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Determination by Gas-Phase EPR of the Absolute Concentration of Species Undergoing 
Electric Dipole Transitions 

W. H. BRECKENRIDGE* AND TERRY A. MILLER 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

(Received 28 June 1971) 

An experimental investigation of the theoretical expressions relating gas-phase EPR signal strengths 
and absolute concentration of species undergoing electric dipole transitions has been carried out. Absolute 
concentrations of SO(32;-) have been determined by EPR using NO as a calibrant gas. Concomitant deter­
minations by titration of SO(32;-) with known amounts of N02 are found to be in excellent agreement 
with the EPR results, once inconsistencies in the published values for the transitkln moments of NO(2II) 
and SO(32;-) are reconciled. The agreement supports the validity of each technique, but the EPR method 
is more convenient once a correct calibration factor is established. Several methods for determining the 
signal strength from an observed EPR line (first moment, double integral, width squared times height) 
have been critically examined. All of the methods were found to yield consistent results when properly 
applied. A choice among them will be dependent upon the particular requirements of any given experiment. 

INTRODUCTION 

The use of gas-phase EPR detection for determining 
the reaction rates of small molecules and atoms is 
now becoming widespread.1 Westenberg and De Haas,2,3 
have worked out the theory necessary for the deter­
mination of relative and absolute concentrations of 
several atoms and molecules observed by gas-phase 
EPR. To determine absolute concentrations of species 
they have recommended spectrometer calibration using 
the stable paramagnetic gases O2 and NO. The theo­
retical relationships used for determining, from O2 
resonances, the absolute concentration of species whose 

experiments utilized the fast reaction of N02 and SO 
reported by Clyne et al.6 for titration of SO. We have 
also undertaken a number of experiments designed to 
determine the best measure (first moment, double 
integral, etc.) of the signal strength for gas-phase 
EPR lines. We have found that each of several meth­
ods have their own unique advantages and disadvan­
tages, and the choice of a particular one may be 
dependent upon the particular requirements of any 
given experiment. 

EXPERIMENTAL 

EPR transitions are magnetic dipole in nature, were The experimental apparatus and procedures have 
subjected to extensive experimental verification3 by been described previously.5 The reaction of 0(3P) 
these authors. A separate attempt4 was made to verify with OCS was again used to generate SO (32;-) . Vol­
experimentally the equations relating the con centra- ume flow rates and pressures were measured as before.5 

tions of species with electric dipole transitions, such Pressures of N02 in the calibrated volume were kept 
as OH and electrons undergoing cyclotron resonance, low enough that correction for N20 4 formation was 
to those of NO. This attempt resulted in somewhat negligible. The moveable injector was positioned ap­
inconclusive results due to the unavailability of another proximately 15 cm upstream from the detection cav­
electric dipole species of sufficient stability and/or the ity for the titration experiments, a distance sufficient 
unavailability of reliable alternative methods (such as to allow essential completion of the reactions for the 
the chemical titrations used to verify the magnetic flow rates and concentrations used. Some of the mea­
dipole relations) to determine the absolute concen- surements reported here were taken with a Fabri-Tek 
tration of the electric dipole species. Instruments computer, Model 1072. The computer's 

We have recently carried outS a series of kinetic chief uses were in obtaining double integrals and 
experiments with EPR detection designed to measure numerical determination of line shapes for first mo­
the rate of the . spin exchange reaction between triplet ments. 
SO and singlet O2. In order to obtain rate constants, There are certain difficulties involved in measuring 
it became necessary to determine the absolute con- SO(32;-) under the conditions of low power7 and low 
centration of ground-state SO (32;-) . Calibration of a modulation amplitude necessary to obtain a "true" 
known EPR transition of SO seemed the obvious EPR line shape. Particularly for small amounts of 
method for this purpose. However, as there has never SO(32;-), the signal-to-noise ratio can become intoler­
been a completely satisfactory check on the reliability ably small. It was necessary, therefore, to make mea­
of EPR concentration determinations for electric dipole surements under conditions where some power and 
species, we were somewhat dubious about the credi- modulation broadening was present, and to relate 
bility of the EPR results. these measurements to the "true" signal strength at 

We therefore performed a series of independent ex- low power and modulation. This was done in the 
periments designed to check the theoretical calcula- following way. For each particular set of conditions 
tions of ourselves and others, relating the concentra- (total pressure, composition of gas mixture) a large 
tion and signal strengths of SO and NO. These enough concentration of SO(82;-) was generated to 
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FIG. 1. EPR signal strengths S for the J and C lines of O2 
VS O2 pressure. In (a) S is determined via the first moments, 
in (b) via double integrals, and in (c) via the width squared 
times height method. The data point marked with a X refers to 
a He-02 mixture, 38% O2 in composition. All other points refer 
to pure O2, 

obtain measurements with adequate signal-to-noise 
under known low-power, low-modulation conditions. 
Immediate measurement at fixed higher-power and 
modulation amplitude of the apparent EPR signal 
strength of this amount of SO allowed a calibration 
curve to be determined which could be used to cor­
rect any later measurements of smaller amounts of 
SO to the true low-power, low-modulation signal 
strength. Several detailed sets of experiments showed 
that this correction procedure was quite reproducible. 
All the measurements reported here were made under 

conditions of only slight distortion of the SO line 
shape by modulation or power broadening. 

SIGNAL STRENGTH DETERMINATION 

The type of formula usually2.3 employed to relate 
the observed EPR resonances to the concentration of 
atoms and molecules is of the form, 

Np=KQ(p) IXp"dH, (1) 

where N p is the number of paramagnetic atoms or 
molecules per unit volume. K depends upon instru­
mental parameters and is exceedingly difficult to cal­
culate. It should, however, have only two unique 
values. One value is common to all species under­
going electric dipole transitions. The other value is 
common to all species undergoing magnetic dipole 
transitions. By using the magnetic dipole calibrating 
gas O2 and the electric dipole calibrating gas NO, 
K can be determined experimentally, assuming Q (p) 
and I xp" dH are known for O2 and NO. 

Q(p) depends upon angular momenta quantum 
numbers, dipole moments, and partition functions. It 
should be calculable for most paramagnetic gases. 
Westenberg2 and De Haas2.3 have given values of 
Q(p) for O2 and NO, with the former having been 
subjected to extensive experimental verification. We 
discuss the similar quantity for SO in the next sec­
tion, hence we postpone further comment on Q (p) 
until that point. 

The remaining term on the right-hand side of Eq. 
(1) is the integral over all values of the magnetic 
field of the complex portion of the magnetic or elec­
tric suspectibility. For most practical purposes, we 
may simply consider this an integration of the line­
shape function to give the total signal strength. We 
will therefore denote the value of this integral by the 
symbol S. 

Unfortunately, in the typical EPR experiment the 
observed line shape is not given by Xp". As Westen­
berg and De Haass have noted, this complication 
results from the fact that field modulation is em­
ployed and the signal detected by a lock-in amplifier. 
These workers have also presented equations describ­
ing the further modifications of the . line shape pro­
duced by nearly saturating microwave fields or high­
modulation amplitudes. (Mention is made in the 
Experimental section of our efforts to avoid these 
latter difficulties.) Experimental results consistent 
with their equations have been described.s We have 
conducted similar experiments with the intention of 
determining the most efficient means of measuring S 
for particular experimental conditions. Some of the 
earlier resultsS have been confirmed, and certain tech­
niques, especially with respect to NO calibration, have 
been extended into regions previously uninvestigated. 

Several indirect means have been employed to ob-
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ABSOLUTE CONCENTRATION BY EPR 477 

tain S from the observed EPR resonance. (a) Some 
investigators3 have measured the first moment of the 
line to obtain S. (b) Double integration of the lines 
with low-modulation amplitude has been the classical 
means9 to obtain S from EPR lines. (c) Since com­
pletely resolved gas-phase EPR lines of all species 
can be expected to have a Lorentzian line shape, a 
product of linewidth squared times height has been 
employedlO to obtain S. (d) For the purpose of ob­
taining relative atomic concentrations, measurement 
of signal height alone may be sufficient to deter­
mine S.2.3.8 

As far as ease and efficiency are concerned, the 
methods are listed roughly in descending order of 
difficulty though methods (a) and (b) are of very 
comparable difficulty while the difference between (b) 
and (c) is quite pronounced. As kinetic experiments 
require numerous determinations of S, rapid mea­
surements are important. Unfortunately, in some cases, 
e.g., comparison of concentrations of two different 
atoms or molecules, method (d) is impossible because 
of different linewidths. We thus have undertaken to 
determine if method (c) gives results as reliable as, 
and consistent with, methods (a) and (b). 

Data were taken on the C and J lines (see Ref. 3) 
of the O2 spectrum which have different field widths. 
Figures 1(a)-1(c) show plots of the strength of these 
lines as a function of O2 pressure. Included in these 
plots are data taken both with pure O2 and with 
02-He mixtures. As can be seen from these figures 
each method [( a) - (c) ] shows a linear variation of 
strength vs O2 pressure. No deviation is observed for 
the 02-He mixture. 

In Table I, we list the ratios (J IC) obtained at 
various pressures as determined by the three methods. 
One can see that average values agree within experi­
mental error and that the standard deviation is 
smallest for method (c). It is also worth mentioning 

TABLE I. Ratio of the strengths of the J and C lines of O2 

as a function of pressure. Column 2 gives the ratio of strengths 
as determined by the width squared times height method. Column 
3 gives the same ratio as determined from the double integrals 
of the lines. Column 4 gives the ratio using the first moment 
technique. 

Pressure 
(torr) (J/C)W2H (J/C)DI (J/C)FM 

0.55 2.26 2.40 2.35 
0.85 2.33 2.22 2.20 
1.20· 2.36 2.23 2.11 
1.23 2.36 2.32 2.35 
1.53b 2.45 2.43 2.34 

Av 2.35±0.06 2.32±0.08 2.27±0.10 

• Partial pressure 02. 0.46 torr; partial pressure He. 0.74 torr. 
b Average of two runs. 
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FIG. 2. EPR signal strengths S for an NO line vs NO partial 
pressure in mixtures of NO and helium (total pressure, 1-2 
torr). In (a) S is determined via the first moment, in (b) via 
the double integral, and in (c) via the width squared times 
height method. 0 's indicate raw data points and X's indicate 
data corrected through computer calculations for incomplete 
resolution in the NO spectrum. 

that the average value of (J IC) is somewhat different 
from the theoretical value of Tinkham and Strand­
bergll and the experimental one given in Ref. 3. This 
is not particularly surprising as our microwave fre­
quency (",,8880. MHz) and hence our resonant mag­
netic field is considerably different from the previous 
investigators, and the line strengths in O2 are fairly 
strongly magnetic field dependent. This result, how­
ever, does indicate the need for some caution in 
using O2 as an absolute calibrant if one's microwave 
frequency is several hundreds of megahertz different 
from those of the previous references. 

We have also carried out experiments with NO. 
The transition J=!, M I = -1, MJ= -j~M/ =j, was 
chosen for study. Figures 2(a)-2(c) show plots of the 
strength of this line vs NO partial pressure. [The 
measurements were taken in excess helium at total 
pressures of 1-2 torr to avoid experimental problems 
encountered in handling higher pure NO pressures or 
adsorption, differential pumping, and pressure mea­
surement problems at lower (total) pressures of pure 
NO.] In these figures, circles denote. the raw experi­
mental data, and it is quite apparent that the linear 
dependence of S upon pressure observed with O2 is 
not found with NO. 

It was felt that the most likely explanation of this 
difficulty lay in the incomplete resolution of the NO 
spectrum at the pressures used. The line studied con-
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TABLE II. Molecule-dependent factors for NO and SO(32;-) entering into a determination of Q(p). 

exp( -E;p/aT) I (/lp);j 12 a 

1.16X1()3 

8.72X1Q2 

0.777 

0.636 

0.549 

0.951 

0.320(/loNO)2 

0.102(1-'080)2 

0.1587 

1.55 

a For NO, the value listed is the sum for both the unresolved A-doublet transitiqns. 

sists, in fact, of two separate transitions across the A 
doublet12 of NO(MJ+~MJ-' and MJ-~MJ+')' At the 
lowest pressures used, the lack of perfect superposi­
tion of these two transitions very seriously affects 
the determination of S from the observed line by 
method (c). At the highest pressures used, overlap 
of adjacent Mr transitions disturbs sufficiently the 
wings of the line of interest to cause the first moment 
and double integrals to become inaccurate. 

In each case corrections to the line can be obtained 
if the line shapes of the individual components are 
known. The assumption was made that xp" is Lo­
rentzian and the equations of Wahlquist13 for the 
modulated and phase-detected first harmonic were 
programmed to obtain cotrection factors. The X's in 
Figs. 2(a)-2(c) represent the computer-corrected data, 
and one can see that a linear variation of S with 
pressure has been achieved. 

Because method (c) seems to show the least scatter 
and is also the simplest method, we chose it for the 
remainder of our measurements. Figure 3 gives the 
comput~r-generated correction factor for the NO 
strength determined by method (c) from the ob­
served NO line for a range of linewidths. Superim­
posed upon the theoretical curve are a number of 
data points taken to check the validity of the theoreti­
cal curve. The point marked with a triangle was as­
sumed to match the theoretical curve and all the other 
experimental points positioned relative to it. 

SULFUR MONOXIDE CONCENTRATION 
MEASUREMENTS 

EPR Strength Relations 

The number of paramagnetic molecules present is 
related to the EPR signal strength by Eq. (1). The 
factor, Q(p) in Eq. (1), has the explicit form,2 

Q (p) = kT(3 ZpgcffP 

volt exp( -EiP/kT) 1 (/Lp)i; 12' (2) 

where h is Planck's constant, k is Boltzmann's con­
stant, T is the absolute temperature, Vo is the spec­
trometer frequency, f3 is the Bohr magneton, EiP is 
the energy of the lowest state of the molecule or 
atom p involved in the transition, 1 (/Lp) i; 12 is the 
square of the transition moment in the direction of 

the microwave electric or magnetic field, Zp is the 
partition function, and geffP is the effeative g value. 

The values of the p-dependent quantities are listed 
in Table 11 for NO and SO. With the exception of 
the transition matrix element and the dipole moment 
of NO, for which there now exists a more accurate 
value,14 the quantities for NO are the same as those 
given by Westenberg2 for the lines (in his notation) 
d, e, j, at room temperature. 

For SO, Zp and exp( -EiP/kT) can be easily cal­
culated from the known rotational and vibrationa"l 
structures. The line chosen for the SO measun,ments 
was the transition, K=I, J=1, MJ=~M/=-I, 
K = 2, J = 1, which can be observed at approximately 
5.81 kG at a nominal microwave frequency of 8.88 
GHz. The effective g value was obtained from the 
work of Daniels and Dorain.7 The value of 1 (/Lp) ij 12 
was taken from the work of Carrington, Levy, and 
Miller.s The value listed in Table II for the transi­
tion matrix element squared of NO is one-half the 
value given by Westenberg.2 This factor of 2 is dis­
cussed in some detail in Appendix I and is absolutely 
necessary for a consistent determination of the rei a-
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FIG. 3. Plot of the ratio of observed signal strength to cor­
rected signal strength vs apparent NO linewidth. The factor 
(Sob.NO/ScorrNO) gives the ratio of the apparent value of the 
signal strength, obtained via a linewidth squared times height 
computation, to that which would be obtained were the NO 
A-doublet transitions perfectly superimposed. The solid curve 
is based on computer simulation while the points are obtained 
experimentally by measuring the relative Sob.NO for known NO 
concentrations. To determine the relative position of the data 
points and the computed curve, a single data point (open triangle) 
is assumed to lie on the curve. 
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ABSOLUTE CONCENTRATION BY EPR 479 

tive Q's for NO and SO (32:-) . It should be mentioned 
that 1 (/Lp) ij 12 and geffP are field dependent for SO 
and the previous calculations were at slightly different 
fields than the observed line position. The error so 
introduced should at most be 2%-3%. The value of 
the dipole moment of SO is taken from the micro­
wave experiments of Powell and Lide.15 

Combining the results in Table II with Eq. (1), 
we obtain 

Nso/NNO= 1.05[Q(SO)/Q(NO) ] (SSO/SNO) 

=0.0123(Sso/ SNO). (3) 

The factor of 1.05 in Eq. (3) allows for the fact that 
the observed EPR line originates with 32S160 (32:-), 
while 32S accounts for only 95% of all the S isotopes. 

TITRATION CHEMISTRY 

Clyne et al.6 have recently reported a value of 5X 
1()9 liter mole-I. secl for the rate constant of the 
reaction 

(I) 

If this value is correct, and the stoichiometry is ac­
curately implied by the equation, Reaction (1) rep­
resents an excellent titration reaction for SO. To verify 
that Reaction (1) proceeds rapidly and without com­
plications in our system, we carried out a number of 
experiments. 

Figure 4 shows a plot of percent (SO) titrated vs 
the concentration of added N02. In these experiments 
the relative SO concentration was monitored by means 
of its EPR signal, and the N02 concentration was 
determined by the metering technique described in 
Ref. 5. The linearity of the plot would seem to verify 
that N02 is reacting only with SO and that there 
are no complicating secondary reactions. Results pre­
sented in the next section show also that the calibra­
tion procedure gives consistent results over a wide 
range of SO concentrations. 

1.0 

o 0.8 
w 
g 0.6 
« 
~ 0.4 
z 

0.2 

°0~~1~0~2~0~~30~~4~O-'5~O~6~O~7~O~~80~n9~O~IOO 
PERCENT SO(3~-) TITRATED 

FIG. 4. Plot of percent SO titrated vs N02 added. Because 
the points shown were determined at slightly different SO con­
centrations, each N02 concentration value has been normalized 
by dividing it by the initial concentration of SO. The ordinate 
and abscissa are therefore both dimensionless quantities. 

TABLE III. Partial pressure of NO produced from a known 
amount of N02, determined (I) from EPR measurements of 
the products of Reactions (I), (II) from EPR measurements 
of the products of Reactions (II), (Ill) by measuring a flow of 
NO regulated to give a standard EPR signal. 

Method 

I 
II 
ill 

NO production 
(mtorr) 

2.5 
2.5 
2.8 

To further verify the reaction mechanism, we moni­
tored via EPR the NO produced in this reaction. 
The NO signal was, however, very weak and only 
limited quantitative use can be made of it. A mea­
sured concentration of N02 was allowed to react with 
excess 0(3P) atoms according to 

(II) 

a reaction whose fast rate and simple stoichiometry 
are well known.l6 This NO concentration, determined 
from the flow of N02, is listed as entry 1 in Table III. 
If the 0 atoms are replaced with an excess of SO 
the relative (to entry 1) NO concentration produced 
can be determined from the EPR signal. This relative 
concentration is listed as entry 2 in Table III. Another 
measure of the NO concentration can be obtained by 
eliminating the 0 atoms and SO from the system and 
introducing a small flow of NO. This flow may be 
regulated so that the NO signal is equal or close to 
equal to that measured in trials 1 and 2. The NO 
concentration listed as entry 3 in Table III was ob­
tained by measuring this regulated NO flow. These 
measurements show that within experimental error 
N02 is converted stoichiometrically into NO by SO. 

We have also conducted an experiment which at 
least qualitatively confirms the conclusions of Clyne 
et al.6 that Reaction (1) is extremely fast. By moni­
toring the relative changes in 0(3P) and SO con­
centrations when a small amount of N02 was added 
to a mixture of approximately equal parts of 0(3P) 
and SO in the main flow tube, we showed that kl is 
larger than k2, in agreement with the finding of these 
workers. 

CONCLUSIONS 

Equation (3) gives a means of determining absolute 
SO concentration by EPR, and Reaction (1) gives 
a chemical titration to check theoretical EPR rela­
tions. Table IV summarizes the results of several 
concentration determinations by the two methods. We 
see that there is excellent agreement between the two 
techniques. It appears, therefore, that the cumulative 
effect of any possible small systematic errors associated 
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480 W. H. BRECKENRIDGE AND T. A. MILLER 

TABLE IV. Comparison of determinations of SO by EPR and 
by N<h titration. The error assigned to the ratios in Column 3 
is equal to the square root of the sum of the square of the per­
centage standard deviations of the entries in Columns 1 and 2. 

(SO)titr (SOhPR 
Expt (torr X 1(4) (torrX 104) (SO) EPR/ (SO) titr 

A 6.35 6.4 1.01±0.06 
B 10.2 10.4 1.02±0.07 
C 12.7 13.1 1.03±0.07 
D 24.5 23.8 0.97±0.08 

Av 1.01±0.07 

with either method is less than the uncertainty due to 
the observed random error of the measurements. 

While this report of our work was being prepared 
for publication, a paper by Cupitt and Glassl7 ap­
peared in which some calculations and experiments 
concerning absolute gas-phase EPR concentration 
measurements were described. Calibration factors rela­
tive to an NO EPR transition were calculated for 
various transitions of SO(32;-) and SH(21r3/2)' How­
ever, because an error of a factor of 2 in the NO 
absolute transition probabilities (discussed above and 
in Appendix I) was incorporated into these calcula­
tions, all the calibration ratios for SO(32;-) reported 
by Cupitt and Glass should be divided by two.lS 

In their study, determinations were made of the 
concentration of SO(32;-) produced by an S02-Ar dis­
charge, using NO as a calibrant gas. The authors 
attempted to verify the validity of the calibration 
procedure by measuring the SO(32;-) concentration 
independently. The method6 of Clyne, Halstead, and 
Thrush was employed to titrate, with added N02, the 
products 0(3P) and SO(32;-) of the S02-Ar discharge. 
The concentration of SO(32;) was determined by sub­
tracting the 0(3P) concentration (estimated by EPR 
using O2 as a standard) from the total N02 which 
had to be added to titrate 0(3P)+SO(32;-). It was 
claimed that there was semiquantitative agreement 
between the absolute EPR method and the indirect 
titration method for obtaining the concentration of 
SO (32;) . However, because the EPR calibration fac­
tors used were incorrect, the consistency of the two 
methods was only apparent. We can offer no certain 
explanation for the fortuitous agreement reported by 
Ref. 17, but it is possible that other species which 
reacted with N02 were generated in their S02-Ar 
discharge. This effect would have resulted in too high 
an estimate of the SO (32;-) concentration by the 
titration method, causing it to be in apparent agree­
ment with the EPR determination. 

In conclusion, on the basis of our work there would 
seem to be no reasonable preference with respect to 
absolute reliability for the determination of SO by 

either of the two methods. The EPR method, how­
ever, offers a nondestructive and faster SO determina­
tion once an NO calibration is performed. The con­
sistency of the two methods confirms the stoichiometry 
of Reaction (1). Likewise, this consistency offers the 
first successful experimental check and verification of 
a gas-phase EPR concentration determination for a 
species with electric dipole transitions. 
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APPENDIX 

To determine the transition matrix elements for NO 
it is perhaps easiest, though not absolutely necessary, 
to turn to the theory of irreducible tensor operators.l9 

The dipole moment is a first-rank irreducible tensor 
operator with components in the space-fixed cordinate 
system, 

TOl(lL) = p.., 

T ±ll(lL) = ± (l/v'2)(p.x±ip.u)' (AI) 

For a molecule-fixed coordinate system with the z' 
direction along the internuclear axis of a diatomic 
molecule, the only nonvanishing component of IL is 
p..' or TO,l(IL). We can transform this molecule-fixed 
expectation value of the dipole moment to the space­
fixed system via a first-rank rotational matrix, 

T/(IL) = TO,l(lL) Dqal*(W) = Dqrl*(w) (p.), (A2) 

where w relates the molecule and space-fixed axis 
system and (p.) is the permanent electric dipole 
moment. 

For symmetric top or case (a) basis functions the 
matrix elements of Tql(lL) are just20 

(JMfJ I Tql(lL) I J'M'fJ') = {[(2J+1) (21'+ 1) J1I2/8I121 
J DMf/** (w) Dqal*( w) DM'f/'*dr(p.) 

= (p.)[(2J' + 1)/ (21+ 1) ]1/2 

X (J'lM'q I JM)(J'lfJ'O I JfJ). (A3) 

In the typical gas-phase EPR experiment, a micro­
wave electric field is present in one of the directions 
perpendicular to the magnetic field (space-fixed z di­
rection). Let that direction be the x direction, then 
in the EPR experiment the transition probabilities 
are proportional to the square modulus of the space­
fixed x component of the electric dipole moment. 

For the case of the NO molecule, the EPR transi­
tions are of the form J+-?J, il+-?n, M+-?M+l, ±+-?T 
where + and - denote the parities of the levels. 
Strictly speaking we should use symmetric and anti­
symmetric combinations of the symmetric-top wave-
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functions, but as we have noted before20 the matrix 
elements of the tensor Ti(ll) that are diagonal in 0 
are the same between these combinations as between 
the simple basis functions, save that odd-rank electric 
multipoles vanish between states of the same parity 
and odd-rank magnetic multipoles vanish between 
states of different parity. Thus we use Eq. (3) and 
the explicit expressions21 for the Clebsch-Gordan co­
efficients to obtain 

(+JMO I T_11(JL) I-JM+1O) 

and 

= (+JMO I + (1/Y2")(JLx-iJLy) I-JM+1O) 

= [(J-M) (J+M+l)/2J(J+l)]I/2 

X {O(JL)/[J(J+l) ]1/2 ) (A4) 

(+JMO I T11(JL) I-JM+I0)= (+JMO I 
- (l/Y2")(JLx+iJLy) I -JM+I0)=O. (AS) 

By substracting the respective sides of Eq. (5) from 
Eq. (4) we obtain 

where the penultimate equality is derived from Eq. 
(A3). The final equality is obtained from the orthogo­
nality of the Clebsch-Gordan coefficients and is in 
agreement with the value of I JLij 12 (along all axes) 
quoted by Westenberg. 

To find the matrix element we derived in Eq. (A7) 
he noted that to obtain the total intensity, V T, along 
any axis one should divide the total transition mo­
ment along all axes by 3 and sum over the 2J + 1 
values of M. Thus, 

VT = (JL)202(2J+1)/3J(J+l). (A9) 

He then noted that the sum of the intensity of all 
the Zeeman components (along an axis perpendicular 
to the magnetic field) must equal the unperturbed 
line intensity (along that axis). Hence using the M 
dependence of a T vector1 he writes 

I (+JOM I JLx I-JOM+l) 12 

=CHJL)202(J-M)(J+M+l) (AI0) 

(+JMO I (2/Y2")JLx I-JM+1O)= {0(JL)/[J(J+l)]I/2} and 

X[(J-M) (J+M+l)/2J(J+1)]I/2 (A6) 
or 

I (+JMO I JLx I-JM+I0) 12= [02(JL)2/4J2(J+l)2] 

X (J-M)(J+M+l). (A7) 

The result is for the A-doublet transition +~-; 
there is another transition, -~+, which has an 
identical transition probability. The two transitions 
are often not resolved in the EPR spectrum of NO, 
so the total transition moment in the x direction is 
twice that given by Eq. (A7). 

We note that the result, Eq. (A7), is exactly! the 
value derived for the seemingly identical transition 
moment by Westenberg.2 As this discrepancy is im­
portant and Westenberg's method of derivation is 
different from ours we have considered his results, 
in light of our derivation. 

He began with the value of the matrix element of 
the transition moment squared I (JLij) 12 summed over 
all M' states, 

I JLij 12= L: I (+JMO I JLx I-JM'O) 12 
M' 

+ 1 (+JMO I JLul-JM'O) 12 

+ I (+JMO I JL.I-JM'O) 12 

= L: L: I (+JMO ,I T/(IJ.) I-JM'O) 12 
M' q 

= [L: (JM I J1M' q)(J1M' q I JM)] 
M'q 

X (JL)2 (JntO I JO)2 

= (JL)2[02/J(J+ 1)], (A8) 

J 

!( (JL)2 02)C L: (J-M)(J+M+l) = VT (All) 
M-J 

and solves Eq. (All) (after performing the sum) 
for C, obtains [C= 1/J2(J+l)2], and the desired 
matrix element. 

We believe that Eq. (All) is in error. Consider 
two cases (i) magnetic field energy «A doubling, 
(ii) magnetic field energy »A doubling. In case (i) 
the total intensity along the x axis is actually a sum 
of two sums, one for the 11M = + 1 sum given in 
Eq. (All) and an identical sum for LlM = -1. The 
latter sum implies that 

(A12) 

which gives agreement with our Eq. (A7). Alterna­
tively we can work out C in case (ii). Here it is ap­
propriate to consider only transitions M~M+l, but 
the total intensity is now given by the sum of the 
+~- and -~+ transitions, implying that a factor 
of 2 should be included inside the summation over M 
in Eq. (All). The argument again gives C as in 
Eq. (A12) and yields a matrix element in agreement 
with that derived by us in Eqs. (A3) and (A7). 

We thus conclude that the matrix elements given 
by Ref. 2 should be divided by a factor of 2 if they 
are to be interpreted as the transition moment along 
one axis (say the x axis) perpendicular to the mag­
netic field. Equivalently they need not be altered if 
one adopts the convention that they refer to the 
transition moment along both axes (x and y) per­
pendicular to the magnetic field. 
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Finally, we would note that Westenberg appears 
to have used the same procedure for obtaining the 
transition moments for OH. Thus, this same factor-of-2 
anomaly exists for the OH transition moments. A con­
sistent anomalous normalization factor is no anomaly 
at all, so we conclude that the intensity ratios for NO 
and OH are correct as given. However, if one uses 
a transition moment for another molecule, calculated 
without this anomalous normalization procedure, as 
Cupitt and Glass have done for SO(3~-), one ob­
tains an intensity ratio which is incorrect by a fac­
tor of 2. 
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