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Measurements have been made of the hyperfine structure (hfs) constants and lifetimes of the

first and second P&~2 states of the stable alkali atoms, except lithium, using the pure mag-

netic field level-crossing technique. The results for Na are

State

4 Py2

a {MHg)

18.9 +0.3
6.2+0. 2

b (MHz)

2.4+ 0.3
1.0 +0.1

&(nsec)

16.0+0.5
95 +4

The results for K have been reported previously. For Rb and Cs, hfs constants were
obtained that agreed with, but were less accurate than, previous work. The measured life-
times are

Element
Rb"

State
5 P3i2
6'P3

6 P3/2
2

7'PW2

&{nsec)
25. 5+0.5

118 +4

32.7+1.5
134.5 +2. 8

The error limits in these measurements are two standard deviations. The above results were
obtained by fitting the observed level-crossing signal to a theoretical line shape computed

from the Breit formula, using a, b, and 7 as parameters.

I. INTRODUCTION

The stable alkali atoms continue to be the ob-

jects of widespread theoretical and experimental

study. Their importance stems from their utility.
as frequency standards' and magnetometers, as
probes of interaction processes such as atom-
atom collisions and new effects such as light-
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induced level shifts, ' and as tests of atomic struc-
ture calculations. ' The ground states of these
atoms have been carefully studied, and many
ground-state properties, such as magnetic mo-
ments and hfs, are very accurately known. The
excited states, on the other hand, are considerably
more difficult to study experimentally, mainly
because the natural width obscures the detailed
structure of these states Serious d

'erious gaps and in-
consistencies have existed in the available data, '
and we therefore undertook a series of measure-
ments aimed at improving our knowledge of these
states. Ours. ur work was directed at measuring life-
times, hfs constants, and static electric polariz-
a ilities of the P, ~2 states. Although many of
these measurements have been carried out pre-
viously in other laboratories, we felt that a set of
measurements from one laboratoryry, using essen-
tially the same apparatus on all the alkalis, would
be valuable. We used the level-crossing technique
with pure magnetic or electric field.

This paper describes the pure magnetic field
measurements and the results derived therefrom.
Results include the lifetimes of the first and sec-
ond P»2 states of Na, K, Hb, and Cs, and the
hfs constants of the first and second 2P t t

23 89
n 3~2 s ates

of Na and K . The results for K" have already
been reported. 7 No results for lithium are in-
cluded here because lithium vapor presents spe-
cial handling problems and the work ' still in
progress in this 1.aboratory. The results of the
pure electric field level-crossing work ' twor is reported
in two separate papers. ' Further details of this
work are available in a separate report. '

II. EXPERIMENTAL METHOD
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FIG. 2. Relative s ac'p ing of the hyperfine energy
levels of the stable alkali atoms.
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FIG. 1. 'men a geometry.Schematic diagram of experi t 1

e angles 8 and 8' used in text are indicated.

Figure 1 shows the experimental geometr .
Ii ht fr'g om the resonance lamp is plane polarized
and focused (with lenses not shown) onto a beam of free atomatoms. The resonantly scattered light is

collected and passed through an analyzer to a
photomultiplier. A slowly varying uniform mag-
netic field is applied to the atoms with Helmholtz
coils.

, ~2 s a es are splitWhen the field is zero the 'P t t
o a angular momen-into four hyperfine states of total

um E=I+ — I+ —'E- —,', I+» '- » I- 2, where I is the nu-
clear spin. Figure 2 shows the relative spacing
of these levels for Na ' K" Rb" and Cs . The
three intervals for each case
ified b t

ase are adequately spec-
ie y two interaction constants b th d'a, , e ipole

and quadrupole hfs constants. As the field is in-
creased from
their

rom zero, the E states are s 1 t t
magnetic substates, some of which may

pi lno

cross others. If the condition ) 4m ) & 2
'

m & is satis-
, w ere m is the difference in mag t'

uantum
agne ic

eve s, hen itq m numbers of the crossing levels, t
is possible to detect the crossing b 't fing y i s effect on



1218 SCHMIEDER, I URIO, HAPPER, AND KHADJAVI

the scattered light. When scattered light of a
particular polarization is detected from a partic-
ular direction, the effect is an increase or de-
crease in the measured intensity. Plotting in-
tensity versus field thus results in a character-
istic line shape that depends on the hfs constants
and the natural width (reciprocal of the mean life-
time 7), as well as on the polarizer-analyzer
orientations and the details of the energy levels

near the crossings. The object of our measure-
ments was the extraction of a, b, and v from the
observed line shapes.

III. THEORY OF LINE SHAPE

The shape of the fluorescent intensity versus
magnetic field can be calculated accurately with
the Breit formula

(p, I 0 ~ p Im)(m le*.p I p, ') (p, 'Ie' p Im')(m'
I
e'*.p I p)

,'(r„—+r, , )+ f.(E, —E,, )/e

where C is a constant that depends on the experi-
mental geometry; p is the electric dipole moment
operator; 8, e' are the polarization vectors of the
incident and scattered light; p, , p, indicate two
intermediate substates; I, m indicate the initial
and final substates; and E and I' are the energy
and natural width of the intermediate states.
Equation (1) is valid if (i) the spectral profile of
the incident light is uniform over the absorption
profile of the fluorescing atoms; (ii) the intensity
of the incident light is weak (i. e. , the excitation
rate is small compared to the decay rate).

The numerical calculations of S were performed
with a FORTRAN IV program which operates in two
main steps. First, it diagonalizes' the operator
representing the hfs and magnetic field perturba-
tions

3(I J) + —,'(f J)—I(I+ 1)J(&+ l)~I
2I(2I - I)J(2J - 1)

the effect of varying a single parameter on the
observations.

In Fig. 3, we present the results of a typical
computation. It shows the predicted line shape
for polarizer-analyzer orientations (8 = 90')/
(8'= 0') for the 5 P,~a state of Rb ', as determined
from Eq. (2).

IV. APPARATUS

The apparatus can be divided conveniently into
three parts: (i) experimental section (Sec. IVA);
(ii) electronics (Sec. IVB); (iii) data, storage and
readout (Sec. IVC). The apparatus was improved
during the course of this work; most of the de-
scriptions apply to the later configurations.

A. Experimental Section

The experimental section consists of a large
rigid aluminum frame with brackets for mounting

+glppgQ 'I+gyp, pgQ ' J

where X is the magnetic field (normally assumed
in the a direction), and gz, gz are the (known) g
factors. The diagonalization yields the energy
eigenvalues E~, E,. and the eigenvectors I p),
Ig ), etc. , of the excited substates. Second, these
quantities are used in Eq. (1) to compute the scat-
tered intensity.

The outputs of the program are (i) the energy
levels for a range of field values and (ii) the cor-
responding values of the scattered intensity.
These data are plotted on a Stromberg-Carlson
4929 CRT plotter, which generated a 9 x Q-in.
graph, accurate to one part in 1024. Computation
time for a typical set of curves is a few min and

plotting time is a few sec. With this system we
could compute predicted line shapes for a large
variety of experimental conditions and examine

QV

0
IO 20 30 40 50

MAGNETIC FIELD IN GAUSS

FIG. 3. Theoretical level-crossing curve computed
for the 5 'P3/& state of Hb for two different values of
the lifetime v and 0/0' = 90'/O'. The input data are J

2 gJ' 3 gl = —0.000 293, 7 = 26 and 30 nsec,
a = 25.029 Mnz, and b = 26. 032 MHz.
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used), although our lamps were not uniformly
reliable.

Figure 5(a) shows one arrangement we used
successfully. It consists of a glass bulb about —,

'
in. diam, held in a heat insulating mount, and
both excited and heated by 14-MHz rf power. The
lamp must be hot enough to maintain reasonable
vapor pressure in the bulb, but too much rf power
creates hot spots and burns a small hole in the
bulb. Normally, the lamps were made with a few
mm Hg of a noble gas (Ar, He, Kr) as a. buffer.
The color of the light emitted by these lamps was
due in part to the emission by the buffer gas. It
was found that a ground connection significantly
increased the brightness of the discharge. The
connection was in the form of a heavy copper wire
cemented around the stem of the lamp with silver
paint. Many variations of this arrangement were
used, but there seemed to be no optimum arrange-
ment for all lamps.

Figure 5(b) shows a modification of the usual
lamp, used mainly for the first resonance lines.
The bulb is pulled inward when itis made, forming
a concave front. The excess metal collects in a
ring around the front. These lamps were designed
to reduce self-reversal in the first resonance
lines. They sometimes exhibited an instability
that was not present with other geometries: Often
they would form a radial pattern of bright spots
[see Fig. 5(c)] and the pattern as a whole would
rotate around the axis of the lamp at a rate de-
pendent upon the rf excitation power. In spite of
these difficulties, we were able to get these
lamps to stabilize, and they operated well for long
periods of time.

Figure 5(d) shows a simpler lamp operated in a
microwave cavity. The lamps were made from
pyrex or quartz, and were viewed (by the appar-
tus) from the flattened end. These lamps were
excited by a Raytheon PGM10X1 2450-MHz gener-
ator and were among the most stable of any we
tried. Various combinations of tuning stubs,
lamp sizes, etc. , were tried, but again no gen-
eral conclusion was reached about optimizing the
output power. The variations among this type of

lamp were not nearly so marked as with other
types.

One of the main problems with these electrode-
less lamps was the decrease of the output power
because of the alkali metal reacting with the glass
or quartz. The reaction causes a darkening of
the lamp and serious absorption of the light. The
rate of deterioration increases rapidly with in-
creased power input and many of the lamps lasted
only a few hours. The reaction can be partially
reversed by heating the lamp carefully with a
flame, but this is generally more difficult than

making a new one. We found that Na and K dark-
ened quartz much faster than Pyrex, and that
Corning 1720 glass was slower in darkening than
pyrex. However, the 1720 glass is almost opaque
below 4000 A, so is of no use in the near ultra-
violet.

We have recently made some effort at retarding
the darkening of these lamps. The general idea is
to saturate the inside surface with alkali atoms by
heating the lamp carefully with an alkali salt in-
side. The alkali ions presumably move into the
glass surface and form a saturated solution but do
not react to darken the glass. When the finished
lamp, containing the same alkali metal, is ex-
cited, the free alkali-metal atoms diffuse into the
glass much more slowly. Thus, color-center
formation is retarded and the lamp lasts longer.
We have tested several lamps made this way and
found that they did indeed operate longer with more
excitation than uncoated lamps. However, the
tests were not extensive and we cannot say to
what extent this technique will be of value.

The light from the lamp passes through polaroid
polarizers on the way into and out of the scattering
cha.mber (Fig, 4). In all the measurements re-
ported here, plane polarized light was used. In-
terference filters with transmission half-width of
about 50 A were used in the output end of the
scattering chamber, and sometimes a broadband
glass filter was used on the input side to further
reduce unwanted light.

The scattered light was collected by an f/2 lens
and passed down a 1-m light pipe, constructed by
aluminizing the inside surface of a glass tube and
mounting it in a brass tube.

The photomultiplier was located at the end of
the light pipe in a Jarrell-Ash thermoelectric
cooler. The cooling was not needed for the Am-
perex 56UVP tube, since the dark current for
near-uv tubes is not nearly as serious a problem
as for near-ir tubes.

A flag attached to a vacuum feed-through enables
the experimenter to mechanically block the beam
in order to estimate the amount of scattering
from the beam in relation to the background.

B. Electronics

A block diagram of the electronics is shown in
Ref. 7. The averager, translator, plotter, and
card punch are described in Sec. IVG.

The magnetic field was swept in a triangular
wave of 16-sec period. This sweep was control-
led by a low-frequency function generator which
fed a current-regulated supply used to drive the
coils. The field was measured by monitoring the
current through a precision resistor in series
with the coil. Any nonlinearities in the sweep
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were accounted for by storing the field (i. e. , cur-
rent) versus time and then combining with the
intensity versus time signal to obtain intensity
versus field. The function generator provided a
pulse at the peak of each cycle which was used to
synchronize the signal averager with the phase of
the sweep.

C. Data Storage and Readout

The signal-to-noise (S/N) ratio of the data was
significantly increased by the use of a signal
averager or CAT, an acronym for computer of
average transients. If n sweeps are made, the
S/N ratio is multiplied by v n.

The signal from the photomultiplier was ampli-
fied to about 3-V peak and fed directly into the
CAT input. The CAT converts it into digital form
by a frequency-modulated oscillator followed by
a counter and a 1024 address memory. Each ad-
dress stores a 6-digit number in 24-line BCD
form (4 bits per decimal digit). The addresses
are interrogated sequentially during the 16-sec
sweep so the entire signal versus time is stored
across the 1024 channel memory. The linearity
of analog-to-digital conversion is better than 0. 1%.

The CAT has both an analog and a digital read-
out mode. The analog output was connected di-
rectly to an x-y plotter to provide a permanent
record of the raw experimental data. The digital
output was fed through a BCD-decimal translator
that formed the interface to a modified IBM model
526 card punch. The output format was fixed as
10 addresses per card. It takes about 7-,' min to
unload the entire 1024 channel memory onto 103
cards. In more recent experiments, an interface
was designed to read the entire CAT memory di-
rectly into an IBM 1130 computer in about 3 sec.

V. EXPERIMENTAL PROCEDURE

ter operation eliminates unidirectional drifts
caused by lamp deterioration, beam change, etc.
The data were then compared with theoretical data
generated with assumed values of a, b, and v.
This program also computes the mean-square
deviation (MSD) of the experimental data from the
theoretical data, and in a series of such compu-
tation for various values of a, b, and ~, one set
of values will give the minimum MSD. This set
of values is considered to be the result of the mea-
surementss.

The statistical error was determined from the
plot of MSD versus a, b, or T. The error limits
quoted in the results represent two standard dev-
iations.

In determining the values of several parameters
from one set of experimental data, it is necessary
to assume that the best fit is unique —that is, no
other set of values of the parameters would give
as good a fit. In our measurements, the conver-
gence of multiple parameters to best values was
rapid, stable, and so far as we can tell, unique.

VII. EXPERIMENTAL DATA

Figures 6(a) and 6(b) show some typical experi-
mental line shapes observed with our apparatus.
All these curves were taken with the polarizer
orientation 8 = 90' and the analyzer orientation

The alkali metals were obtained from A. D.
MacKay 5 Co. , New York, N. Y. , in sealed glass
vials —,

' in. diam. About —,
'

g of the metal in the
opened vial was placed in the oven, the chamber
was evacuated, and the oven was heated to form
the beam. Scattering by the beam was detected
by operating the beam blocking flag. Data accu-
mulation was continued as long as the appartus
was stable, which ranged from 30 min to many
hours. At the end of the accumulation, the data
was read out, and a field calibration sweep was
taken and read out.

Ia)

VI. ANALYSIS OF DATA

The data (on punch cards) was first preproces-
sed by an IBM 1620 program that checks for er-
rors and then adds the symmetrical halves (gen-
erated by the triangular sweep) together. The lat-

FIG. 6. Typical experimental data as read out from
the averager on an x-y plotter. (a) Na 3 P, (b)

23 2
3/2 ~

Na 4 P3/2.
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e= 0' (see, for example, Fig. 1). They are
roughly symmetrical around their centers due to
the triangular sweep of the field. From left to
right in these plots, the field drops from a large
positive value through zero to a small negative
value, then back up through zero to a large posi-
tive value. A good indication of the stability of the
apparatus is the actual symmetry of the data.
These curves were drawn by the x-y plotter and

appear continuous, although they actually consist
of 1024 separate points. The curves in Fig. 6
show how overlap of high field crossings with the
Hanle effect seriously complicates the line shape.

Figure 7 shows a Cs' 7 P3~z signal taken under
slightly different conditions. The field was swept
over a range of about 49 G with an 8-G offset to
show the symmetrical Hanle effect around zero
field and the first high-field crossing. In the mea-
surements taken to determine the lifetimes of Cs
and Rb, the field was swept only over the narrow
range of this first high-field crossing. The rea-
son for using this crossing is explained in Sec. IX.
We also made sweeps over the double crossings in
Rb and Cs (see, for example, Fig. 3); the results
were reasonably consistent with the single-cros-
sing data.

In Figs. 8 and 9, we have plotted a single set of
experimental data for each of the first two 'P3/p
states of Na", Rb", and Cs'", and the theoretical
line shape calculated for the best set of param-
eters (a, 5, 7'). The best set (a, b, r) was found

as the weighted average of the optimum set found
for each independent measurement of a given state.
The numerical values quoted as results were ob-
tained as the average of several runs, of which
only a single run is presented here. The numbers
showed good agreement from run to run.

VIII. RESULTS OF MEASUREMENTS

A. Lifetimes

Table I lists the final values of the lifetimes we
obtained from our data. These values are the
weighted averages of multiple independent mea-

surements. The error limits in Table I represent
two standard deviations. For completeness, we
have included the results for K, already reported
in Ref. V. A complete list of our individual mea-
surements and a compilation of theoretical and
experimental lifetimes appearing through 1968 are
given in Ref. 10.

We also computed the lifetimes with a program
that uses the Bates-Damgaard method" to generate
the radial integrals, rather than the tables given
by these authors. Direct computation was the tech-
nique used by Heavens, ' and our results agreed
with his to within 1%.

B. hfs Constants

In Table II, we list the values of the hfs con-
stants a, b for Na ' and K resulting from our ex-
perimental data. The remarks pertaining to Table
I apply here. The a and b values for K" are dis-
cussed in Ref. 7. We do not list values for Rb or
Cs because our experiments confirmed the results
of others but did not materially improve their ac-
curacy. A list of the individual measurements
and a complete list of theoretical and experimental
results for stable alkalis through 1968 are given
in Ref. 10.

C. Other Results

1. Nuclear Electric Quadrupole Moments

The ratio of the hfs constants b/a can be used
to estimate the value of the nuclear electric quad-
rupole moment Q, if the nuclear magnetic dipole
moment p, is known, since Q is proportional to
b/a. A discussion of this relationship is given by
Kopfermann. ' Using the average of b/a in the
first and second states, the data in Table II give

Q(Na ) = (0. 095 + 0. 02) &&10
' cm,

Q(K )= (0. 056+0. 003) x10 cm .
These values are slightly smaller than most

previous measurements, although they may not be
significantly smaller. In the case of K", our re-
sult has been confirmed by three recent experi-

29 gauss FIG. 7. Typical experimen-
tal data for Cs' 7 P3/2 showing
the Hanle effect at X=0 and a
single crossing at X = 29 G.
There is a pair of crossings at
higher field similiar to those
seen in I ig. 3.
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FIG. 8. Experimental data and one of the best-fit theoretical curves for (a) Na 3 P3/2, (b) Na 4 P3/2.

ments. The above values do not include Stern-
heimer corrections, ' since the errors in the cor-
rections are somewhat larger than the errors in
our results.

TABLE I. Results of the lifetime measurements.

Element

Na

Rb

Cs

State

3'P3/2
4 P3/2

2

4 P3/2
2

5 P3/2
2

2

6 P3/2
6 P3/2

2

7 P3/
2

Lifetime (nsec)

16.0+0.5
95 +4
26. 0 +0. 5

140.8 + 1.0
25. 5 + 0.5

118 +4
32.7 + 1.5

134.5 + 2. 8

2. Scaling of the hfs Constants

It is well known'~ that (a} the hfs constants a, t/

are predicted to be proportional to the fine-struc-
ture (fs} intervals and (b} that we have

a(n P, /2)/a(n P~ /2) = 5E,(—,', Z;)/F„( ,', Zi), —

where the F„are relativistic correction factors.
In order to test these relations, we used published
data including our new results on Na ' and K to
compute ratios of a, b in adjacent fs doublets.
Table III shows these ratios for the P3 &z states,
and the ratios of the fs separations as listed in
Moore's tables. " These results are evidence that
a(n P, /z) is indeed proportional to the fs, although
there may be some significant discrepancies in

this table. The observed ratios of b(n P, /~) do not
agree with the fs ratios as dramatically, but this
circumstance is probably due to larger errors in
the measured values of b.

The relationship

a(n P, /z)/a(n P3/g) = 5Z„(2, Z, )/Z„(2, Z, )

is known to be less reliable, as can be seen in
Table IV where we use our measurements, the
values of Table II, and other published work. The
discrepancy in the lithium ratio is known to be due
to core polarization' but no definite explanation is
yet available for the discrepancies in the other
ratios, although zu Pultlitz' has mentioned that
the spin-orbit interaction may perturb the hfs, as
originally suggested by Fermi. ~'

IX. DISCUSSION

In analyzing our data we ignored a number of
potentially important effects. We list some of
these and briefly indicate why they should be neg-
ligible.

A. P& &2 States

In all our measurements except the first ex-
cited states of Rb and Cs, the Pg/p light was not
rejected by the interference filter. However, it
has been shown ' that excitation from a J= —,

' state
to another J= —,

' state using linearly polarized light
will not give rise to any level-crossing signal.

B. Multiple Isotopes

Only natural stable isotopes were used in these
experiments, which means that a mixture of iso-
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FIG. 9. Experimental and best-fit theoretical curves for the first and second &3&2 states of Bb 5 and Cs 33. The range
of the magnetic field is identified by the insets.

topes was present. The problem is most acute in
Rb, where Rb" is almost 30% of the total. Since
the hfs in different isotopes is different, the level-
crossing signals will be different. To show the
effect, we plot (Fig. 10) the signals for Rb" and
Rb in the 6'P, /~ state, using 8=90, 8 =O'. In
this plot, the vertical scales for both curves are
the same, but the curves have been displaced
vertically to coincide at X= 0. The expected ex-
perimental signal would be the sum of these
curves, each times its respective abundance.

In addition, the size of the hfs in Cs and Rb is
large enough that one cannot assume each hfs

level of a given isotope is excited with the same
intensity. Thus, the relative sizes of the observed
zero- and high-field level-crossing signals in a
single isotope may not be the same as those shown
in Fig. 10, where a uniform profile was assumed.
Actually, since we used natural Bb in both the
lamp and the beam, the contribution of the Bb to
the signal will be somewhat less.

The important fact shown in Fig. 10 is that the
single crossing in Rb" near 8 G occurs at a rela-
tively flat region in the Rb signal. Thus, there
should be small distortion of the Rb" signal over
the region of that crossing, when natural Rb is
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TABLE II. Results of the hfs constants measurements.

Element

Na23

State

3'Psi2
4 P3]2
4 P@2
5'Pw 2

a(MHz)

18.9 +0.3
6.2 +0.2
6.0 +0.1
1.95+ 0.05

S(MHz)

2.4 +0.3
1.0 ~0. 1
2. 9 +0.2
0. 92 +0.1

OR

used, and the distortion that does occur will be
very nearly a linear function of X. In order to
compensate for this linear distortion, we included
in the fitting program the facility for adding a
sloping baseline to the theoretical or experimental
data, and adjusted the slope to give the best fit.
The magnitudes of the slopes thus determined
were consistently small, and the best-fit lifetime
v' was not highly sensitive to this slope. Thus, we
are reasonably confident that the presence of Rb"
did not materially affect the measured lifetime.

C. Spectral Profile of Lamp

The Breit formula, which was used in all the
calculations of scattered intensity, assumes a,

white-light source. This requirement is imposed
in the step when the expression for monochromatic
scattering is integrated over all incident frequen-
cies. It is a good approximation in most cases.

The broad-profile criterion will be much better

20
I

50
I

40 50
I

60

MAGNETI C F

IIELD

(Gauss)

FIG. 10. Theoretical level-crossing signals for the
6 P3~2 states of Rb and Rb '. The relative magnitudes
of the signals are correct as shown; but have been dis-
placed vertically so that they coincide at an arbitrary
value at 3'-=0.

satisfied for Na and K than for Rb and Cs for two
reasons: (i}The Doppler width of the lamps will
be larger for the lighter atoms; (ii} the hf s in the
lighter atoms is much smaller. Consequently,
we would expect better fits of the (Breit formula)
theoretical curves to the experimental data, and
this has been borne out.

We made no profile corrections in analyzing the

TABLE III. Comparison of observed hfs constant ratios with ratios of fine-structure intervals. fA reference x/y
indicates that reference x(y) was used for the numerator (denominator) of the ratios in columns 4 and 5. ]

Atom
6v„(nP)

vc~(n+ 1»~
a(n P~~&)

a[(n+1) 'P„,)
&(n 'P~ j~)

~l(n+ 1)'P„,] Ref.

Li
Na23

Rb"

Rb

CS133s137

2
3
4
5
6
7
5
6
7
6
7

3.49
3.05
3.07
3.066
2. 209
1.861
3.066
2. 209
1.861
3.061
2. 190

3.5 +0.5
3.1 +0.1
3.1 +0.15
3.057+ 0.003
2. 204 +0.008
1.87 +0.02
3.062 +0.004
2. 204 +0.003
1.86 +0.01
3.051 +0.009
2. 178 + 0.002

2.4
3.2
3.175
2. 23
1.86
3.185
2.32
1.78
3.18
3

+0.3
+0.3
+0.010
+0.05
+0.10
~0.015
+0.04
+0.11
+0.15
k3

a/b
c/c
c/c
d/e
e/f
f/g
d/e
e/f
f/g

h/i, j%'

i/k

B. Budick, H. Bucka, R. J. Goshen, A. Landman, and R. Novick, Phys. Rev. 147, 1 (1966).
R. C. Isler, S. Marcus, and R. Novick, Columbia Radiation Laboratory Progress Report No. 14, 1966 (unpublishedI
This work
H. A. Schussler, Z. Physik 182, 289 (1965).

H. Bucka, H. Kopfermann, and A. Minor, Z. Physik 161, 123 (1961).
H. Bucka, G. zu Putlitz, and R. Rabold, Z. Physik 213, 101 (1968).

~G. zu Putlitz and K. V. Venkataramu, Z. Physik 209, 470 (1968).
"P. Buck, I. I. Rabi, and B. Senitzky, Phys. Rev. 104, 553 (1956).
~H. Bucka, H. Kopfermann, and E. W. Otten, Naturwiss. 45, 620 (1958); H. Bucka, H. Kopfermann, and E. W.

Otten, Ann. Physik 4, 39 (1959).
~S. Svanberg and S. Rydberg, Z. Physik 227, 216 (1969).
"H. Bucka and G. von Oppen, Ann. Physik 10, 119 (1962).
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TABLE IU. Comparison of observed hfs constant
ratios with predicted scaling law. (Some of the refer-
ences in this t'able are listed with Table III).

Atom

Li
Na
K39

Rb
f33

State

2P
3P

5P
5P
7P
5P
6P
7P

a(~P~(2)

a( Pg/2)
Theory

5.00
5.02
5.09
5.09
5.46
5.46
5.46
6.26
6. 26

.('P„,)
a('Py, )

Expt

—13.7 +1.0
4. 96+0.08
4.82+ 0.6
4.56+0.08
4. 77+0.03
4. 76+ 0.02
4.77+ 0.05
5. 53+0.02
6. 05 +0.003

Refs.

a/b
c/c
d/e
f/e
g/h
i/'
g/g
k/l
m/n

data, since we could not measure the lamp pro-
file. The excellent fits for Na and K are almost
certainly a meaningful verification of the broad-
profile assumption. For Rb and Cs, the data
used for measuring the lifetimes was taken over
a relatively small range of field, so it is rea-
sonable to assume that the magnetic scanning of
the beam absorption profile is negligible.

G. J. Hitter, Can. J. Phys, 43, 770 (1965).
"Table III, Ref. a.
M. L. Perl, I. I. Rabi, and B. Senitzky, Phys.

Hev. 98, 611 (1955),
P. Buck and I. I. Rabi, Phys. Rev. 107, 1291 (1957).

'This work.
G. J. Ritter and G. W. Series, Proc. Roy. Soc.

(London} A238, 473 (1957).
B. Senitzky and I. I. Rabi, Phys. Rev. 103, 315

(1956).
"Table III, Ref. d.
D. Feiertag and G. Zu Putlitz, Ann. Physik 208, 447

(1968).
~Table III, Ref. i.
"Ref. 15, p. 101.
Table III, Ref. k.
H. Bucka, Z. Physik 151, 328 (1958).

"K. Althoff, Z. Physik 141, 33 (1955).

APPENDIX' POSSIBLE OBSERVATIONS OF
GROUND-STATE HANLE EFFECT

During the measurements on Rb and Cs, we
observed an additional Lorentzian dip at very
small magnetic field. Figure 11 shows a typical
plot of the experimental data exhibiting this effect.
In Fig. 12, we plot typical data obtained by sweep-
ing over a very small range around X =0. Each
of these curves represents several thousand 16-
sec sweeps, or integration times of about 1 min
for each of 1024 points. The plot for Cs is par-
ticularly valuable, since it shows that the dip is
very nearly Lorentzian, with a half-width at half-
maximum of 0. 065 G. The dips for Rb seem to
have a small amount of structure for positive
magnetic field, indicating that there might have
been some more complicated effects contributing.
These dips have a half-width at half-maximum of
about 0. 07 G.

We believe these dips may be due to the Hanle
effect in the ground state; i, e. , they arise from
ground-state pumping as follows: At zero field,
the linearly polarized incident light will produce
a transverse alignment in the ground state. This
alignment modifies the scattered light signal
slightly, the amount being proportional to the
amount of alignment (which depends on pumping
and relaxation rates). As the magnetic field is
increased from zero (parallel to the incident
light), the transverse alignment will be destroyed
and the scattered intensity will change slightly.
Similar effects have been discussed by Lehmann
and Cohen- Tannoudji, and others.

The field dependence of the scattering rate will
be of the form

I-(l/II T) sin 2myHT,

where y is the gyromagnetic ratio of the ground
state

y(Rb") = 0. 467 MHz/G,

y(Cs' )=0. 360 MHz/G,

I-
U)
Z
UJ
I—
Z.'

CI
M=+

0
LLJ

I—

O
oA

UJ)
I—

R
K

FIG. 11. Rb Hanle-effect line
shape exhibiting the very narrow
Lorentzian dip at zero field.

H=O
I

REGION OF DETAIL
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FIG. 12 Possible optical pump-
ing in ground state of Cs (up'per
curve) and Rb (lower curve) with
excitation by first resonance
line.

H=O

H= -0.65gauss

H=O

and T is the transit time of the atoms through the
light. For path length E and velocity v, we have
T = I/v. The signal should therefore have a full
width at half-maximum (FWHM) Hr„„M = v/yl.

If we use v=2&&10 cm/sec, (=2 cm (which
are typical in our apparatus), we find H= 0. 03 G.
This estimate is somewhat smaller but is in rea-
sonable agreement with out data and it should be
noted that we have made no allowance for mag-
netic field inhomogeneity.

This effect was observed in the 5'P,i, state of
Rb and 6 P~i~ state of Cs. It was observed re-
peatedly over several weeks in each case. The
apparatus was as described above. Ne were using
lamps of the type shown in Fig. 6(a). There was
some evidence that the power input to the lamp
affected the magnitude of the dip, but that could
not be verified in detail. The width of the dip did
not vary appreciably from day to day, but this
was not quantitatively investigated.

It is unlikely that the Cs dip could be due to the
7'P», or 8'P»~ states, because the lifetimes of
those states are much less than 800 nsec; the
lifetime calculated by assuming the observed dip
is from Hanle effect in these states. In addition,

our interference filter has essentially no trans-
mission at the wavelengths necessary to excite
these higher P states.

It is conceivable that the 5'D states were being
excited either directly (very weak S -D transitions
have been observed in cesium), or in a two-step
excitai'ion process (i. e. , ~S -SP-~D), because no
filter was used in the input optics. It may be noted
that the 5 D»~ state has a calculated lifetime of
952 nsec, and its Hanle effect could be observed
via cascade through the 6~P states. There are
several other lines within 6QQ A, but it is very
unlikely that these could be detected through the
interference filter since we measured the trans-
mission of the filter to be much less than 1% for
wavelengths more than 150 A away from 8521 A.
Furthermore, even if the Cs dip is somehow due
to the D states, the Rb dip cannot be since the
wavelengths and lifetimes are even more dispar-
ate.

It is certain that the dips cannot be due to an
anomaly in the magnetic field coils or sweeping
circuits because the field was swept through the
zero by opposing coils, i.e. , the current at
which zero field occurred varied from run to run.
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The criteria for applicability of a full contact transformation are examined. Comments are
made on the relation between the Rayleigh-Schrodinger and contact-transformation perturba-
tion representations. The analysis is based upon the use of a Hermitian operator defined as
a commutator with the zero-order Hamiltonian and upon the use of the Fock representation.
The methods are developed in the context of the vibrational Hamiltonian.

I. INTRODUCTION

From the beginning of the theoretical treatment
of vibration-rotation spectra, ' the primary devel-
opments have been based upon the use of pertur-
bation theory. In particular, a contact-transfor-
mation scheme, introduced by van Vleck, ~ has
been developed' and extensively used. ' 7 More
recently, Primas8 has directed attention to the
theoretical basis of the method, and Arthurs and
Robinson' have given some applications. This
technique is peculiarly appropriate to vibration-
rotation spectra because of the properties, char-
acterized by commutation relations, of the quan-
tum-mechanical operators involved. It is the pur-
pose of this paper to reconsider the mathematical
aspects of this application of van Vleck's method

by the use of the Fock representation, whichproves
to be most convenient in this context. The advan-
tage of this representation is best demonstrated
when one considers resonance interactions such
as the Coriolis and anharmonic resonance inter-
actions. The forms and limitations of the contact
transformations are particularly directly obtained

by this method.

II. DEGENERATE PERTURBATION THEORY
AND CONTACT TRANSFORMATION

ff(0) y (0) E (0) y (0)
(~ i +)t (2. 2)

where the subscript i identifies the eigenvalues and

j the degenerate eigenfunctions with common eigen-
value E; . It is assumed that the eigenfunctions
are orthonormal. We introduce a contact-trans-
formation operator of the form

X=8" (2. 3)

with S chosen to be Hermitian, S= S~, so that X is
unitary,

X~X=XX = 1.

We consider a Hamiltonian operator,

@=a'"+v v=Qa"'
l =1

where V is the perturbation and the superscript l
identifies the order of the perturbation. The zero-
order Hamiltonian operator satisfies the relation


