Y - 3/272

B a - 2V - X + 1/2Y + 3/22
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B - 1/2 v - 1/2 Z
Bec - 1/2V + X - 1/2Y -~ 3/22
Ya 1/2V - X - 1/2Y + 3/272
Yo 1/2V + 1/2 Z
Tc 1/2vV + X + 1/2Y - 3/27%2
da 3/2v - X - 1/2Y + 3/2 72
éb 3/2 V + 3/2 7
§c 3/2V + X + 3/2%
where

vV =H Y B,

X =4 Y;B,

v =AY

7z - A3

: Y;Bo
For nitrogen the Z terms are very small, From the
selection rules Amy = 0, Amg = + 1 we obtain three lines
at:
h?v = h¥%Bo
fY,Bot AR®
AY,Bo~ AN
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PROPOSITIONS

Matheson and Smaller (1) have reported the EPR
spectrum of gamma irradiated solid NH3; it consists
of 5 equally spaced lines covering a range of 7.7
milliweber/mg. They have assigned the outer pair
of these lines to hydrogen atoms and the inner triplet
to NH, accounting for the small splitting (relative
to the free atom value of 50.9 milliweber/’m2 for
hydrogen) by the hypothesis that the dielectric con-
stant of solid NH, changes the hyperfine (I-S) coupling.
It is proposed that this interpretation of the svectrum

is incorrect.

A method of heteradyne detection for EPR spectro-
graphs is suggested which would requlre only one
klystron instead of the two usually used. This would
eliminate the AFC usually used in this type of spectro-
graph to maintain a constant difference in frequency

between the two klystrons.

An experiment 1is proposed by which the anisotropy
of 6 ray emission may be studied without the use of
demagnetization temperatures, and employing only one
counter., This experiment would make use of the
Overhauser (2) effect to obtain nuclear alignment

and a simultaneous pulsed nuclear resonance.
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It is proposed that a study of the recombination

of nitroren atoms in the Brolda-Pellam afterglow by

‘means of EPR be made in order to find the relation be-

tween the recombination and the blue flashes observed

on warming the afterslow.

Rice and Freamo (3) have found that upon condensa-
tion the products of an electric discharse through
N3H form a blue paramagnetic solid. They attribute
these properties of the solid to NH radicals. It is
proposed that a study of this solid be made with EPR
at wavelengths of 3, 1.2, and .5 cm to check this
hypothesis and determine possible zero field splitting

in NH.

McLennan and Shrum (4) in 1924 found that solid
nitrogen bombarded with cathode rays produced a
green zlow having an emission spectrum similar to
that of the Broida-Pellam afterglow, It is vroposed
that McLennan's method may be easlily adapted to
produce free radicals for study by EPR. This method
has several advantaces over the X and gamma ray

irradiation methods now in use.

It is proposed that EPR techniques may be used to
study the role of free radicals in the chemistry of
flames. By using low pressure one may make flame

fronts of considerable thickness which may be main-
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tained by a flow system inside the resonant cavity.

A general method for finding

p
S=mem1
w= -,

is suggested. I is integral or half integral and n

is integral.

Since it has been shown by Hahn (5) that the
width of the echo pulse in a spin echo experiment is
inversely proportional to the field gradient 1t 1s
propcsed that a spin echo probe would prove useful

in mapping the gradient of a magnetic field directly.

It is proposed that rationalized M.K.S. electro-
magnetic units be adopted as standard in the under-
graduate chemistry courses. Not only have these units
been blessed with International approval but produce
answers in units actually measured e.g. volts, amperes,

and coulombs.
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