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Two-Quantulln Transitions in the Microwave Zeeman Spectrum of Atomic Oxygen
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Two-quantum transitions have been observed in the microwave Zeeman spectrum of atomic oxygen in its
ground 'P2 state by the method of magnetic resonance absorption spectroscopy. The three lines observed
originally by Rawson and Beringer are identi6ed as arising from two-quantum transitions between Zeeman
levels with the selection rule AM= %2. Each of the three lines is observed at the mean frequency of the two
corresponding AM= &1. transitions to within the experimental accuracy of a few parts per million. The line
width of the two-quantum transitions is approximately one-half that of the normal transitions, and the line
intensity varies more rapidly with rf power, both in agreement with the theory. The principal features of these
transitions are explained by second-order time-dependent perturbation theory. The two-quantum transitions
reported here are essentially similar to the double-quantum transition reported by Hughes and Grabner in the
electric quadrupole spectrum of Rb 'F and to the multiple-quantum transitions seen by Kusch in the
Zeeman spectra of K and 02.

1. INTRODUCTION

A MULTIPLE quantum transition between two
atomic or molecular energy levels is a transition in

which the energy is supplied by two or more quanta.
The transition is forbidden in first order perturbation
theory and occurs through one or more intermediate
states. In recent years, several examples of multiple-
quantum transitions have been reported in atomic and
molecular beam experiments. A double-quantum (or
half-frequency) transition was first observed in the
electric quadrupole spectrum of Rb"F by Hughes and
Grabner using the molecu)ar beam electric resonance
method. ' The transition was interpreted by second
order perturbation theory, according to which two
equienergetic quanta, each of one half the Bohr fre-
quency for the transition, supply the energy for the
transition. ' Also it was pointed out that the line width
for a double-quantum transition should be one-half that
of a single-quantum transition in agreement with the
experimental observation. Subsequently, it was shown
experimentally and theoretically that the transition
occurs also if two different frequencies are applied,
provided that the sum of the two frequencies equals the
Bohr frequency for the transition. ' Recently Kusch
observed double- and triple-quantum transitions in the
Zeeman spectrum of K and 02', Braunstein and
Trischka observed double-quantum transitions in the
Stark spectrum of LiF molecules'; Hamilton et al.
observed multiple-quantum transitions in the hyperfine
spectrum of Au" . The theory of transitions involving
the emission or absorption of two quanta (processes
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closely related to the Raman e8ect) was first discussed
by M. Goeppert Mayer on the basis of the Dirac
radiation theory. 7 Recently Salwen has discussed the
line shapes of multiple-quantum transitions, including
the effect of the velocity distribution in an atomic
beam experiment.

It is the purpose of this paper to point out an example
of a double-quantum transition in the Zeeman spectrum
of atomic oxygen observed in a microwave magnetic
resonance absorption spectroscopy experiment. The
double-quantum transitions being reported here were
observed originally by Rawson and Beringer but re-
mained unidentified. Further, a slight variation of the
second order perturbation theory originally proposed to
explain double-quantum transitions in electric quad-
rupole spectra' is applied to double-quantum transitions
in Zeeman spectra of the type observed by Kusch and
reported here.

A preliminary report of this work has already
appeared. '

2. EXPERIMENTAL DATA

The ground state of atomic oxygen is a (2p)' con-
figuration with three fine-structure levels as shown in
Fig. 1. In the presence of a magnetic 6eld the 'P2 level is
split into five magnetic sublevels designated by the
magnetic quantum number M with values from —2 to
+2. Because of incipient Paschen-Back effect, i.e., the
mixing in of 'P& state by the magnetic 6eld, adjacent
magnetic sublevels of the 'P2 state are not equally
spaced, and hence the magnetic resonance spectrum
consists of four lines.

The method of observation was the microwave mag-
netic resonance absorption method developed by
Beringer and his students, "and the apparatus was that

I M. Goeppert Mayer, Ann. Physik 9, 273 (1931). See also
G. Breit, Revs. Modern Phys. 4, 504 (1932).

8 H. Salwen, Phys. Rev. 99, 1274 (1955).
9 E. B. Rawson and R. Beringer, Phys. Rev. 88, 677 (1952).
'0 V. W. Hughes and J. S.Geiger, Bull. Am. Phys. Soc. 30, No. 3,

66 (1955)."R.Beringer and J. G. Castle, Phys. Rev. 78, 581 (1950).
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atomic g-value, J is the total atomic angular momentum
operator, and H, t is the applied radio-frequency mag-
netic field. J6

First-order time-dependent perturbation theory gives
the probability amplitude that an atom initially in the
state e shall be in the state m after it has been subjected
to the radio-frequency field for a time t Lsee Eq. (1)j.
a„&'& (t) = (—i/Ia) (tat (

X'(0)
( I)

(exp) itdt—+i(E„—E )t/Itj 1)—
X

L
—io&+i (E„—E„)/Ag

=—(it/ia)(~(se'(0) )n), (1)

FIG. 3. Ratio of line intensities of extra to normal lines as a
function of microwave power. The power is measured at the
bolometer, and these data were taken with the Matheson Company
extra dry oxygen.

transition to the M=O state is the usual one predicted
by erst order time-dependent perturbation theory be-
cause the selection rule allows AM= &1.The transition
to the M=+1 state occurs by virtue of the intermediate
state M=O, and, since the energy levels are equally
space, the usual interpretation would be that a reso-
nance transition occurs from the M= —1 to M=0 state
with the absorption of one quantum, and then a second
resonance transition occurs from the M=O to the
M=+1 state with the absorption of a second quantum.
The transition probability is given by the well known
Majorana formula. '5

The Zeeman spectrum of atomic oxygen presents a
diferent situation because adjacent energy levels are
not equally spaced, as was pointed out in the previous
section. Thus, for example, if we consider an atom in the
M= —2 magnetic substate of the 'P2 level and apply a
radio-frequency magnetic field whose frequency is the
Bohr frequency for the transition from M= —2 to
M.= —1 the atom will, of course, have a substantial
probability of making the transition to the M= —1
state, but the frequency will be far oG resonance for a
transition from the M = —1 to the M =0 state, so there
will be negligible probability for the atom to reach the
M=O state.

It will now be pointed out that by a consideration of
second-order time-dependent perturbation theory a
substantial probability for the transition from the
M = —2 to the M =0 state of 'P2 oxygen is expected at a
frequency one half the Bohr frequency for the M= —2
to M=O transition. The Hamiltonian is:

A=No+BC',

$Q tet oggJ H t gQ (0)&
t m t H t 8

in which Ko is the time-independent part of the
IIamiltonian which leads to Zeeman levels as shown in
Fig. 1.K is the interaction with the rf magnetic field,
and in this expression po is the Bohr magneton, gg is the

'e E. Majorana, Nuovo cinmnto 9, 43 (1932);F. Bloch and L L
Rabi, Revs. Modern Phys. 17, 237 (1945).

The usual resonance denominator appears for or near
the Bohr frequency. Provided t is suKciently small so
that the initial state amplitude can still be considered
approximately 1, the expression is approximately that
given on the right. Similarly, second-order time-depend-
ent perturbation theory gives the probability amplitude:

1 (trtiX'(0) it)(tiX'(0) its)
a„&oi (I)= ——

L
—ice+ i (Et—E„)/5]

exp L
—i2cot+i (E„—E„)t/Is j—1

X
L
—i2co+i(E„—E„)/h7

exp' —inst+i(E„—E,)I/Itl —1

iot+ i (E„—Et)/Ia]—
it (~[X'(0) [t)(t)3(.'(0) )~)

(2)[—ot+ (Et—E„)/is]

where I designates an intermediate state.
Consider the case realized for the 'P~ magnetic sub-

states of oxygen because of the unequal spacing of
adjacent Zeeman levels, in which the applied frequency
co can be far oG resonance from the Bohr frequencies for
either the M= —2 to M= —1 or the M= —1 to M=O
transitions but approximately equal to one-half the
Bohr frequency for the transition M= —2 to M=O. If
the atom is initially in the M= —2 state, there is
negligible transition probability to the M= —1 state
which is the only allowed transition in 6rst-order
perturbation theory. In second-order perturbation
theory the transition from the M= —2 to M=0 state is
allowed, because of the occurrence of the intermediate
state/ corresponding to M= —1.Furthermore, it will be
observed in the expression for the probability amplitude
in second-order perturbation theory that one of the
terms in the bracket involves a resonance denominator
for 2co= (E E„)/h. This term will be—dominant, and
provided t is suKciently small so that the amplitude of
the initial state e can still be regarded as approximately
1, the expression is that given on the second line of
Eq. (2). The occurrence of 2co instead of co in the

"As usual it is only necessary to consider a single rotating
component of the radiofrequency Geld. F. Bloch and A. Siegert,
Phys. Rev. 57, 522 (1940).
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resonance denominator implies that two equienergetic
quanta are involved in the transition. It also implies
that the line width for these two-quantum transitions
will be —,'that of the normal transitions. It was pointed
out above that this was one of the characteristics of the
unidentified lines.

The principal surprise about these two-quantum
transitions is their substantial intensity relative to the
normal transitions. This fact can be understood by
reference to Eqs. (1) and (2). It will be noticed that the
probability amplitude for a two quantum transition at
its resonance frequency differs from the probability
amplitude for a single-quantum transition at its differ-
ent resonance frequency by a factor which is the ratio of
a matrix element of the interaction with the rf field to
the energy difference between the half-frequency for the
transition from M= —2 to M=O and the Bohr fre-
quency for the transition from M= —1 to M=O. In the
experimental situation the rf magnetic 6eld was of the
order of 0.1 gauss and the energy difference between the
half-frequency and the M= —1 to M=O frequency
corresponds to about 0.28 gauss. Thus the ratio is of the
order of 1 and hence the intensity of a two-quantum
transition is comparable to that of a single-quantum
transition. It will be noticed, however, that the in-
tensity of a two-quantum transition should decrease
more rapidly with decrease of rf held than the intensity
of a single-quantum transition. This prediction is in
agreement with the experimental results shown in Fig. 3.
It should be emphasized that these remarks on line
intensities are only intended in a qualitative sense. '~

The actual experimental conditions are such that the
transition probabilities are high so that perturbation
theory is not a very good approximation. A better
knowledge of the experimental factors influencing line
intensity such as relaxation phenomena and saturation
eGects, and a careful comparison with Salwen's theory
would be required for a more quantitative understand-
ing of the line intensities.

Lines e, J, and g are, of course, being identified with
the double-quantum transitions from M=O—+&=+2,
M= —1-+M=+1, and 3II= —2-+M=0, respectively.
The question arises about the double-quantum transi-
tion predicted in connection with the 'P~ Zeeman
spectrum. This line would be expected to be much
weaker than the double-quantum transitions associated
with the 'P2 levels, because of the greater difference be-
tween the half-frequency for the transition M= —1 to
M+1 and the Bohr frequency from M=O to M=+1.
Furthermore, this half-frequency line is predicted to
occur at the field value for which a normal line in the
'P2 spectrum occurs. Hence it is understandable that
this double-quantum line was not observed.
"E.B.Rawson reports in his thesis LVale, 1952 (unpublished) j

that the relative intensity of the unidentiaed lines to the normal
lines depends on pressure. Indeed a decrease in pressure caused
this relative intensity to change from a value of about ~3 to a value
of about 3. Possibly relaxation phenomena aGect the double-
quantum lines and the single-quantum lines differently, but no
careful study has been made of this question.

The extension of the perturbation theory given for
double-quantum transitions to the case of triple-
quantum transitions is apparent. ' Since the separations
between adjacent lines a, b, c, and d are equal, it will be
appreciated that triple-quantum transitions will coincide
in field with single-quantum or double-quantum transi-
tions Le.g. , (a+b+c)/3=5, etc.j. This situation differs
from Kusch's case in which adjacent single-quantum
transitions are not equally spaced. 4

The essential similarity of the double-quantum transi-
tions discussed in this paper and of the double-quantum
transition in the electrical quadrupole spectrum of RbF
is clear. In the RbF case also second order time-
dependent perturbation theory explains the basic fea-
tures of the transition —the necessity of an intermediate
state, resonance at one-half the Bohr frequency, and the
line width one-half that of a normal transition. In the
RbF example, the normal electric quadrupole transition
can occur only when a static electric field is present, and
the two-quantum transition can occur in the absence of
the static electric 6eld. The factor by which the proba-
bility amplitude for a two-quantum transition differs
from that of a single-quantum transition is the ratio of
the matrix e1ement of the interaction with the radio-
frequency electric field to the matrix element of the
interaction with the static electric 6eld. The ratio is of
the order of 1 when the radio-frequency electric field is
nearly equal to the static electric held.

The microwave magnetic resonance absorption
method has certain advantages compared with con-
ventional atomic beam experiments for a further study
of the line intensities of multiple-quantum transitions as
given in Salwen's theory: 6rst, a more de6nite knowl-
edge of the microwave held in a cavity than in an
"rf-hairpin" of the type used in atomic beams, and,
secondly, perhaps a better knowledge of the velocity
distribution of the atoms, since no loss of low velocity
atoms is involved as in the atomic beam case.

Finally, it might be pointed out that in conventional
microwave spectroscopy involving transitions between
different rotational states of a molecule, the conditions
for the occurrence of double-quantum lines are not met
because the separations of adjacent rotational levels
differ by large factors. It seems possible that in the field
of nuclear paramagnetic resonance where the level
spacings are equal, one might find appropriate pertur-
bations in some cases so that the conditions for a double-
or multiple-quantum transition of the type discussed in
this paper might be realized.

It is a pleasure to thank Professor R. Beringer for
several helpful discussions about the apparatus.

"The principal term characteristic of a triple-quantum transi-
tion is found by third-order time-dependent perturbation theory
to be:

(~ lac (o) I ~) (~ Ice'(o) I» gl oc'(o) IN)
A' L

—uo+z(E) —E )/A/I —i2a&+i(Es —E„)/Aj
exp/ i3(ot+r'(E E„)t/Aj—1, — —

s3co+i (E E„)/Aj- —
where l and k designate intermediate states.


