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function. Using this potential for the perturbation term,
it can be shown that the Petersen fine-structure equa-
tion takes the simple form

7 (k) « — N sin2[ko+n1(k) ]/ ko

Here, 7(%) is the relative probability of absorption and
n1(k) is the phase shift, as a function of wave number
k, of the first partial wave for electrons scattered from
the excited absorbing atom. [In general, 5:(k) is
approximately linear over the fine-structure region.]
Kozlenkov!® has arrived at a similar form for = (k).

That the extended fine structure in the Si spectrum
does exhibit an approximately uniform % spacing as the
preceding equation predicts can be seen in the last
column of Table I (energy is proportional to k-squared).

B A. I. Kozlenkov, Bull. Acad. Sci. USSR, Phys. Ser. 25,
968 (1962).
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It is instructive to compare the Kossel structure of
Glaser’s Ge K spectrum with our Ge L spectrum. The
L, and K edges are similar, except that the small B
and C peaks of the K edge are not observed at the L;
edge. This can be attributed to the much smaller jump-
ratio at the L; edge and to the relatively large fractional
standard deviation of our data. The Ly and Ly edges
are similar to each other but are unlike the Ly and K
edges. This indicates that bound-ejected-electron states
of several symmetries exist in the GeCl, molecule, with
the ejected electron obeying a selection rule based on
the initial orbital-angular-momentum quantum number.
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The 7P terms of two excited chromium configurations have been studied by the techniques of level-
crossing and double-resonance spectroscopy. The lifetimes of the J levels of the two terms were found by
observation of the Hanle effect to be (3.344-0.5)X 1078 sec and (6.51+0.9) X107 sec for (3d%4p)"P, and
(3d*4s4p)7P,, respectively. gs values for the three J levels of the (3d%4p)7P term were also determined:
g(J=4)=1.7512(3), g(J =3) =1.9178(2), and g (J =2) =2.3351(3). For the purpose of studying core polariza-
tion in chromium, measurements were made of the magnetic hyperfine constants in both configurations.
For 3d54p, |a(J=4)]| =11.620.15 Mc/sec, |a(J=3)| <£1.542.0 Mc/sec, |a(J=2)| =26.164-0.10 Mc/sec,

and for 3d*4s4p, |a(J=3)|=70.432.6 Mc/sec.

INTRODUCTION

HE techniques of level-crossing spectroscopy and
optical double resonance have been applied in a
study of the electronic and nuclear properties of the
isotopes of chromium. This is the first experiment in
which the hyperfine structure of excited configurations
of a transition metal have been studied by radio-
frequency methods in the case of the free atom. The
nuclear magnetic moment of Cr® has been determined
to high precision by nuclear magnetic resonance.! The
quadrupole moment has been measured roughly in an
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1C. D. Jefries and P. B. Sogo, Phys. Rev. 91, 1286 (1953).

ENDOR experiment.? The uncertainty in this result
arises since the interpretation of the data obtained in
the ENDOR technique necessarily presumes a knowl-
edge of the crystal-field environment. No information
concerning the quadrupole interaction was gained in
our experiment because of the large linewidths associ-
ated with the excited states.

We expected that polarization of the core electrons
by the external d electrons would contribute signifi-
cantly to the hyperfine interaction. Measurements of
the hyperfine constants in three J levels of one con-
figuration and in one J level of an interacting configura-
tion were made to study this phenomenon more closely.
The effect was observed, as was the effect of configura-
tion mixing. The interpretation of the data in terms of
core polarization is given in the following paper.?

2R. W, Terhune, W. J. Lambe, C. Kikuchi, and J. Baker,
Phys. Rev. 123, 1265 (1961).

$ B, Budick, R. J. Goshen, S. Jacobs, and S. Marcus, Phys. Rev.
144, 103 (1966).
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THEORY

The pertinent low-lying energy levels of chromium
are shown in Fig. 1. The ground state has a half-filled
d shell and a single s electron. Its hyperfine structure
has been measured in an atomic-beam experiment by
Goodman and Childs.* No quadrupole interaction is
expected in the %.S; state. The six valence electrons form
two low-lying odd configurations (3d)%p and (3d)%s4p
connected to the ground state via s-p and d-p transi-
tions, respectively. Two identical Russell-Saunders
states can be formed from these configurations, both
designated as 7Pj 3,4 The wavelengths for both multi-
plets are in the convenient ranges 4250-4300 A and
3570-3610 A, respectively.

Measurements of the lifetimes of both excited multi-
plets were made by observing the Hanle or zero-field
level-crossing effect. The theory for this effect has been
treated both classically’ and quantum-mechanically®
and will not be reviewed here. Our observations consist
of intensity measurements of the light scattered at 90°
to the incident light beam. The intensity is given as a
function of magnetic field by?®

I=3C(1-T/ (*+41)} , M

where T is the reciprocal of the mean life of the excited
state, v is the gyromagnetic ratio, and C is an arbitrary
constant relating to the incident light intensity, the
experimental geometry, and the number of scatterers.
The line shape as a function of H is an inverted Lorentz-
ian with a full width at half-maximum equal to I'. The
half-maximum occurs at a field value Hy, for which
4v?H,,?=T?2. Substituting T'=1/7, y=gs(uo/%), we
obtain

1/7"-—‘- 2gJ(,U0/h)H1/2 sec!. (2)

An unsuccessful attempt was made to observe
hyperfine-structure level crossings. Consequently the
experiments on the g; values and hyperfine structure
were performed with the technique of high-field double
resonance.” The Hamiltonian appropriate to the case
where the field is strong enough to decouple / and J
has the form

3= guomsH+gruomH+ampm
1b[:3mJ2—](J+1)][3m12—l(l+1)]
‘ 17 (2I—1)(2J—1)

)

where ¢ and b are the nuclear magnetic dipole and elec-
tric quadrupole hyperfine constants. The radio fre-
quency required to induce transitions of the type

4W. J. Childs, L. S. Goodman, and D. von Ehrenstein, Phys.
Rev. 132, 2128 (1963).

5 A. Lurio, R. L. de Zafra, and R. J. Goshen, Phys. Rev. 134,
A1198 (1964).

6 P. A. Franken, Phys. Rev. 121, 508 (1961).

7 G. W. Series, Rept. Progr. Phys. 22, 280 (1959).

LIFETIME AND g,

FACTORS IN Cr 97

CHROMIUM I

7
S3

3d%5s

36896 3¢

) 5 36034
fore

338975 3354)
o4

5r

5p 55— 29585 15
Tpymrr—278207

26796 "234 g 27500

| T

0-6

30965

5
P32 25206

Tp—r—23386
P73
o
42804

°
3590A

3¢%4sTs5 3¢%4p 3% 4sap

Fi1G. 1. Pertinent low-lying energy levels of Cr 1.

Amy==1, Amr=01is

(6ms—3)[3mpE—I(I+1)]
hu=gJuoH+am1+%b . (4)
JQI—1)I(2I—1)

For the even isotopes of chromium (7=0), which are
909, abundant in a natural sample, the last two terms
are absent. The remaining term enables one to measure
g7 precisely. With a magnetic hyperfine interaction
present the transition frequency is shifted from the
central maximum, and resonances appear at Z3a,
%+3a .-+ for the case of a half-integral spin. Thus the
magnetic constant can be determined directly. The
quadrupole moment is small? and in any case splits
each of the peaks symmetrically about its center, if we
assume that a>>b.

The change in polarization of the fluorescent light
due to transitions in each of the J levels has been
calculated assuming complete saturation of the rf
resonance. The = component of the scattered radiation
was expected to be reduced by 30, 43, and 59, for the
levels J=4, 3, 2, respectively. This was consistent
with observations.

EXPERIMENTAL APPARATUS AND
PROCEDURE

With the exception of two modifications, the ap-
paratus is identical to that used for the measurement
of the fine structure in the 3P state of lithjum.® The
atomic beam is produced by an oven heated by electron
bombardment. Ovens of molybdenum or tantalum in
the form of cylinders closed at one end were placed at
the center of a 6-mil tungsten wire winding. A voltage
of 41500 V applied to the oven from a current-
stabilized power supply (Kepco 1520B) and a current
of about 2 A through the filament were sufficient to
raise the oven temperature so that a working vapor
pressure of chromium was attained. Natural chromjum
in the form of cylinders 0.3 in. in diameter and 0.5-in.

8 B. Budick, H. Bucka, R. J. Goshen, A. Landman, and R.
Novick, Phys. Rev. (to be published).
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long fitting smoothly into the oven was used in the life-
time and gj-value experiments. Powder samples of
metallic chromium-53 enriched to 829, or higher were
used to make the hyperfine-structure measurements.
No serious attempt was made to collimate the atomic
beam. A boron nitride plug for the purpose of prevent-
ing bombardment electrons from escaping into the rf
field region and a grounded molybdenum heat shield
provided some collimation.

The source of resonance radiation was a Schiiler-type
hollow cathode. Details of the lamp construction,
operation, and performance have been published.® It
was essential to operate the lamp at a very low residual
gas pressure (about 10~® Torr) in order to produce in-
tense chromium light. The relative intensities of the
spectral lines of the (3d%4p)7P — (3d%4s)"S triplet were
Iio3:1305:T203=4.0:2.5:1.5 using the 4226-A filter
described in the following paragraph.

A Dumont No. 7664 photomultiplier was used to
detect the fluorescence from both triplets. For the
Hanle-effect measurements a narrow-band interference
filter centered at 4226 A favored the J=4 transition
at 4254 A while a broad-band color filter was used with
the triplet of the d%p configuration. In the double-
resonance work the first filter was replaced by a filter
peaked at 4258 A whose full width at half-maximum
was 16 A.

The rf coil is shown in Fig. 2. The current runs dowu
a septum in the center and back along the outside.
Wire mesh admits light and atoms to the transition
region while it prevents rf leakage. The g, experiments
were performed at high field and high frequencies. A
high-power magnetron (Litton L3505) operating at
about 4 kMc/sec served as a rf source. Measurements
of the hyperfine structure of the levels of the d%p
configuration were made with the use of a cavity-tuned
Airborne Instruments Company power oscillator type
124A operating with a 2C39 UHF triode. A fixed-
frequency high-power magnetron (Raytheon QK390),
operating at about 2460 Mc/sec, was used to study the
hyperfine structure of the 7P; state of the d*sp configura-
tion. Lock-in detection was used to increase the signal-
to-noise ratio, and all three frequency sources were
amplitude modulated at 30 cps.

=
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¢ B. Budick, A. Lurio, and R. Novick, Appl. Opt. 4, 229 (1965).
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EXPERIMENTAL RESULTS
A. Lifetimes

Hanle patterns observed in the resonance radiation
from the 7P terms of both the 3d%4p and 3d*4s4p con-
figurations are shown in Fig. 3. These recorder traces
are dispersion-type curves which are the derivatives of
the Lorentzian lines. They are obtained when the static
magnetic field is modulated by an alternating field of
small amplitude and low frequency for the purpose of
lock-in detection. The ideal modulation amplitude for
appreciable signal with small modulation broadening is
about one-third the half-width of the resonance.

The lifetime may be deduced from the linewidth with
the aid of Eq. (2) which can be written

7=1/gs(uo/h)AH 12, ®)

where AHy, is the full width at half-maximum of the
actual Lorentzian line shape. The determination of

a)

—-l lﬂ.a qauss
F16. 3. (a) Hanle effect in the
(3d%4p)7P term. (b) Hanle
B effect in the (3d4s4p)’P term.
Intensity of light scattered at
90° versus magnetic field.

l-Gguuss-|

AHy; is complicated by the fact that each curve is a
superposition of level crossings in all three J levels.
Since the lifetimes of the J levels of the same multiplet
are nearly equal, Eq. (5) implies that the largest AHys
will occur for the transition whose upper level has the
smallest g, factor. [In this case g;("Ps)=1.75.] The
radiation rates as calculated from the Breit formula®
are in the ratio R¢s;: Ryss: Ry=3=99:147:8. The lamp
output intensity measurements described above also
favor the J=4 and J=3 levels. The 4254-A line cor-
responding to the 7Py — "S5 transition was favored by
the interference filter used in the 3d°4p measurement.
These considerations suggest that the width of the ob-
served pattern may be attributed to the "Pys—7S;
transition. The presence of even a significant signal
from the 7P; — .S} transition introduces an error which
is small compared to the experimental precision. Light
from the 7Py — "S5 transition would introduce consider-
able error because of the large difference between
gr(J=4) and g;(J=2), but the results for the radiation
rates preclude such an effect.
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v = 205.860 Mc/SEC

7120
7180

F16. 4. High-field double resonance
in even isotopes of chromium. In-
tensity of w-polarized light scattered
at 90° versus magnetic field.

AN

The best data yield 1.13 G and 5.80 G for the peak-
to-trough separations of the Hanle-dispersion patterns
of the (3d%4p)"P, and (3d*4s4p)" P, levels, respectively.
A factor of V3 must be included to convert these separa-
tions to the full half-widths at half-maximum of the
integrated-Lorentzian line. We have

AHy»(3d54p)=1.13V3=1.95 G,
AHy»(3d*s4p) =5.80V3=10.0 G. (6)

The field measurements were made with a Hall probe
(Bell gaussmeter) since the absolute fields were too
low to obtain usable proton resonance signals. The
gaussmeter is sufficiently accurate for the lifetime deter-
mination (better than 19}). The magnetic-field sweep
was studied as a function of magnet current since the
magnet power supply was not well regulated near zero
field. Only a very slight departure from linearity was
found in the wings of the Hanle pattern. The resulting

J=4
v=205.948 Mc/SEC

6520
6560

J:=3

v=177.783 Mc/SEC

4630

4650

J=2

lifetimes from Eq. (5) are

[ (3d54p)7P,]= (3.34£0.5) X 105 sec,
[ (3d*4s4p)"Py]= (6.51£0.9)X 10 sec.  (7)

The limits of error allow for the presence of field-
inhomogeneity broadening and coherence narrowing.
These effects were not thoroughly investigated.

B. gs Values
For a spin-zero isotope Eq. (4) is simply
hv=guoH . ®)

The curves shown in Fig. 4 were taken at 1600 G and
approximately 4 kMc/sec. Markers indicate the reso-
nance frequency in kc/sec for protons in a mineral-oil
sample. The transition frequency is the 20th harmonic
of the frequency listed at the top of each curve. Both
proton resonance and transition frequencies were meas-
ured with Hewlett-Packard model 5243L frequency
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J=3

counters. The small error introduced by the time con-
stant of the sweep was eliminated by averaging data
taken in both sweep directions.

The final result for g; in each J level is tabulated in
Table I together with the pure L-S coupling value and a
determination made from earlier optical-spectroscopic
work.l® The radio-frequency and optical values are in
good agreement.

C. Hfs Constants in (3d%4p)"P 3 4 and (3d*4s4p)"P;

The presence of the hyperfine interaction in the odd-4
isotope Cr® (I=%) produces a splitting of the guoH
peak into four equally spaced peaks whose separation
is just the a value, provided the magnetic field com-
pletely uncouples / and J. The results of an early run
in the J=3 and J =4 states with a sample enriched to
829, odd-isotope are shown in Fig. 5. The patterns were
obtained at a frequency of 840 Mc/sec and magnetic
fields of approximately 343 G and 312 G for J=4 and
J=3, respectively. The J=4 pattern is indeed a super-
position of four peaks augmented by the /=0 resonance
as is borne out by Fig. 6. This result was obtained using
a 999, enriched sample. The J=3 state, however, shows
no hyperfine structure, a result that remained unchanged
in subsequent experiments.

If one assumes that the outer p electron alone is in-
volved in the hyperfine interaction, the magnetic con-
stants are predicted to be in the ratio |a(4)|:|a(3)]:
|a(2)]| =81:140:101. The J=3 level is expected to have
the largest byperfine splitting of the three levels of
(3d%4p)7P, but virtually no splitting is observed. It is
as though the hyperfine interaction had been quenched
in that level.

TaBiLE I. Chromium g factors in (3d®4p)"Ps,3,4.

Optical-
Pure L-S Rf spectroscopy spectroscopy
Level coupling value value
J=4 1.7500 1.75124-0.0003 1.752
J=3 1.9167 1.9178-+0.0002 1.92
J=2 2.3333 2.3351+0.0003 2.334

1 M. A. Cataldn and P. M. Sancho, Anales Soc. Espafi. Fis. y
Quim. (Madrid) 29, 327 (1931).
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Fic.'5. High-field double resonance
in (3d%4p)?P; of Cr®.

J=4

Figure 7 shows a sample of data taken in the J=2
state at 770.8 Mc/sec. The four peaks are quite well
resolved, in contrast to the J=4 resonance in Fig. 6.
The J=2 peaks, however, are actually not quite uni-
formly spaced because of incomplete decoupling of 7
and J. The first-order perturbation result of Eq. (3) is
inadequate for the precision of the measurement.
Second-order theory is necessary for this case. From the
off-diagonal matrix elements of el-J in the mm;
representation we derive the following transition
frequencies for Amr=0 resonances:

hy(mr=3)= gruoH 3j5+5a+%(a*/ grucH 32)

by (mr=3%)= guoHs+3a+ (7/4) (@*/ gruoH )
hy (mr=—1%) = gipoH _1/2=%a+(7/4) (@*/gsuoH 172) ,
hy(mr=—3%) =gl —ss—3a+%(@*/gruotl—sp2),  (9)
where the H,,’s are the magnetic fields at which the
resonances occur. For simplicity one may set Hgje=H1,s
=H_y;5=H_35 in the last term of these equations,

thereby neglecting a higher order term. Then the second
and third equations give

== (gruo/h) (H-1/2—Hy2) (10)
while the first and fourth equations yield
a
=\ =3(gsmo/h) (H_3;2—Hz2). (11)

The average value for (H_y2—Hyjs) is 34.18 kc/sec in
units of the proton frequency while (H_35— Hz3/2)av 15
101.91 kc/sec. Equation (10) then gives |e|=26.24

F1c. 6. High-field double resonance in (3d%4p)7P4 of Cr5.
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Mc/sec while from Eq. (11) we find |a| =26.08 Mc/sec.
Taking the mean of these two determinations, our
final result for the magnetic interaction constant is
|a(J=2)|=26.1620.10 Mc/sec. This result was used
to check the adequacy of the second-order approxima-
tion by calculating the expected field values for the
peaks. All measured and predicted positions were found
to be in almost perfect agreement.

The first-order perturbation theory is sufficient for
determining the splitting in the hfs pattern of the 7=4
state since the hyperfine interaction is considerably
smaller and the decoupling of 7 and J more complete
than in the J=2 state. The magnetic interaction con-
stant is obtained by fitting the data curves to four
equally spaced Lorentzian-shaped lines (Fig. 6 il-
lustrates this procedure). We varied the amplitude,
width, and spacing of the four lines (keeping the ampli-
tude and width of all peaks the same relative to one
another) until their envelope coincided with the ob-
served resonances. |a(J=4)| is given directly to first
order by the separation of adjacent lines. The final
value obtained by this process is |e(J=4)| =11.620.15
Mc/sec.

It is clearly impossible to give anything better than
an upper limit to |e(J=3)|. A careful study of the
broadening of a set of data curves similar to Fig. 5
leads to the conclusion that |e(J=3)|<1.542.0
Mc/sec.

Double-resonance work in the (3d*4s4p)’P term was
hampered by the severe rf power requirements imposed
by the short lifetime. Only the J=3 state Zeeman
transitions were of sufficient intensity to be of use.
Unfortunately, the linewidths of these transitions are
large and the g value too close to that of a free electron.
As a result, all four hyperfine peaks could not be ob-
served before an enormous electron signal swamped
the desired signal. This difficulty was reduced by work-
ing at higher fields where the small difference in g factors
permits greater resolution, by improving the vacuum
so less residual gas was available for ionization and
excitation by the electrons, and by carefully tuning
the power into the transition region. With these im-
provements two well-resolved peaks and the beginning
of a third could be reproduced and studied. Second-order
terms of the type appearing in Eq. (9) were included,
and the @ value was calculated by successive approxima-
tions. The final value is |e("P;)| =70.422.6 Mc/sec.

Only absolute magnitudes for the hyperfine constants
have been determined. The sign of ¢(J) cannot be ascer-
tained with the arrangement of polarizers employed for

Fic. 7. High-field double resonance in (3d%4p)7P; of Cr®.
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TasBLE II. Chromium lifetime results.
Experimental Theoretical
Coulomb
Optical approximation
spectroscopy Hanle (Bates and
Configu- (copper arc) effect Damgaard)
ration Level (sec) (sec) (sec)
3ds4p 7Py 1.03X10-8

(4.53 £3.6) X10~8 (3.340.5) X108
(10.7

3d44s4p TPy .7 £8.6) X107 (6.514:0.9) X109

the measurements. It would be necessary to excite
with ¢4 or o— radiation to obtain information about
the signs.! Unfortunately, the physical characteristics
of the iron magnet preclude the performance of an
experiment with pure ¢ or pure ¢— components.

DISCUSSION

The values for the lifetimes are summarized in
Table II together with the results of optical-spectros-
copy measurements.’? Values for the oscillator strengths
given by Corliss and Bozman are converted to life-
times by the relation

fr=1.499(gs/g)N?, (12)

where g» and gy are the statistical weights of the upper
and lower levels respectively, and f is the oscillator
strength for the line in absorption.’® A theoretical value
for 7[(3d*p)"P,], calculated by the method of Bates
and Damgaard, is included in the Table for comparison
with the experimental results. The Hanle-effect life-
times are in agreement with the values obtained by
optical spectroscopy, although the precision of the
latter measurements is poor. On the other hand, there
is only order of magnitude agreement with the calcu-
lated value, probably due to a failure of the Coulomb
approximation as one goes to more complex spectra.

The gs values have been computed from the transi-
tion frequencies of the spin-zero isotopes assuming the
validity of Eq. (8). However, the Zeeman operator
possesses matrix elements off-diagonal in J which lead
to a quadratic field term in the expression for the energy
of a particular Zeeman level. This effect was not studied
experimentally, but an estimate of the ratio of the
quadratic to the linear term was made on the basis of
the known fine-structure separations. A ratio of the
order of parts in 10% was found which is within the
quoted precision of the measurements.

The effects which influence the g; values are devia-
tions from L-S coupling, radiative corrections to gg,
configuration interaction, relativistic and diamagnetic
effects, and motion of the nucleus. The first two of

1 M. N. McDermott and R. Novick, Phys. Rev. 131, 707 (1963).

12 C. H. Corliss and W. R. Bozman, Natl. Bur. Std. (U. S.)
Monograph 53, (1962).

18 The oscillator strengths as given in the National Bureau of
Standards tables are related to those appearing in Eq. (12) by
g2fnps=g1f.
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TasLE III. Atomic g values; theory and experiment. TasLE IV. Experimental hyperfine constants.
Landé value Theoreti-  Experi- Configuration Level |a(J)] in Mc/sec
with radiative  Spin-orbit cal mental
Level correction  correction gs gr 3d%4p Zﬁ : 112 ig(l)f

7Py 1.751714 0 1.7517 1.7512 Py 26.16£0.10

"Ps 1.91879 —0.00070 1.0181 1.9178 3d44s4p Py 70.4 +2.6

P, 2.336413 —0.00110 2.3353 2.3351

these have been estimated,* and details will be given
below. Configuration interaction with (3d%4s4p)’P is
certainly present as discussed in the following paper.?
In addition, the g values of that term indicate a break-
down of L-S coupling within the admixed configuration.
Thus the combination of configuration and spin-orbit
interactions effectively admixes a great many states
into (3d®4p)"P and can drastically affect its g, values.
An accurate evaluation of relativistic and diamagnetic
contributions requires a knowledge of the Schrédinger
wave functions and cannot be given. Motion of the
nucleus results in a correction of a few parts per million
to gz and will be neglected.

In addition to the 7P ground term, the 3d®4p con-
figuration possesses a higher lying triplet, °P; s 3 The
J=2 and J=3 states of this term are admixed by the
spin-orbit operator into the corresponding J states of
the ground term. Perturbation theory is used to evaluate
the admixture in the following paper. A purely empirical
estimate can be made with the use of measured oscil-
lator strengths of intercombination lines whose presence
is clear evidence of the breakdown of Z-S coupling. In
particular, the 7P state combines with the 55, state of
3d4s. The wave functions describing the admixture
can be written

[°Ps)=a|5Ps°)+B|"P5°),

|"Ps)=—a|"Ps°)+B|*Ps°).
The weighted oscillator strengths gf as given in Ref. 11
can be shown to be proportional to (1/\)|{a|P|b)|?

where the matrix element is that of the electric dipole
operator between the ground and excited states. Then

(13)

1
gf(CP3— 28y) «——a?| (°P3| P|5Sy)[?,
Asss
. (14)
gf(1P3— 55) “7\_132| <7P31Pl552>|2,
75

1 R. J. Goshen, Ph.D. dissertation, Columbia University, 1964
(unpublished).

a This value is an upper limit.

where A5 and M5 are the wavelengths for the quintet
and septet transitions, respectively, and the coefficients
« and 8 are those appearing in Eq. (13). The ratio of
these equations yields

ﬁz_>\7_>5gf(7Pa—> 552)

= =2.81X10-3.
o? )\5_,5gf(5P3 i 532)

Similarly for J=2, 8%/a?=2.20X 1073, The coefficient 3
is then 0.053 and 0.047 for the J=3 and J=2 states
respectively, in fair agreement with the values predicted
by perturbation theory as given in the following paper.

Radiative corrections to g; can be made by expressing
gsas a sum of gz, and gg terms and substituting

2

a
gs=2[1+——0.328——:|= 2(1.0011596)

a
2T w2

instead of gg=2. These corrections are listed in Table
II1. Column one lists the J levels studied. Column two
contains the theoretical g, value with the radiative cor-
rection. Column three shows the spin-orbit correction,
and column four lists the theoretical gs. This is com-
pared with the experimental value given in column
five. The difference is attributed to relativistic and
diamagnetic effects and to configuration interaction.

No detailed discussion will be given here of the meas-
ured hyperfine constants as this is the subject of the
following paper. It may only be noted that the hyperfine
structures are small or zero in all cases, even for the
configuration possessing an unpaired s electron. The
results are summarized in Table IV.
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