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The hyperfine structure of eleven optical transitions in the molecules I2
' and I2

8 was re-
solved by the technique of laser-saturated absorption. All the absorption lines correspond to
transitions between the Z~ (X) and the IIO„(B) electronic states, but the rotational and vibra-
tional quantum numbers varied widely. Two distinct types of hyperfine interaction were ob-
served: (i) a nuclear electric quadrupole coupling which changed little among the lines in-
vestigated, and (ii) a magnetic spin-rotation interaction which varied strongly with the vibra-
tional energy in the electronically excited state. The origin of the latter effect is discussed.

INTRODUCTION

It has long been known that absorption lines in
the visible spectrum of iodine are wider than the
expec ted inhomogeneous linewidth. The extra
linewidth has generally been attributed to an un-
resolved hyperfine splitting due to the nuclear
electric quadrupole (NEQ) interaction. Recently
the technique of laser-saturated absorption has
been employed to resolve the hidden structure of
a few of these transitions. 2' These studies have
shown the existence of a contribution to the hyper-
fine splitting due to a magnetic interaction between
nuclear spin and molecular rotation, in addition
to the NEQ term.

In the present investigation, ion lasers were
employed in the Hansch-Horde saturated-absorption
technique to survey the hyperfine splitting of
iodine absorption lines in the region from 5682 to
5017 A. In this method, two beams of equal fre-
quency are sent in opposite directions through an
external iodine-vapor absorption cell. One beam
is periodically chopped and the intensity modula-
tion of the other (probe) beam, which results from
the nonlinear interaction in the absorbing gas, is
detected. The transmission of the probe beam is
enhanced by the saturation of the absorption pro-
duced by the other beam if the laser frequency
is tuned close to the line center Q, b of one of the
Doppler-broadened transitions (a and b refer to
the two levels involved). Both light waves then
interact with the same molecules, those within
the narrow range of axial velocity centered at
v, = 0.

For moderate light intensity and large Doppler
width, a simple hole-burning model is adequate
to describe the transmission increase. Such a
model predicts that the change of the partial ab-
sorption coefficient n, b for the probe beam due to
a saturating beam of intensity g is

A nb 1 & y~b

~me 2 & sae &as + (f1ae —~)

where y, b is the natural linewidth of the transition,
and

4m 1 p,„I'
y, , (T, + Tb —A., T. T, )

(2)
The saturation parameter &„,depends on the matrix
element p, b of the transition, on the lifetimes of
the two levels involved, T, and T„and on the rate
A.,b of the direct and cascade spontaneous transitions
connecting the upper and lower states.

The iodine molecule possesses many possible
transitions with slightly different resonance fre-
quencies. As long as these transitions are indepen-
dent, the observed saturation spectrum will be
merely a linear superposition of resonance lines as
given by Eq. (1).

The 11 transitions investigated all originate in
the lowest two vibrational sublevels of the ground
electronic state ( Z' or X). The rotational quantum
numbers, however, range from 10 to 117. In ad-
dition, the vibrational quantum number in the upper
state ( II',„or B) varies from 17 to - 62, the latter
state lying only 130 cm from the dissociation
limit. These resolved spectra come from states
sufficiently diverse that conclusions can be drawn
about the variation of quadrupole and magnetic
hyperfine coupling constants with the quantum num-
bers of the molecule.

EXPERIMENTAL PROCEDURE

Iodine has absorption lines all through the center
of the visible region, but the technique of saturation
spectroscopy can only be applied to transitions
which happen to fall at some laser frequency (at
least until broadly tunable lasers of adequate sta-
bility are developed). Thus the early experiments

0
on iodine were performed using the 6328-A He-Ne
laser line. '7'

The krypton and argon ion lasers have, however,
several advantages over the He-Ne laser for the
purpose of laser-saturated-absorption spectroscopy.
First, each laser produces a number of distinct
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wavelengths; widely different molecular transitions
may be conveniently investigated. The gain band
of each line is wider so that th ere is a larger
chance of finding an accidental coincidence with a
molecular transition at a given wavelength. The
entire hyperfine structure of a given line may be
more clearly observed. Finall thy e output power
of these lasers is sufficient to permit saturated-
absorption experiments to be performed outside the
laser cavity even in the case of relatively weak
transitions. In this investigation, at least one re-
solvable iodine absorption line was found at each
laser wavelength.

~ ~

The iodine vapor was sealed in Pyrex cells 20 cm
in ength. The pressure of the gas could bs cou e con-
ro e by varying the temperature of a side tube in

w ich crystals of the element rested. The cells
were evacuated through a cold t brap y a mechanical
roughing pump and an oil diffusion pump. The
residual r
3&& 10 torr.

pressure of foreign gases was 1 thess an

ion lasersTwo Coherent Radiation model 52G ion 1

were used in this work; one was filled with argon
the other with krrypton. A particular laser transi-
tion was select ed by a Brewster-angle prism with-
in the cavit and a s'

y, olid quartz etalon (temperature
stabilized & with) with 6-6Hz free spectral range and 8%
reflecting surfaces suppressed all but a single axial
mode.

The frequency of the laser was scanned by varying
the cavit len~hy ~h. The outputmirrorwassupported
by a piezoelectric translator that could move as much
as 10JLt,m. Another piezoelectric actuator varied
the angle of the etalon to maximize the output at
each frequency. The laser could be scanned con-
tinuously over the inhomogeneously broadened line-
width of the iodine transitions in a few minutes by

applying the proper voltages to the transducers.
The geometry of the experimental setup appears

in Fig. 1. The output of the laser was split into
two beams of roughly equal intensity by the beam
splitter at S. The beams were reflected b the

mir'rrors at A and B to cross at a small angle (& 2
e y e

mrad) within the iodine cell. One beam (the pump
or saturating beam) was chopped at 1000 Hz, and

a small fraction of the other (& 0. 01%) monitored
by a 1P28 photomultiplier. The modulation of this
second (probe) beam was detected by a PAR HR-8
phase-sensitive amplifier. Serious noise resulting
from fluctuations in laser power was reduced by
using a 0. 1-sec time constant. Spurious signals
originating from the scattering of the pump beaearn

y the windows of the cell were avoided by using a
relatively strong probe beam in the cell and at-
tenuating it at the photomultiplier.

A 1-
s litter r

1-m focal length lens placed ahead of th bo e earn

sp i er reduced the diameter of the beams within
the cell to m =0. 34.34 mm, thus increasing the size

p, A

METER I.P —m CONFOCAL INTERFEROMETER
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FIG. 1. Schematic diagram of the saturation
spectrometer.

of the satusaturation signal. The pressure of the iodine

vapor pressure of the solid ) was varied from one
run to another to ensure the maximum '

1imum signal.
e laser frequency shift was not a linear function

of the scanning voltage applied to the mirror trans-
ducer; an independent frequenc ky mar er was neces-
sary to calibrate the frequency scale. The known

a 1.2-m
frequency separation between the TEMe 00 q modes of
a . -m confocal interferometer provided this fre-
quency reference. With aluminized mirrors and a
fused-quar tz spacer, this interf erome ter produced
markers every 128. 5 MHz, with an accuracy of
1 MHz.

Another conf ocal interferometer continuously
monitored the mode structure and power output of
the laser. ~ y malfunction or incipient mode jump
was immediately detected on the face of a storage
oscilloscope which displayed the output of this mode
analyzer.

One x-y plotter recorded the modulation of the
probe beam as a function of the voltage on the mirror
translator while another plotted the transmission of

changing the speed of the voltage ramp applied to the
transducer, the spectrum could be scanned at any
desired rate while maintaining the same linear scale
on the plotter traces.

Slow driftin of th
'

g e laser frequency (due perhaps
to thermal expansion of the resonator structure)
merely added to the scanning rate. Such drift

ug y inear and did not result in error. More
c ri s were

serious were small rapid jumps in the laser fre-
quency due to the sudden release of strains caused
by thermal expansion. These jumps in laser fre-
quency and the slight thermal changes th 1 tin e eng h

fre
o e interferometer limited the accuracy to h h

requency differences could be measured. Because
of these small but irregular jumps, the quadrupole
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coupling constants were measured with uncertainties
ranging from 10 to 1V MHz, even though the lines
were as narrow as 5 to 10 MHz or about 10 of the
light frequency.

Most of the lines were investigated in linearly
polarized light, but some of the later work involv-
ing an argon laser utilized circularly polarized
light. No difference in the spectra was noted; but
since the laser could be isolated from optical feed-
back when circularly polarized light was used,
alignment was simpler in the latter case.

Typically, the laser produced output power of the
order of 30 mW, with each of the two beams through
the cell measuring 6 mW, and the monitors and re-
flection loss accounting for the rest. The laser in-
tensity within the cell was - 2. 5 W/cmm, much less
than the value of the saturation intensity, which for
a typical transition was - 15 W/cm3. In the case of
the strong 5145-A line of argon, the probe beam
was 1.6 mW and the pump 6 mW; an attenuator was
employed in each beam to avoid power broadening.

The frequencies of the hyperfine components on
each trace were determined relative to that of an
arbitrarily chosen zero component by interpolation
between the nearest four interferometer peaks with
a cubic polynomial. The splittings between each
succeeding pair of lines were similarly determined
and tabulated.

The states between which the transition occurred
were identified from the fluorescence spectrum of
the excited iodine vapor. The laser frequency ex-
cites the molecules into a particular rotational vi-
brational sublevel of the 8 electronic state (charac-
terized by the quantum numbers J' and v'). The
selection rule for radiative decay is the same as
for absorption: &J= + 1. The fluorescence spectrum
thus consisted of pairs of lines, the splitting within
each pair given by

&p = &„"(4J'+2)

The intervals between the pair were given by the
vibrational frequency of the lower electronic state. '

The laser frequency falls on one component of such
a pair of lines. If it is at the high-frequency mem-
ber, then the selection rule for the absorption is
J' —J"=+1, and the absorption corresponds to an
B-branch line. If the laser falls on the low-fre-
quency component, the selection rule is J' —J"= —1,
and a P-branch assignment is made. The vibra-
tional quantum number in the lower electronic state
(v") was assigned from the number of anti-Stokes
fluorescence lines.

The doublet splitting of a convenient pair of lines
(generally those that fell nearest the laser fre-
quency) was measured with a 1-m Ebert scanning
monochromator. The resolution (0. 16 cm ) was
sufficient to determine J' to within +1. The num-
ber of components in the hyperfine spectrum in-

X„=(p, GI/, )(l, +I ) ~ J (5)

Various conventions for the coupling constants
egq and jJG/I~ appear in the literature. ~' ~ Ex-
cept where specifically noted, the field gradient q
discussed in this paper is measured along the inter-
nuclear axis of the molecule. The values quoted
must be divided by —(2+ 3/J) to convert them to
the system where the field gradient is measured
along the direction of the rotational angular rnornen-
tum. ~~'~~ The spin-rotation coupling pG/I~ has also
been quoted as C and K/J(J+ I). Since this work
treats both natural iodine (atomic weight 127) and a
radioactive isotope (atomic weight 129) with dif-
ferent spin and moments, it seemed wise to include
the dependence on the nuclear parameters in the
definition of the coupling constants. The spin and
moments of the I 7 nucleus are I&= ~, Q = —0. 79 b,
and p. = 2. 808',@. For l the parameters are I&-—+2,

Q= —0. 55 b, and p= 2. 617'„.
The Pauli exclusion principle requires that the

total wave function of a homonuclear diatomic
molecule with half-integer nuclear spin be antisym-
metric under exchange of the nuclei. In a state of
even (geode) electronic symmetry, such as the Ã
state of iodine, only states of odd total nuclear spin

dicated whether J"was even or odd. The frequency
scale was defined by pairs of emission lines of
known wavelength from a sodium or helium-neon
lamp. ~ With the other quantum numbers determined,
v' can be assigned from a knowledge of the laser
frequency and the molecular constants. ~ ' Usually,
only one transition with the other three quantum
numbers correct will fall near the laser line. The
accuracy with which the frequencies of given tran-
sitions can be predicted is rather poor, especially
for v' & 43. A mistake in the identification of one
band makes the most recent molecular constants
useless in this region. ' Constants for I2 were
estimated using the usual isotope-effect formulas.
The value of v' for the 5017-A transition was as-
signed using band-head data. ~5

INTERPRETATION

The rotational vibrational levels of both the ~Z'

(X) and the 'll', „(8)electronic states are split by
hyperfine interactions. In terms of the nuclear-
spin vectors I~ and I~ and the rotational angular
momentum vector J, the Hamiltonian for the nu-
clear electric quadrupole interaction is~6

3(I ~
.J) + ~ (I ~

~ J) —
j I, j j J j

2(2J'+3)(2J-I)I,(21, —1)

3(I2 ~ J) + p(12 ~ J) —jImj jJ j

2(2Z+ 3)(2J' —1)Ia(2 Ia —1)

Similarly the magnetic spin-rotation interaction is
given by4
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( I= 1, 3, 6 and, for I~ooo, 7) can combine with odd-8
states, and states of even nuclear spin (I= 0, 2, 4 and,
for I~ooo, 6) can combine only with even-J states
Since the total number of hyperfine states with nu-
clear spin I is 2I+1, states of even J have fewer
hyperfine components than those with odd J. For
an odd (uqgerade) electronic state such as the I3

state, the I, J combination rules are reversed. '
Energy levels are obtained by diagonalizing the

submatrices of the energy matrix calculated by the
method of Robinson and Cornwall in the I& I2 IJF
M~ representation. The eigenvalues are then labeled
by the quantum numbers Ij I~ & J'E. The pseudospin
quantum number & corresponds to the value of I
that makes the largest contribution to the eigenstate.

For large values of J, the hyperfine splitting can
be approximated by a rather simple model. For
J»Iq the rotational angular momentum vector is
almost parallel to F. It may be treated as having
a fixed direction in space, and the projections of

the nuclear angular momenta may be quantized in-
dependently along this axis. Introducing the quan-
tum numbers M& and MR,

Ei ——J+Mi, Fg =J + I~

Ep= J+Mg, F3=J + Ig, (6)

—I( ~M~ ~I~, —I~&MR~I(

me have approximately

(Ig J)=Mg J+o[Mg(Mg+1) —Iq(Iq+1)],

(io ~ J)o=MooJo+MoZ[Mo(Mo+1) -Iq(Iq+1)]+O(Io)

A substitution of these quantities into (4) and (5)
yields the approximate energy levels

(Iq J)o=Mf j +Mg J'[Mq(Mq+I) —I~(Iq + I)]+O(lg),
(I)

(Io ~ J) =Mo J+ o[Mo(Mo+1) —I)(I)+1)],

&Nato - —
6I 2I -1 (3(Mg+Mo)+(3/J')[Mg[Mg(Mq+1) —Ig(Ig+I)+ o ]+Mo[Mo(Mo+I) -Iq(I~+1)+o ]}—2'(Iq+I)),

(8)
Ee= (@G/If)(Mf+Mo) J

The Pauli principle forbids the nuclear-spin states
where M& —-M3 from combining with symmetric mo-
lecular wave functions.

The coupling coefficients egq and &GI"~ are not
directly measured in a spectroscopy experiment.
The selection rules for the electronic transition are
be =0, bE=bZ=+1 (or for large J, bM&-—bMo ——0). '

These selection rules prevent transitions between
dissimilar nuclear-spin states. In the transitions
resolved here, only the hyperfine coupling con™
stants —not the nuclear-spin wave functions-change.
The resolved structure corresponds to the dif-
ferences between the hyperfine energies of sub-
levels of the two electronic states mhich have the
same quantum numbers c and E-J (or M, and Mo
for large J). Thus only the differences between the
constants in the bvo states,

begq = egq~ —egq,

PGexe~ & (G~ Go)

are directly measurable. The splitting of a reso-
nance line approximates that of a rotational vibra-
tional level with the same J as the lower state and

hyperfine coupling constants equal to begq and

(p/I)G, „„(seeFigs. 2 and 3).
The observed spectra were divided into two

classes: those where the frequencies were given

within the experimental error by evaluating the
Hamiltonian in Eqs. (4) and (5) to first order, and

those in which the second-order NEQ contributions
were significant. ~' In practice, any line with J
&20 fell into the former class, while those with J
&20 fell in the latter. Kroll's calculations~ show
that the second-order contributions are of order 1
MHz or less for J=10 and are roughly proportioned
to g-3!2

In either case, the coupling constants mere de-
termined by minimizing the root-mean-square de-
viation of the frequencies and splittings calculated
with Eqs. (4) and (5) from the observed values. The
coefficients thus determined appear in Tables I and

II. ' The field gradient in the ground electronic state
was assumed to be eq = 3600 MHz/b; the spin-rota-
tion coefficient in the lower state (e.g. , Go) was
assumed to vanish.

The difference in quadrupole field gradients eq'
—eq (calculated by dividing the experimental value
of beQq by the known nuclear quadrupole moment

Q) varied little among the transitions. It has been
predicted that the field gradient should depend upon
the "spring constant" for internuclear vibrations. ~0

Since the effective vibrational frequency in the B
state varies quite rapidly with energy, such a model
would predict a strong negative correlation bebveen
the frequency and field gradient. Figure 4, how-

ever, shows that the variation with vibrational fre-
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FIG. 2. Hyperfine splitting of
the P(117) 21-1 line in I,' '.
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quency is weak, and with the wrong sign.
The observed nearly constant value of eq' —eqo

is better explained by the Townes-Dailey approxi-
mation. + The field gradient in the molecule is then
related to that in the appropriate atomic state. Since
the B state dissociates into two atoms, one in the

P, ~~ state and the other in the gradient free P, ~a
state, the field gradient in the B state could be ex-
pected to approximate a constant half of the atomic
value. '+

An energy dependence of this sort would be ex-
pected if the magnetic hyperfine interaction in the
8 state were due to a coupled electronic state lying
about 4400 cm ~ above the minimum of the 8-state
potential (see Fig. 6). I'z In zeroth order, the
nuclei in a molecule in a ~Z or a IIO electronic state
experience no average magnetic field in the J di-
rection. The end-over-end rotation of the molecule
can, however, couple excited electronic states with

SPIN-ROTATION INTERACTION TABLE I. Parameters of the resolved transitions.

1.2x10'
exit 4400 g

—12. 5 kHz/pN,

For states where J& 20, the deviations of the ob-
served structure from a pure quadrupole spectrum
are due to the spin-rotation interaction. The cou-
pling coefficient G,~& showed no dependence upon
the rotational quantum number J' (at least for the
large J' lines), but varied dramatically with the
vibrational energy in the upper state. Figure 5 is
a plot of G,„„vs the vibrational energy. The solid
line is the graph of the empirical formula

6328
6328
5682
5682
5308
5308
5208
5208
5145

145
5145
5145
5017

Isotope
127 129 Transition

p(ss) 6-s'
R(127) 11-5'
P(20) 17-0
P(117) 21-1
P(10) 32-0
R(13) 32-0
R(71) 40-0
R(78) 40-0
P(13) 4S-0
R(15) 43-0
R(109) 51 +1-0
R(67) 53 + 1-1
R(26) 62-0

1938+0. 3
1926 *3
1356 + 12
1936 + 17
1920+ 17
1920+ 16
1307 + 10
1888 + 16
1890+16
1890+16
1292 +10
1299 + 10
1875+ 16

PGezrtI
'

0;Hz)

21.6*1
28+2
27-t 9
49:h 4
60~ 40
40+ 30
98&3

152+ 6
210 e 30
150+ 30
244+ 2

265s3
944+ 18

where & is the vibrational energy of the upper state
in cm ~.

aBunker, I-Ianes, and co-workers.
Hanes and Dahlstrom.
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FIG. 3. Hyperfine splitting of
the 8{78)40-0 line in I22'.
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the zeroth-order state. Thus there can be a small
net component of electronic angular momentum and
magnetic field along the J axis:

(o!i,!o)~=4eag l(nl&, lo) I'
zg

This explanation for the magnetic hyperfine in-
teraction has often been applied to molecules with

~Z ground electronic states. The B state of iodine
is, however, a 300, and care must be taken to prop-
erly include the effects of electronic spin. The
electronic angular momenta in the iodine molecule
couple according to Hund's case (c), I and the spin-
rotation interaction is given by

".g„——8@M (g~a +g,b)Q l(0( J',„[n) [

n n 0

TABLE G. Parameters of the energy states.

32
128

19
116

9
14
72a

79
12
16

110
68
27

V'

6
11
17
21
32
32
40
40
43
43
51+1
53 +1
62

(cm-')

780
1340
1940
2320
3170
3170
3620
3630
3770
3770
4030
4080
4260

(cm ')

115
106
95
88

65
48
48
42
42
25
21
12

&eq
(MHz/b)

-2453 +0.4
-2438+ 3.8
-2465 +22
—2451+21
—2430 + 21
—2430 +20
-3290 +20
-2376 + 18
-2392 +20
-2392 +20
-2349+ 18
—2362 + 18
-2373 +20

~expt.
(kHZ/Pn)

19.0+1
25. 0 +2
36+ 12
44. 0+5
53.4+ 36
35.6 +27

131+4
135+5
187.0+27
135.5 + 27
333+3
354 +4
841+15

106 6 t/8
(p, ')

23 +1
31+2
47+16
58.4+7
79.8+53.8
53.2 +40.3

224+7
231+9
336.9 +49
246. 5 +49
775+ 7
849+ 9

2570+ 46

1~129
2
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ergies E and EI,. If only one electronic state con-
tributes to the sum, one may write

-2500—

l27

I 29
O I2

I(nlJ, IO) I'
t(lt J.IO) tmg

p(E, ) dE,

O

I
I

v. -2400

-2300—

I i I I I t I i I

20 40 60 80 IOO I 20
cu„(cm )

-I

FIG. 4. Experimentally determined difference of the
electric field gradients behveen the 8 and X electronic
states as a function of the vibrational frequency in the 8
state, measured in cm (3 &10 Hz).

Zq8
(12)

where pi is the nuclear magnetic moment; 8 =I'/
4m'„ is the rotational constant; A.„is the molecular
moment of inertia about an x axis perpendicular to
the internuclear line;

a = 2gs (1/~')„

28 J,
J' (J' +1)

I'J,
and gL, =—

J,(J', + j)
The sum in Eq. (12) is over all states of the

molecule. Applying the Born-Oppenheimer approx-
imation, one may separate the matrix element into
nuclear and electronic parts: I (n I

J', 10) l~= l(kl J, l 0) I

x I (p„(E„)lp(E)) I . The second factor is simply
the Franck-Condon overlap factor between nuclea, r
wave functions in the two electronic states with en-

am z Scosae- 1
b = 2ge —g'(0) ———

3 2Y

are averaged over the valence electrons; $3(0) is
the valence electron density at the nucleus; R is the
internuclear distance, " 8 is the angle between J and
the radius vector r from the nucleus to the elec-
tron; J,„ is the electronic angular momentum com-
ponent along the x axis; and the g factors are

IOOO—
900—
800—
700—
600—
500—

300—

N, zX

IOO—
90—
80—
70—

50-
40—

20—

Io i

0

I

t

t

I

I

t

t

I

I

I

I

I

I

I

I

D ISSOC IAT ION

I

I

I I I I I I

I GOO 2000 3000 4000 5000
-I

E (cm )

FIG. 5. Observed difference in spin-rotation coupling
coefficients as a function of the vibrational energy in the
electronically excited state.

1(1 I J, I 0) I

gt

where p(E, ) is the density-of-states factor, and &e
last equality defines E'.

The spin-rotation constant is then given by

E' -E RS
l(1IJ',„IO) I

' Z, e

(14)

Only certain states (those where the nuclear wave

functions in the two electronic levels overlap sig-
nificantly) contribute to the spin-rotation interaction.

This implies that the average interatomic spacing,

and therefore the rotational constants, for the two
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FIG. 6. The electronic energy-level
— structure of iodine near the B and X states.

The four numbers at the left give the con-
— figuration of the valence electrons; the

notation mgyg implies that the state is
— o~2o~o w„"m~o„. Allstatesof geoade sym-

2p 2p metry except the ground state have been
/2 I/2 — deleted (Ref. 23).+ p
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states coupled by the perturbation are roughly
equal. Since total angular momentum is conserved,
the contributions of the rotational energy to E and
E' in Eq. (11) cancel. The energy E in Eq. (13)
is then just the vibrational energy of the state in-
volved.

The spin-rotation coupling coefficient resulting
from this mechanism is independent of the rotational
quantum number J. Other types of magnetic hyper-
fine interaction applicable to '00 electronic states
produce coupling constants which are strong func-
tions of J. No evident correlation bebveen G„„
and J appears in our data, but there is indeed a
strong variation with the vibrational energy.

Both states connected by the various optical tran-
sitions may have a spin-rotation interaction of this
type. The observed magnetic splitting should then
obey an equation of the form

2
Gexot

E E
—D

y (15)

w"ere ~'= 4(gJ ~+g.5) I(11~.10) I ~ and D = v(Z, e/
cRS)+B„.G, accounts both for the nuclear contri-
bution and a possible spin-rotation coupling in the
lower state. Figure 7 is a plot of the observed
coupling constant; the solid line is a function of
the form in Eq. (15). The parameters that best fit
the data are

D= (40y10) x10

E, =4340+40 cm ~

L =0.22+0. 02 cm ~/ps

Since the nuclear contribution to the constant D
is only 1.5x10 p„~ (assuming an effective nuclear
charge of z, = 5), one might estimate that the spin-
rotation constant G in the ground electronic state

of Is is G = 33+ 9 kHz/p„. This estimate must,
however, be regarded as an upper limit; since E'
is not really a constant and might well increase
with decreasing e', part of the deviation of 6„„
from a simple 1/(E' —E) law is likely due to an-
other mechanism.

Figure 6 shows the internuclear potentials of
some of the low-lying electronic states of I~. Since
the energy E' is so close to the binding energy of
the B state (D, = 4391+ 20 cm '), ' one of the three
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FIG. 7. Comparison of the experimental and theoreti-
cal energy dependence of the spin-rotation coupling pa-
rameter.
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u~gerade states of the 2332 configuration in Fig. 6
probably causes the spin-rotation coupling. ~'24

Were any of the other states involved (e.g. , the
~II), the parameter E' would be significantly
smaller.

Finally it is interesting to use Eqs. (11) and (14)
to estimate the total projection of J, along the di-
rection of J. If the contribution to the molecular
magnetic field due to the electronic spins is ignored

(g, = 0, g~= 1), the parameter a in Eq. (14) may
be approximated by~'

a = Ps (1/x )„=P,s (18/ao )

where ao is the Bohr radius. For our largest
value of G,„„,the average projection of electronic
angular momentum in the J direction is {0i J, i 0)
= 0. 03h. Even at an energy only 130 cm ' from
the dissociation limit, the B state of I2 remains a
good example of Hund's case (c) with little ad-
mixture of case (e). If the energy dependence of

{OiJ, ~ 0) continues as expected, however, the mol-
ecule may well convert to a case-(e) configuration
at an energy below the dissociation limit. The
well-known disappearance of discrete absorption
lines near the dissociation limit might be one con-
sequence of this transformation.

LOWZ LINES

The shifts in the resonance frequencies due to
the spin-rotation interaction are rather small for
transitions with J values less than roughly 20. The
spin-rotation coupling coefficient cannot be ac-
curately determined for a transition between states
with small values of J. The contributions due to

—eQq' —eQq'
2+ (3/Z') 2+ (3/Z)

(18)

where 4 = 8 + 1 for 8-branch lines, and J = J—1 for
P-branch lines.

If heQqz is determined for two transitions be-
longing to the same vibrational band (and having
the same values of eQq' and eQq ), but differing
in their rotational quantum numbers, eQq

' can be
eliminated and eQqo calculated using Eq. (16).
Since &eQqJ is not perfectly determined and the
coefficient of eQq is not large, the estimate of

eQq will have significant error.
Two pairs of suitable lines occurred at ion-

laser frequencies, the P(10)&(13) 32-0 pair at
5308 A and the P(13)R(15)pair at 5145 A. The
parameter heQqJ for these lines is tabulated in
Table III.

the second-order NEQ effect, however, increase,
and the transition frequencies become a function
of the quadrupole-coupling coefficients in each
state independently, not just of their difference.
A trace of the hyperfine structure of two such
transitions appears in Fig. 8. A comparison of

the hyperfine-structure patterns of the two ab-
sorption lines, however, permits an estimate of
the quadrupole coupling in the ground electronic
state.

The electric field gradient along the molecular
axis q is independent of the rotational quantum num-

ber J, but the corresponding quantity defined in
the J direction q& is not constant. ~7 The difference
in coupling coefficients defined in terms of qJ be-
tween the upper and lower state is

cf 0
Z +
(3 K

0 —'~~'-""'".--

R (I5)

lg~ IL) 4L ~ „II

FIG. 8. The hyperfine structure of a
typical pair of absorption lines with small
values of J. This structure is the P(13)
R(15) pair of lines in the 43-0 band of I~~7.

The transition falls within the gain of the
0

strong 5145A argon-laser line.
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Further experiments using more stable lasers
and better noise-reduction techniques will be
needed to clarify the experimental situation. A
full understanding of the line-shape problem in
saturated absorption can only come after detailed
experimental and theoretical studies of a variety
of physical systems.

FIG. 9. (a) The experimental line shape of the hyper-
fine components of the P(13) 43-0 transition, (b) a Lo-
rentzian of 7.5 MHz width superimposed on a rising back-
ground, (c) a Gaussian with the same width. The Lo-
rentzian is essentially identical with the observed line
shape.

Applying Eq. (15) and eliminating begq, one ob-
tains

egq = —2763+400 MHz (32-0),

egq = —2577+ 350 MHz (43-0)

(50% confidence) as estimates of the quadrupole cou-
pling in the lower electronic state, for I~ . Al-
though these estimates are rather rough, they
agree with one that has been made from the hyper-
fine structure of an. iodine transition at 6328 A7 and

those made by extrapolating from the solid.

LINE SHAPE

The apparatus used in this investigation was not
well suited to precise investigations of the line
shape of the individual hyperfine components. These
structures were quite narrow in comparison with

the splitting due to the hyperfine interaction. A

slight jump in the frequency of the laser could
badly distort the line shape while producing no
detectable effect upon the splittings. Nevertheless,
some interesting features were noted.

First, the components were distinctly Lorentzian
(at least when the laser behaved) with strong
"wings" which decreased as 1/&ua (see Fig. 9). The
linewidths of all the components of a given rota-
tional vibrational line were equal, but different
lines had widths differing by as much as a factor
of 2. The widths were several times too large to
be explained by the known decay rate of the B
state. ""

These very narrow lines, achieved when Dop-
pler broadening is eliminated by the saturation
method, are sensitive, however, to collisional
effects. At the relatively high densities used in
this investigation, pressure broadening causes
most of the linewidth. Indeed, the measured
widths of the resonance lines did correlate with

the vapor pressure of the iodine. In addition a
broad collisional background was visible in most
of the spectra. ~

CONCLUSIONS

In this experiment we have shown that the nuclear
electric quadrupole coupling coefficient is nearly
constant for a given electronic state of a molecule,
even if the vibrational frequency of that state
varies rapidly with energy. The difference be-
tween the quadrupole field gradients for the B and

X states of iodine was found to be approximately
—2400 MHz/b; a decrease in magnitude of only
-100 MHz/b occurred as the vibrational energy in

the B state increased. The field gradient was es-
timated as eq = 3400+ 400 MHz/b in the X state
and eq = 1000+400 MHz/b in the 8 state.

The B state showed a large spin-rotation inter-
action which increased rapidly near the dissociatior.
limit. The coupling coefficient G,„„which gives
the observed hyperfine splitting of a transition due

to this mechanism obeyed the phenomenological
formula

1.2x 10~
Gexut= 4400 E

—12. 5 k H/zp'N (10)

TABLE III. The parameter DeQq~ for the P(10)B(13)
32-0 pair at 5308 A and P(13)B(15)pair at 5145 A.

Transition

P(10) 32-0
Z(13) 32-0

P(13) 43-0
R(15) 43-0

~eqq, (MHz)

—838.6+ 3.6
—856. 6+ 3. 3

50% confidence
—848. 6+ 3. 3
—856. 0+ 3. 3

where E is the vibrational energy of the upper
level in cm . The spin-rotation coupling con-
stant in the ground electronic state could only be
estimated as G ( 34+ 9 kHz/)t„. There was no

correlation between the rotation coupling param-
eter and the rotational quantum number.

%e have also demonstrated that the Hansch-
Borde crossed-beams saturation technique yields
as high resolution as the more conventional inverted
Lamb dip method. The lasers employed per-
formed adequately in spite of the mechanical vibra-
tion that is unavoidable in an ion laser. Previous
estimates of the fundamental limit on the short-
term frequency stability imposed by this vibration
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were of the order of 20 MHz. " In this experiment,
no recurrent instability larger than 2 MHz could be
detected. Thus, in future high-resolution experi-
ments, ion lasers may be used with some con-
fidence. Equipped with feedback circuitry to fix
its frequency at that of some iodine hyperfine com-
ponent, such a laser would make a useful standard
of length or frequency.
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