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In a recent paper' we have presented a detailed
theoretical analysis of an effect' which is of
considerable spectroscopic value in the deter-
mination of hyperfine structure and paramag-
netic properties of highly excited atomic levels.
This Letter gives the first application of this
effect to the determination of hyperfine struc-
ture; specifically, that of a highly excited elec-
tronic state of '"Xe. There exist numerous
other excited states with hyperfine structure
in xenon and other atoms which may now' be
studied similarly. We also report measurements
of the g values of several excited states of Xe,
together with estimates of their radiative life-
times.

The experiments presented here involve the
saturation behavior of a Doppler-broadened
transition consisting of levels with closely spaced
structural components. ' The transition is con-
sidered to interact with a radiation field con-
sisting of several optical frequencies lying with-
in the Doppler width. The frequency spacings
of this field are assumed to be known. Consid-
er the case that the level structure is tuned
—e.g. , by application of a dc magnetic field.
Then, the coupling of the optical field with the
atomic transition appreciably changes' when-
ever the spacing of an appropriate pair of up-
per (or lower) energy-level components becomes
equal to one of the frequency spacings of the
applied field. This change has a resonant form
with a width determined only by the radiative
lifetime of the two corresponding level compo-
nents. When the level structure arises from
hyperfine interaction, appropriate pairs are
those belonging to lbMy I= 0 or 2 (where My
is the projection of the total angular momen-
tum F onto the magnetic field. Details of this
effect have been already described elsewhere.
Here we emphasize the use of the effect as an
inherently simple experimental tool and its
application to measurements of hfs.

In the present experiments we have used a
multimode, linearly polarized, Brewster-an-
gle gas laser. The resonator was close to a
confocal configuration. An iris diaphragm was
used near each mirror to limit the laser to

axial-mode operation. In this case the laser
radiation contains a number of frequencies whose
separations are closely given by integer mul-
tiples of v~ =c/21. , where I. is the length of
the resonator. 4 An axial magnetic field was
applied to the laser tube by means of a solenoid.
The above-discussed coupling effect appeared
in the form of a resonant change in the output
power' whenever the spacing of the appropri-
ate Zeeman sublevels became equal to the fre-
quency separation of two oscillating modes.
For purposes of narrow banding, the magnet-
ic field was modulated by a small amount at
an audio frequency. This allowed the use of
a phase-sensitive detector. The dc output of
the phase-sensitive detector was fed to the y
axis of an x-y recorder, with the x axis driv-
en proportionally to the solenoid current. Thus,
the curves obtained have the form of a deriva-
tive of the resonance signal.

The tracings in Fig. 1 are samples of the ex-
perimental results for the 3.37-g line (5d[2 —,'],0

to 6P[l —,], in Racah notation) in Xe. The reso-
nances in the figure are all due to splittings
of the upper laser level. This is because of
the very narrow radiative width (hundreds of
kilocycles per second) of this level. ' The low-
er level is much broader and resonances due
to its structure are not seen under the present
experimental conditions. This fact consider-
ably simplifies the interpretation of the observed
resonances.

The signals in the figure can be explained
readily in terms of the energy-level diagrams
of Fig. 2. First consider the various even iso-
topes of naturally occurring Xe which do not
possess hyperfine structure. Their energy-
level diagram is that of Fig. 2(a) which is the
usual linear Zeeman effect. In this case the
"selection rule" reduces to lhMg) =2. The
angular momentum of the level under consid-
eration is J =2. Note that for this level the
selection rule allows three pairs of Zeeman
sublevels with the same spacing. According-
ly the resonance due to each pair appears at
the same value of magnetic field and their three
signals are superimposed. The condition for
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FIG. 1. Resonances of 3.37-p transition of Xe. The
orders of resonances appear in parentheses. Reso-
nances indicated by a single arrovr are due to even iso-
tope of Xe and those indicated by double arrows belong
to "'Xe.

resonant coupling is 2g~PII =nv~. Here g~
is the level g factor, P is the Bohr magneton,
and n is an integer equal to the number of Fabry-
Perot spacings, v~, between the pair of oscil-
lating modes responsible for a specific reso-
nance. %e will henceforth refer to n as the
order of the resonance signal.

The signals of Fig. 1 labeled with single ar-
rows are due to the splittings of the even-iso-
tope sublevels. The order of each resonance
is indicated in parentheses.

Now consider the odd isotope '"Xe which has
a nuclear spin —,

' and occurs in sizable abundance
in a normal xenon sample. In this case the
hfs of the level under consideration has two

components corresponding to I" = 2 and I" = 2.
The energy-level pattern of this isotope is giv-
en in Fig. 2(b). The resonances of Fig. 1 in-
dicated by double arrows belong to this isotope
and correspond to IAMB I

= 2. At a low value
of the magnetic field the Zeeman splitting of
each hyperfine component is linear, correspond-
ing to g values g3/2 = (6/5)gJ; g5/2 = (-, )gg. '
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FIG. 2. Energy-level diagrams. The scale in (a) is
distorted and differs from (b).

Because of this linear dependence, low-order
resonances are due to a superposition of the
effects of several )AM@I =2 pairs, as in the
case, described above, of the even isotopes.
At a large value of the field, however, the lin-
ear dependence no longer holds. Accordingly,
the above-mentioned )b.MF 1 =2 resonances,
when obtained at a high order, are no longer
superimposed. In fact, by comparing the suc-
cessive orders of a resonance corresponding
to a given I" value, details of their gradual split-
tings may be followed with ease. ' In effect we

sample successively the energy intervals of
the Breit-Rabi pattern at many discrete frequen-
cies. This fact makes the identification of ob-
served resonances particularly simple.

From the departure from a linear Zeeman
effect illustrated by the doublets in Fig. 1, we

have calculated the zero-magnetic-field hyper-
fine interaction constant, a (where the inter-
action Hamiltonian is af J), to be 890 MHz with

a most probable error of about 8%. The size
of this error may be reduced appreciably by
operating at larger values of the magnetic field
where the departure from a linear Zeeman ef-
fect is more pronounced. There has been on-

ly one previous measurement of the hfs of
'"Xe. This measurement was done on a meta-
stable electronic state, 6s[1-,']„using a molec-
ular-beam technique. The coupling constant
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Table I. Measured g values and radiative linewidths
of excited Xe levels.

ent experiments offer a direct proof of this
fact.

Level
Transition

(p) g Value
Width
(MHz)

5d[22]2'
d[32] o

5d [32]4
5d [12]2'

3.37
3.50
5.57
3.27

0.929
1.070
1.254
1.376a

0.60
1.0
0.85
0.35

aKnown previously.

a in that case is a fa,ctor of about 3 greater.
The g values of several other 5d electronic

levels in Xe are given in Table I. These val-
ues were measured by studying the laser tran-
sition listed in column 2 and are accurate to
within 0.1%. The spacing between the even-
isotope resonance signals of each transition
was compared with that of the 3.27-p, transition.
The g value of the upper level (5d[1 2], ) of this
transition is known. This made detailed cal-
ibration of the magnetic field unnecessary.

The radiative linewidths of the levels are al-
so given in the table. They are obtained from
the measured resonance linewidths and the cal-
culated g values. These values are to be tak-
en as rough estimates due to the presence of
some inhomogeneity in our magnetic field.
They are in good qualitative agreement with
an existing theoretical estimate" of the radia-
tive lifetime of these levels.

Here we should point out that the dependence
of the width of a resonance signal only on the
radiative lifetime of the two upper-level com-
ponents (snd not on the lifetime of the common
lower level of the optical transitions) is an in-
teresting and important feature which was dis-
cussed theoretically in Ref. 1. The narrow
widths of the resonances obtained in the pres-
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