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A magnetic-resonance technique has been used to make an accurate measurement of the gJ
values of the 5d[—]4, 5d[2]3, and 5d[2]2 states in xenon and of the hyperfine structure of the
5d[2]4 state in ~t Xe. The 5d states are excited and aligned by unidirectional electron impact
in a hot-cathode discharge tube containing Xe at a pressure of about 5 x 10 Torr. Induced
transitions between magnetic sublevels of the aligned 5d state are detected by monitoring the
intensity of linearly polarized light emitted during the second step in the cascade 5d 6p- 6s.
The g& values were measured by determining the Zeeman transition frequency of a particular
5d state in a magnetic field of about 20 G which had been locked to the Zeeman resonance in the
6s[2]2 metastable state. The results are gJ =1.2506(3) for 5d[p]4, g~=1.0749(4) for 5d[ ]3,
and gz =1.3750(3) for 5d[2]2. The hyperfine structure was measured by placing the tube in a
TElp2 microwave cavity and observing direct (~=1) hyperfine transitions in a magnetic field
of a few gauss. The result for ~Xe in the 5d[2]4 state is a= —583.571(2) MHz. The error
for both the gz values and the hyperfine structure arises from the magnetic field measurement
and corresponds to about one-tenth of the linewidth. Our results are improvements of previous
optical measurements.

I. INTRODUCTION

Many of the states with Jt 1 arising from the
5p' 5d configuration in xenon have relatively long
radiative lifetimes (~ 10 sec). This is due to the
nearness (= 2000 cm ') of the 5p'6p states to which
they decay. Their long lifetimes allow the build-
up of large population inversions, which account
for the strong infrared laser lines connecting the
5d and Gp states. In this experiment we have taken
advantage of these long lifetimes to make precision
magnetic-resonance studies of three 5d states:
5d[+s] J=4, 5dP&] J=3, and 5d[—,']J= 2. The tech-
nique used is that of magnetic resonance fol-
lowing electron-impact excitation and alignment.
This method was first demonstrated by Dehmelt'
using Hg and was extensively applied to the study
of He by Lamb and co-workers. Since these
pioneering investigations, the technqiue has been
used to study the excited states of many atoms as
well as a few ions and molecules; much of this
work has been summarized by Pebay-Peyroula. '
The 7p[-', ] and 7p[-', ]3 states of xenon have been
studied by Chenevier' using this technique.

In particular, we have measured the Lande

g factors for the three 5d states listed above and

also the hyperfine structure (hfs) of the 5d[2]4
state in ' Xe (I = 1/2). Our results represent
improvements of previous optical measurements
of the hfs by Liberman, ' and of the g~ values by
Schlossberg and Javan.

II. METHOD

The Xe energy levels relevant to this experiment
are shown in Fig. 1. It is seen that the 5p' 5d
states can be produced by electron bombardment
with a threshold of about 10 eV. For illustrating
the technique, we can limit discussion to the
5d[+s]4 state. The decay path for this state is the
two-photon cascade 5d[s]4- 6p[-', ]s- 6s[—,']s with

X&=55 750A and ~&=8819 A. As is known,
unidirectional electron bombardment near threshold
produces an aligned excited state, i. e. , Zeeman
sublevels with different

~

mz ~, have different prob-
abilities of excitation and consequently different
populations. Following excitation, this alignment
manifests itself in the polarization and anisotropy
of the decay radiation. Since alignment is trans-
ferred to the intermediate state by the first step
in the cascade, radiation emitted in the second
step wi'l also exhibit polarization and anisotropy.
Therefore, changes in the populations of the 5d
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FIG. 1. Xenon energy-level diagram showing the low-
est-lying levels. The 5p~5@ states are produced by elec-
tron bombardment. The J=4 and the lower J=3, 2 states
are those studied in this experiment. Decay is via the

6p levels to the 6s levels.

Zeeman sublevels induced by magnetic resonance
can be observed by monitoring the resultant change
in the polarization of the radiation emitted in the
second step of the cascade. To establish a splitting
of the Zeeman levels, an external magnetic field
is applied parallel to the electron-impact direction.
The magnetic resonances are obtained by linearly
varying either the applied frequency or the mag-
netic field.

Since more than one decay path is available for
the 5d[+2]q and 5d[~]3 states, the decay scheme is
not as simple as that for the 5d[+~]4 state. The

J =3 state may decay by three different routes to
the Gs[2]a state, yielding second-step photons with
wavelengths 8819, 8232, and 9045 A. Decay of the
5d[2]a state yields in addition photons with X = 8409
and 9800 A. In principle, observation of any of
these wavelengths could be used to detect changes
in the initial-state alignment caused by magnetic
resonance. However, variations of the initial pop-
ulation distribution among the 5d Zeeman sublevels,
the relative transition probabilities to the inter-
mediate- and final-state sublevels, and the efficien-
cy of detection of the second step intensity and
polarization imply that the strength of the resonance
signal depends upon which wavelength is observed.

We found that, under our operating conditions, the
best signal-to-noise ratios were obtained on reso-
nancesinthe 5d J=4, 3, and 2 states while observ-
ing the lines at X=8819, 9045, and 8232 A,
respectively. One could monitor several (or indeed
all) second step lines; however, since some of the
lines exhibit opposite polarization changes on
resonance, the net signal-to-noise might not be in-
creased and in fact could well decrease, unless this
were compensated for in the detection system. We
found that observing just one line was adequate.

Except when operating just above threshold with
a monoenergetic electron beam, it is difficult to
predict the exact population distribution among the
excited-state Zeeman sublevels. This is because
the relative excitation cross sections to the differ-
ent no~ states are not known; moreover, as the
electron-impact energy increases above threshold,
cascading from higher-lying states becomes im-
portant. However, to observe the magnetic-
resonance signals, it is not necessary to know pre-
cisely the initial-state alignment, but only that
some alignment exists.

In addition to the three 5d states, resonance
signals were observed in the 6s[2], metastable
state. Since its g~ has been precisely measured
by the molecular-beam magnetic-resonance tech-
nique, resonance signals in this state of the even-
mass Xe isotopes serve as a convenient means of
calibrating and locking the magnetic field. This
calibration resonance was easily observed for all
of the monitored lines: ), = 8819, 9045, and 8232A.

III. APPARATUS

Figure 2 shows the hot-cathode discharge tube
used in this experiment. The indirectly heated
cathode is a —,'- in. -diam &'~-in. - thick porous tung-

sten disk impregnated with barium oxide. A tan-
talum heat shield surrounds both the cathode and

the heating filament; the anode is also constructed
of tantalum. The cathode assembly is mounted on

a commerical 7-pin tube base which has tungsten
pins. The cathode-to-anode spacing is 1.25 in. ,
which matches the narrow inside dimension of the

waveguide cavity used in the Xe hfs measure-
ment.

After assembly, primarily spot welding, the tube

was attached to an all-glass diffusion-pumped vac-
uum system and outgassed by a combination of in-
duction heating the metal parts to 800-1000'C and

baking the glass envelope and tubulation at 300 'C.
With the pressure in the tube maintained at less
than 10 Torr, the cathode was activated by heating
it to about 1200 'C until a steady emission of sev-
eral mA at 100 V was obtained. After cooling the

glass envelope and metal parts, but with the cathode
at its operating temperature of about 1000 C, the

pressure in the tube was less than 10 Torr. The
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FIG. 2. Hot-cathode discharge tube and rf cavity. The
cathode (1) is indirectly heated and surrounded by a Ta
heat shield. Electrons accelerated towards the anode (2)
produce a discharge which is viewed through holes (3) in
the side wall of the TEyp2 mode cavity (4). The rf power
is coupled to the cavity through a waveguide to type-N
adapter (5) and circular iris (6). Radiation chokes (7)
help preserve the cavity Q. The cavity is tuned using the
quartz tuning rod (8) to the frequency appropriate for in-
ducing direct (~=1) hyperfine transitions in ~2~Xe. For
the gz measurements, rf coils replaced the cavity.

tube was left attached to the vacuum-gas handling
system to allow the xenon pressure to be varied as
well as to permit reactivating the barium oxide
cathode should it become poisoned, as it occasion-
ally did.

During operation the cathode- to-anode potential
was typically 20 V and the emission current limited
to 120 mA. . This high emission at low voltage is
due to the neutralization of the electron space
charge by xenon ions. Under these conditions,
most of the cathode-to-anode gap was filled with a
field-free plasma; the electrons gained all of their
energy in passing through a thin (0. 5 mm) dark
sheath just above the cathode surface. It was in the
plasma region that most of the Xe excitation took
place and from which the decay radiation was ob-
served.

Figure 3 shows the over-all experimental ar-
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FIG. 3. Outline of the apparatus and data-collection
system.

rangement and data-collection system. An external
magnetic field Ho parallel to the electron-impact
direction was generated by a pair of 50-cm-diam
Helmholtz coils which were energized by a pro-
grammable constant current power supply; the pro-
grammable feature allowed the magnetic field to be
easily swept. An oscillatory rf field H„perpen-
dicular to the external magnetic field was supplied
by a pair of small coils for the g& measurements,
and by a TE»f, cavity for the hfs measurement. In
both cases, the rf field was square-wave modulated
at 200 Hz for lock-in detection of the resonance
signal; the current through the filament indirectly
heating the cathode was pulsed at 400 Hz to prevent
this current from influencing the observed reso-
nance. The particular 6P - Gs line being monitored

0
was isolated by means of 20-A-bandpass interfer-
ence filters. Two photomultipliers (RCA 7102) and
linear polarizers were used to monitor the intensity
of light polarized both parallel and perpendicular
to Ho. This arrangement greatly improves the
signal-to-noise ratio since the resonance signal has
opposite sign, but the noise does not, for the two
polarizations; therefore, a differential amplifier
reduces the background while adding together the
signals. At resonance the parallel and perpendicu-
lar polarization intensities contain 200-Hz alternat-
ing components of opposite phase due to the modu-
lated rf mixing of the 5d Zeeman sublevels. This
modulated signal is detected by a Princeton Applied
Research Co. HR-8 lock-in amplifier. The dc out-
put of the HR-8 is converted to a pulse rate by a
Vidar Model 260 voltage to frequency converter;
these output pulses are then counted and stored in
a RIDL 400-channel analyzer used in the multichan-
nel scalar mode. The analyzer channel-address
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output-voltage staircase is used either to sweep the
magnetic field or the applied rf frequency. The
dwell time in any one channel can be controlled via
a variable time base generator. The total number
of sweeps through the analyzer memory can be pre-
set or allowed to increase until terminated. This
system is a sensitive differential signal averager
which can collect resonance signals versus either
magnetic field or rf frequency.

IV. STUDY OF LINEWIDTHS vs PRESSURE

The resonance linewidth I' (full width at half-
maximum) observed in this experiment is given by

1
m I"= —+ m 1"o+kP~,

r

with

vr, = —+ +g, —„(~H,),1 1 p~

where T„ is the net two-body collision relaxation
time of the excited-state alignment, v is the natural
lifetime of the excited state, T& is the wall collision
relaxation time, (&Ho) is the mean variation of the
applied magnetic field averaged over the resonance
region, and kP, f is the broadening due to the rf
power.

T„may be expressed in terms of a collision cross
section o as

(2)

where n is the density of xenon ground-state atoms,
and v is the average relative velocity of the excited-
and ground-state atoms. The total cross section
o =o, +o„arises from two separate processes; cr,
is the cross section for collisional mixing of the
Zeeman levels and o„ is the cross section for colli-
sional deexcitation of the excited state. The latter
process is not at all efficient unless the net change
in internal energy is small. This is the case for
the Gd[z]4 state, which is only 200 cm ~ from the

Gd[~]~ state and 126 cm ~ from the 5d[—,']~ state. De-
excitation is less likely for the 6s[-, ]2 state, which
is about 1000 cm ~ from the Gs[~], state.

We made a series of measurements of the reso-
nance linewidth vs pressure for the Gs[—', ]3 and Gd[~]4
states of the even Xe isotopes to determine the
relative values of o for these two states. At each
pressure, measurements were made for several
values of rf power and then extrapolated to zero
power. The pressure was varied over a range
1-15&&10 Torr and was measured by a trapped
McLeod gauge. However, because of the known

pumping effects in trapped McLeod gauges, which
can lead to large errors, the gauge readings were
not reliable as absolute values. The slopes of the
straight lines fit to the linewidth-vs-pressure data

yielded

(5d[3]4)= 13.6(14) MHz/Torr (McLeod)

—(Gs [—,']3) = 7. 6(8) MHz/Torr (McLeod) .

This gives for the relative relaxation cross sec-
tions

o(5d [—,]4) 1 8(3)
~(Gs[l 1 )

The effective temperature in the resonance region
is not known precisely but was about 400-500 K.
The intercept (P = 0) of the straight lines yielded
values for I"0 of

r, (5d P-] ) =44(4) kHz,

r, (Gs [—,'] ) = 8. 4(8) kHz .
Because the Gs [-', ]2 metastable state ha, s a very long
natural lifetime (r & 1 sec), the value of 1'0 for this
state arises from T~ and the magnetic field inhomo-
geneity (&Ho). One may use the value of 1"0 for
the 5d[3]4 state to set a lower limit for the lifetime
of this state; therefore from Eq. (1)

r(5d[+z]4) & (vI"0) ~ & 10 psec .

V. gJ MEASUREMENTS

During the g~ measurements, the magnetic field
was held constant while the rf frequency was swept.
The swept rf source was a Hewlett Packard 5105 A
frequency synthesizer. As shown in Fig. 3, a sec-
ond lock-in system detecting resonance in the
Gs [2]z metastable state was used to hold the mag-
netic field constant. A second rf field, applied to
the resonance region by an additional pair of rf
coils orthogonal to the main set, was frequency
modulated at 150 Hz. Therefore, the dc output of
the second lock-in amplifier was a dispersion curve
(derivative of the resonance line shape) and suitable
for use as an error signal to control the current
through a pair of field-correction Helmholtz coils.
Any change in the applied field Ho attempting to
shift the Gs [—,']2 locking resonance was compensated
for by a suitable field produced by the error current
through the field-correction Helmholtz coils. This
field locking system was capable of holding the field
constant to at least 2 parts in 10 during a data-
collec tion period.

Figure 4 shows one of the resonance signals used
to determine g~ of the Gd[3]4 state. For this reso-
nance curve, the field was locked to 24. 135 0 cor-
responding to a Gs [-', ]3 resonance frequency v~
= 50. 700 MHz. The frequency for the 5d[+3]4 reso-
nance was swept over the range 42. 500-42. 000
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Sd[-', ], g =1.3750(3) .
The errors correspond to approximately one-tenth
of the mean resonance half-width at half-maximum.
These values are obtained from the data in Table I
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where vp is the 5d resonance line center, v~ is the
6s [—,']a field-locking frequency, and ga = 1.5009(l) the
g factor of the 6s[-', ]a state. '

FIG. 4. Example of a gz resonance. VI. 5d [2~] hfs MEASUREMENT

MHz. The resonance curve was least-squares fitted
to a Lorentzian line shape on a sloping baseline;

A
S(p) =, ,a + C(p —pp)+D .

(v —vp) +B (3)

The least-squares fit determined the best values
for the five parameters vp A B C, and D; vp is
the resonance center and B is the half-width at
half-height. The C and D terms in Eq. (3) were
necessary to correct the sloping baseline introduced
by a nonresonant effect of the modulated rf on the
light intensity from the Xe discharge. This effect
was dependent on the rf coupling to the plasma and
hence varied slowly as the frequency was swept.
The differential detection scheme reduced this ef-
fect enormously, but a small residual necessitated
inclusion of the C and D terms.

The center of the resonance shown in Fig. 4 is
vp= 42. 243 MHz and the half-width at half-maximum

=0. 120 MHz. Each point in Fig. 4 is the result
of 25 sec of averaging by the data-collection system.
Many similar resonances were collected to deter-
mine the three g& values; Table I summarizes all

Since "Xe is present in an abundance of 26. 4%,
we observed, in addition to the g& resonances of
the even-mass xenon isotopes, resonances with
4F = 0 between hyperfine Zeeman sublevels of the
5d[+a]4 state of ta Xe. Because the electron-impact
excitation is much faster (10 ' sec) than the hfs
period (10 ~ sec), the initial alignment of this state
of 1 Xe depends only upon

Impel,

as for the even
isotopes. Immediately af ter the excitation colli-
sion, the alignment of the hyperfine sublevels
(E, ma) occurs through the coupling of the nuclear
spin I with the electronic angular momentum J to
form the total angular momentum F. The Clebsch-
Gordan coefficients which express (E, mz) states in
terms of (J; m~, I, mz) determine the alignment of
the (E, ma) sublevels corresponding to a particular
initial )m& I alignment.

Figure 5 indicates the ~ Xe 5d[+a]4 energy levels
in a magnetic field. An initial excitation and align-
ment among the m J states with ) m ~ (

= 0, 1, 2 is
assumed; the probability of excitation, and thus the
initial population of these states, is proportional to
the quantities n, P, y. The resulting alignment of
the (E, mz) sublevels after coupling of I and J is

TABLE 1. Summary of gz measurements; gz(5d) g2pp/pa& ga =1~ 5009(1).

State

5d[2 ]4

5d[T],

5d[2)2

No. of
runs

15

Mean freq. vo of
resonance center

(MHE)

42. 244

32.591

44. 388

38.474

55.418

76.510

Mean half-width
at half-maximum

(MHz)

0.089

0.151

0.150

0.091

0.098

0.092

6s [2)2 field-lock
fief. v2

(MHz)

50.700

45. 500

62.000

42. 000

60.500

83.500

Magnetic
field

(G)

24. 135

21.660

29.515

19.994

28. 800

39.749
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FIG. 5. Sketch of the hyperfine Zeeman sublevels of the
5d[T]4 state of ~Xe.

then determined. Our observed resonance signals
between (F, mr; ) sublevels are consistent with the
assumption n = P =y. These resonances were iden-
tified at low magnetic field by their effective g fac-
tor

gr[F(F +1)+J(J'+1) —I(1+1)]
2F(F+1)

gr[F (F + 1)+ I(I+ 1) —J(J+ 1))
2F(F+ 1)

(5)

where F = I+J is the total angular momentum and
gI= —8.415&&10 is the nuclear g factor in Bohr
magnetons. ~ Thus, for the 5d[2]4 state of Xe with
spin I= —,', g9&2= 1.1523, and g7&~= 1.3897. The fre-
quency v~ of a bF =0, bm~=+1 transition in low
magnetic field Ho is approximately

depends not only on Ho, but also on the hfs constant
a and the quantum numbers (F, mr —F, mr;+1) of
the transition. Therefore, as the E =

~ resonance
was followed up to Ho= 100 G, we observed it to
split into two resonances, spaced almost symmetri-
cally about the position given by Eq. (6). The sep-
aration of these two resonances was consistent with
the value of the hfs constant a= —582 MHz mea-
sured by Liberman, provided we assigned the

(mz —mz —1) quantum numbers 2
—-', and ——',——+2

to the two transitions. These observations en-
couraged us to search for direct (hF = 1) hyperfine
transitions to precisely determine a.

The bE = 1 resonances required a transition fre-
quency of about 2600 MHz and also successful cou-
pling of the microwave rf field into the discharge
region of the xenon diode. This was accomplished
by means of the waveguide cavity and diode assemb-
ly outlined in Fig. 2. The TE&02 mode cavity was
driven by a phase-locked voltage-tuned magnetron
and matched to the transmission line by a circular
iris and waveguide to type-N adapter; the reference
frequency for the phase-lock circuit was derived
from the frequency synthesizer. For lock-in detec-
tion, the microwave power was square wave modu-
lated by a PIN diode voltage-controlled attenuator.

The xenon discharge tube was constructed so that
the anode-to-cathode spacing matched the narrow
internal dimension of the waveguide cavity. The
tube was located at the position of maximum ampli-
tude of the microwave magnetic field. A number
of small holes in the sides of the cavity allowed
exit of light from the xenon discharge without de-
stroying the cavity Q; the Q with the diode in posi-
tion was about 100. The cavity resonant frequency
could be tuned over a range of 50 MHz by means of
a quartz tuning rod.

10

vz =g~(I a/»&o (6)

$C —3Chf g + 3Cz

with

(7)

and

„=ka I ~ J

where Ir~/6 = l. 399 61 MHz/G. However, at higher
magnetic fields the complete Hamiltonian for Xe,
combining the hyperfine structure and the Zeeman
effect, is required:
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The linear relationship of Eq. (6) between transi-
tion frequency and magnetic field is only correct
for fields such that (Kz) «(II:„„). As Ho is in-
creased, I and J decouple and the transition fre-
quencies depart from linearity by an amount which
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FIG. 6. Example of hfs resonances. The resonance
on the left is the (F= T, mz= 2) (2, T) transition while
the one on the right is the (2, 2) (T, 2) transition.
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TABLE II. Summary of ~=1 observations.

Frequency
(MHz)

Quantum numbers
F=— 7

2

mp mQ

Number of
observations

Mean field of
resonance centers

(G)

Mean value of
hfs constant a

(MHz)

2638. 200

2638. 200

z613.800

2613.800 5
2

5
2

7

2

4.168

4.798

4. 862

4. 221

—583.570(5)

—583.573(4)

—583.568(4)

—583.572(5)

Figure 6 is a plot of two of the hF = 1 resonances
observed using the cavity and signal averaging sys-
tem. The resonance frequency was fixed while the
magnetic field was swept during all the &F = 1 mea-
surements. Each point in the plot required 225
sec of integration time. As expected, the hF = 1
resonances are considerably weaker than the g~
resonances in the even-mass isotopes. This is
primarily because only two out of (2I+ 1) (2J+ 1)= 27
sublevels participate in each ' 'Xe 5d [+]4 &E = 1
resonance, whereas in the even isotopes all sub-
levels can participate. The resonances shown in
Fig. 6 were observed at a frequency of 2638. 200
MHz; a second pair was observed while sweeping
the same magnetic field region at a resonance fre-
quency of 2613.800 MHz. Table II summarizes the
AF = 1 resonance observations. As in the g& mea-
surements, the magnetic field was calibrated using
the 6s [2]~ metastable state resonance.

The frequencies and fields of the resonance cen-

ters of all 30 observations were fit by a computer
routine which diagonalized the complete Hamiltonian
X=X„„+3C~and varied the hfs constant a to give the
best least-squares fit to the data. The no~ quantum
numbers listed in Table II were determined by the
requirement that each of the four resonances ob-
served yield consistent values for a; this gives a
unique assignment. Our result for the hfs constant
of the 5d[+2]4 state of ~ Xe is a = —583. 571(2) MHz.
The error is one standard deviation from the com-
puted mean; it corresponds to approximately one-
tenth the resonance linewidth.
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