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Precision study of the A X+ state of the OH radical
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We report precision measurements and calculations of several parameters of the A 'X+
state of the OH free radical. Data from quantum beats in the fluorescence of laser-
excited molecules and direct optical spectroscopy have been combined to yield the follow-
ing values for the parameters of our model Hamiltonian: y=6862(43) MHz, b+cl3
=774.1(0.4) MHz, c =168.9(0.8) MHz, g„=0.00248(0.6)pq, and g~ ——0.0242(11)pq. Cal-
culations that include coupling to the ground X II states through rotational or spin-orbit
interactions produce estimates of these parameters that agree very well for all except gz.

I. INTRODUCTION

The OH free radical has attracted the interest of
spectroscopists for over 50 years and has recently
been the object of vigorously renewed study. The
prominent A X+-X II bands in the near uv were
analyzed in the early days of quantum mechanics,
and the definitive study of the optical spectrum
was published by Dieke and Crosswhite' 20 years
ago. In recent years, there has been increasingly
precise data on the X II ground state from in-
frared, microwave, electron spin resonance, ' and
laser magnetic resonance techniques, which have
yielded fine-, hyperfine-, Stark-, and Zeeman-
structure parameters to extremely high precision.
Also the excited state, A X+ has been studied by
level crossing and double resonance ' tech-
niques, by 1'aser-atomic beam resonance, " and by
observation of the Stark effect in a high electric
field. ' Available A-state hyperfine parameters" '

have error limits of +2.0 MHz or more, which
does not yet match the radiative linewidth of 0.24
MHz, as determined from numerous lifetime mea-
surements. Also, previous to our work, ' ' the A-
state Zeeman effect has not been studied precisely
enough to test terms beyond simple vector coupling
formulas. "Doppler-free" precision was achieved
in many of these measurements by using level
crossing or rf techniques. The advent of tunable
lasers operating in the 3000 A region near the prin-
cipal X~A transition has resulted in enormous
growth in the study of the excited states. "'

A thorough understanding of the structure of
OH is desirable for many reasons. First, it is
found in many regions of outer space. The initial
discovery of celestial OH was in the radio absorp-
tion by an intersteller cloud in Cassiopeia, and this

was followed by the discovery of OH maser emis-
sion operating on a A doublet transition from a
cloud in the Orion nebula. It has since been found
as both absorber and maser in a large number of
stellar atmospheres as well as interstellar clouds.
Second, it is an important constituent in the earth s

upper atmosphere. Althpugh atmospheric infrared
spectra (nightglow) had been studied for many
years, in 1950 certain emissions were discovered by
Meinel to derive from vibrational transitions
within the ground state of OH. Since then a,large
number of upper atmosphere studies have centered
around OH. Third, a number of studies have
shown that its interaction with ozone is impor-
tant to the formation of urban smog. OH has even
been detected in the ambient atmosphere, although
it is highly reactive. Fourth, it is formed copiously
in any combustion process involving hydrogen,
particularly fossil fuels. Its concentration and tem-
perature may serve as possible probes for combus-
tion diagnostics. Also, laser excitation of OH in
flames could alter the burning efficiency or speed.

The present experiments demonstrate the utility
of the laser-excited quantum-beat technique for
precision measurements on molecular excited
states. OH, like other hydrides, has the advantage
of a relatively open rotational spectrum and a
moderate partition function at room temperature,
but our techniques are not limited to such mole-
cules. We employ quantum beats to measure the
Zeeman effect not only at low field ( (25 0), giv-

ing g factors, but also in the vicinity of level cross-
ings at higher field (200—800 G) so that these

~ crossings are determined to a precision of one part
in 10.

The experiments consist of pulsed laser excita-
tion followed by recording of the temporal oscilla-
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tions superposed on the exponentially decaying
fluorescence in an applied magnetic field. The os-
cillation frequencies are equal to the energy inter-
vals divided by Planck's constant, and thus provide
a direct measurement of these intervals. We ex-
tract hyperfine-structure (hfs) parameters as well as

g factors from the data.

0.2-cm ' bandwidth dye laser light is frequency
doubled by an angle-tuned KDP crystal producing
a S-nsec, 200-W peak power pulse that is focused
into a 1-mm-diam beam directed at the region
where OH is produced. Most of the red light is fil-
tered from the beam by a Corning glass no. 754
filter.

II. EXPERIMENTAL

A. Sample

The experimental arrangement is shown in Fig.
1. Tank hydrogen is bubbled through water and
dissociated in a 2450-MHz discharge ( 40 W) and
then flows about 1 m through carefully cleaned
glass tubing to the interaction region. A 2-mm-
diam orifice allows less than 1-m-Torr pressure in
this region even though the discharge operates at
about 1 Torr. The H atoms react with NO2 gas,
admitted through a glass "showerhead" arrange-
ment, to form NO and OH: the OH rotational
temperature is about 320 K. A 10-cm diffusion

pump maintains vacuum and a removable liquid

N2 trap collects the residual NO2.

B. Lasers

The OH is excited to the A X state by a pulse of
light from a frequency-doubled, Nz laser pumped
dye laser. The home-built nitrogen laser emits
500-kW, 8-nsec pulses of 3371 A light at about 10
Hz that are used to pump a tunable dye laser (6160
A} in an oscillator-amplifier configuration. i The

C. Magnetic field

An external magnetic field is applied by 40-cm-
diam water-cooled Helmholtz coils that can pro-
duce nearly I kG (several kW power). The earth' s
field is carefully canceled by 40-cm square
Helmholtz coils and all magnetic materials are
carefully excluded from the 40-cm cube inside the
coils. The field homogeneity has been measured to
better than one part in 10 gver the viewing region
and its absolute value measured with nuclear mag-
netic resonance (NMR) to better than one part in
10 at fields larger than 200 G. Its long-term sta-
bility is also about one part in 10 . A precision
shunt in series with the coils, immersed in 3 liters
of oil for temperature stability, is used to determine
the relative current and hence fields below 200 G.
Careful shunt-voltage measurements and straight-
line fits to NMR frequencies with both positive
and negative fields (high enough for NMR} allow
precision better than one part in 10 on these field
determinations. Each quantum-beat data set in-

cludes independent field determinations by NMR
(high field) or shunt-voltage measurements (low
field).

D. Optics

MICROWAY E
DISCHARGE
CAVIT

H2 GAP

NO2 GAS

LASER

ORIFICE

P UMPS

PHOTOMULTIPLIER

TRANS@ NT

DIGITIZ ER

MAGNET SIGNAL

POWER = AVERAGER
SUPPLY

COMPUTER

(DATA FIT)

The interaction region is imaged by a 3.5-cm-
diam, 6.5-cm-focal-length quartz lens (0=0.03 sr)
with unit magnification, and a 10X2-mm slit
parallel to the laser bc' in the image plane passes
fluorescent light through another Corning 754 filter
to a 1P28 photomultiplier tube (PMT}. The PMT
is supplied with 1100 V and has appropriate capa-
citors on the last few dynodes to minimize the ef-

fects of saturation and to provide fast response. Its
output is terminated in 50 Q and is fed to a Bio-
mation 8100 fast transient recorder.

FIG. 1. Schematic diagram of experimental ap-
paratus. Laser beam, detection direction, and magnetic
field are mutually perpendicular. The OH is formed just
above the glass ring "showerhead. "

E. Electronics

The transient recorder digitizes the PMT output
from each laser pulse into 2000 channels (8 bits
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each) separated by 10 nsec. Since the sampling
time for each channel is only 2 nse:, a 10-nsec
low-pass filter is placed at the input. The, Bioma-
tion output is digitally transmitted to a Nicolet
model 1072 which averages the output from many

, laser pulses. A typical data set consists of 30 min
of data collection at a fixed field (about 20000
laser pulses).

III. THEORY

A. Molecular structure
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where g, is the electronic-spin g factor. For S = —,

and g, =2, appropriate for a single unpaired elec-
tron, this reduces to

1

gK+1/2 +1/ (+ + 2 )

The hfs modifies the g factors. For a given J
(2)

The structure of the A X+ state studied here ar-

ises from the coupling of several angular momenta,
and it is expected to exhibit pure Hund's case (b)
behavior. It is customary to characterize various
states by the rotational quantum number E and the
angular momentum by J=E+S. This coupling is
caused by an interaction yK S in each rotational
state K with y-7 6Hz (p doubling).

The II ground state is described by coupling in-

termediate between cases (a) and (b), with case (b)

approached as J increases. Since the electronic
1

spin S = —,, there are two fine-structure states

designated II3/2 and H l/2, respectively. Each rota-
tional state is split into two states of the same J
and opposite parity by the A-doubling interaction.

For OH it is customary to use the notation of
Hund's case (b) for both the X and II states. We
shall follow the transition-labeling scheme em-

ployed by Dieke and Crosswhite' in all discussions
below. Figure 2 indicates this structure, along
with the standard notation and predicted transition
intensities for the array of allowed transitions con-

necting a E =4 excited rotational state.
We shall momentarily ignore the hfs and consid-

er the g factors for the A X+ state. Since the
magnetic moment associated with K is very small

compared to a Bohr magneton, the g factor is dom-

inated by the magnetic moment of the electron
spin. For case (b) coupling, the g factor for a state
of angular momentum J is given by

7/2
~ ~
~ ~
~ ~

$ 5/2p
~ ~
~ ~
~ ~ I/2
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FIG. 2. Diagram of the transitions connecting the
E =4 level of the A 2X+ state with the ground state of
OH. The hfs and Zeeman splitting are not shown. The
notation is from Ref. 1.

state and nuclear spin I, the g factors of the hyper-
fine components F are approximately

F(F+1)+J(J+1) III+1)—
gF gj 2F(F+ 1)

1

where I= —, for OH.

(3)

B. First-order Hamiltonian

A more accurate description of the A X state re-

quires the careful construction of a molecular
Hamiltonian. It may be written as the sum of five

major terms

~0 ~electron+ ~vibration s

~spin —orbit=AL S ~

A „„„.,„=B,(K—L) =B,(K +L —2K.L),

~hfs ~Fermi contact +~dipole —dipole

—=b I.S+cI,S, ,

and

(4a)

(4b)

(4c)

(4d)

~Z ~el +~nucl. spin+ ~nucl. rot.

=(gsPgS+pgL —gzpz I —gzrP&K) B . (4e)

Here A 0 defines the energy of the particular state
but plays no other role in our experiments; the next
two terms have their conventional meaning.

P hf has been calculated by Frosch and Foley
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= V [+b ~cl(2J~1+1)],

&K,J=K+, ~A hf ~K,J=K~ , )—
= W [b +cl2],

V= [F(Fy 1) I(I ~—1)—J(J+1)]
2(2K i 1)

(»)

(5b)

(Sc)

and its matrix elements have been evaluated by
Radfocd. b contains the Fermi-contact term and
part of the dipole-dipole term; the rest of this latter
term comprises c. The matrix elements, diagonal
in K and MF, are

&K,J=K+,
~
m„„~K,J =K+ , )—

W = [(FiK I+——,)(F+I—K+ —, )

X(F+K+I+ , )(—K+I F—+ , )]—'". (5d)

The first term of A, contains the ordinary Zee-

man effect of an electron spin in a magnetic field

and can be evaluated using standard angular
momentum recoupling formalism. Our case (b)

coupling scheme is ((K,S)J,I )F,M+ =P, where

S =I= —, for doublet states of OH. The projection
of K on the internuclear axis is zero for X states.
Thus for a B field (do not confuse the B field with
the rotation constant B,) in the z direction

~ I gaged S B
I

'&+ 0' & =

gasps&z

Qsa Ji W (JJ'FF', lI)W (SSJJ',1K),

Qss=( 1) '+ +'[—S(S+1)(2S+1)(2F'+1)(2J+1)(2J'+1)]'',
Ji ——&

F' 1M@0
I
FMp ),

(6a)

(6b)

(6c)

{7a)

where the W's are Wigner coefficients, Ji is a Clebsch-Gordan coefficient &JiJzMiMz
~

JM ), and

g~ ——2.00232. Relativistic effects for g~ in the OH X II ground state have been estimated by Veseth ' from
an expression & T ) Imc to be 1.3 && 10 . This correction would be slightly smaller for an excited state and
is at the limit of precision of our data. These matrix elements are diagonal in K and Mz. There are no
first-order contributions to the Hamiltonian matrix from the L.B terms of Eq. (4e).

The third term in the Zeeman Hamiltonian arises from the interaction of the nuclear spin with the mag-
netic field and is evaluated in much the same way as the first term. The matrix elements, also diagonal in K
and MF are

grp g I 'B
I

—X+K ~ =gtp~B, Qgs Ji W(IIFF'; 1J)5JJ

Q» ——( —1)'+' '[I(I+1)(2I+1)(2F'+1)]'". (7b)

The fourth term arises from the magnetic moment associated with the rotating nuclei. It has similar ma-
trix elements given by

g&rpsK. B
I

X—j(l ) =g~NsBgQxs Ji W(JJ'FF', 1I)W(KKJJ'; 1S), (ga)

(8b)Q ( 1)JyJ' I-syK+F[(2J—y 1)(2J ~ 1)K(K ~1)(2K ~ 1)(2Fi~ 1)]I/2

Here gN, is calculated from the motion of the bare rotating nuclei,

gz, ——m (ZoMH+ZHMo )/MoMH(Ma+MH),

where m is the electron mass, 0 and H refer to oxygen and hydrogen, and Z and M are charges and masses,
respectively.

Each of these terms is diagonal in I and A as well as in K and M~. It is therefore convenient to discuss
1 1the Hamiltonian matrix in terms of 4)&4 submatrices having J=K+ —, (for S= —,) and F=J+—, (for I= —,),

but diagonal in the quantities K, S, A, I, and Mz.

C. Second-order terms

In addition to the contributions of Eqs. (5)—(8) above, there are other terms in the Hamiltonian matrix
relevant to our measurements. These arise from the spin-orbit and rotation terms that are off diagonal in A
and typically involve coupling to the ground electronic state X II. Diagonalizing a Hamiltonian matrix
with terms coupling such widely separated states is an unwieldy calculation, but may be approximated by a
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method developed by Van Vleck and described by Jordahl. The Van Vleck transformation produces ma-
trix elements that have the form of second-order perturbation terms.

For example, we consider the term —2B,K L in Eq. (4c) and the AL.S term of Eq. (4b). The coupling of
these through the ground II state gives rise to the well-known p-doubling term usually written as yK.S. To
introduce this term into the Hamiltonian we consider a second-order perturbative sum, as prescribed by the
Van Vleck transformation, over the II states:

( X+vP iB„K.Lie) IIu"P")(7) IIu"P" iAL S
i

X+uP')—4( X+vP
i (B,K L)(AL S)

i
X+vP' = —4

E( g v) —E(g IIv )

(10)

where the number v denotes the vibrational state and the quantum numbers a of the sum are g, v", K", J",
Fll

The matrix elements of K.L and of L S are

(g II "P"~B,K L
~

X+ P) =(%101~E"1)(I~~T,(L)~~0)( "~B„~ )[2E(%+I)]' 5 „5 5

and

&n'Il "0"IAL Sl'&' P&=&&»I III'"I&&III»i«)II0&& "I &0 sII'(SS&"&'»"@ &JJ

QLs
——( —1)J s [2S(S+1)(2S+1)(2K+I)]'~

(12a)

(12b)

(13)

Because parity eigenfunctions for the ~11 state are linear combinations (
~

A= 1 )+
~

&= —I))/v 2, the ele-
ments given above are v 2 times the element simply for A= l. Substituting Eqs. (11) and (12) into Eq. (10)
produces an expression proportional to K S, the p doubling. To estimate the coupling constant y, we as-
sume that coupling only with the ground X II state is significant. Parameters for the A-X interaction need-
ed for this model both here and below may by obtained from A-doubling and Zeeman-effect (EPR) measure-
ments within the X II state. y then arises from a sum over vibrational levels of the X state

r.= —4&0IIT', (L)III)(IIIT', (AL)llo) X, +
(v/ B/ "u)( "

u/v

E( 2+v) —E( IIv")

where we have assumed that the electronic factors are independent of r. This sum is identical except for a
sign to the theoretical expression for the A-doubling constant p in the II state, and that for p the summa-
tion is over v rather than v". A comparison of y and p values provides a test of the two-state model. To a
first approximation, y=p, but when the appropriate sums over v or v" are computed (see the Appendix) one
obtains y= 0.9325p.

A recent comprehensive fit to optical and microwave data yielded

p =0.2348 cm '=7039 MHz,

and hence

y=0.2190 cm '=6564 MHz .

(14a)

(14b)

We next consider a small correction term involving p&L B and AL S. The L B part represents a slight
coupling of the electron spin perpendicular to the internuclear axis and resembles a term gz in Veseth s re-
cent papers. ' To introduce this term into the Hamiltonian, we again consider a second-order perturbation
sum over II states:

&'&' PleaB.L
I
n'll "g'&&a'll "P" IAL.S I'&' P'&

X+uP
~
(psB L)(AL S)

i
X+vP'

E(&y+v) E (g IIv )

This term is evaluated by substituting

(15)
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( g+ pl B L
l
t)211 "p")=B,gsgJpW(KK"JJ";1$)(K"11—1 lKO)(OllT', (L)ill)( l

u"),

3125

(16a)

QsL
—

( —1)» s+J+J +~ ~W(JJ"FF";1I)[2(2F"+1)(2J+1)(2J"+1)(2K"+1)]'~ g (16b)

and the A L S matrix elements of Eq. (12). A sum over K" as well as over v" remains in Eq. (15).
These terms involving B.L and A L.S may be related to a parameter that we designate gz (Ref. 31):

g~ =4(01
I
~'-i(L ) II I & & ill ~i(AL )

I IO& X E( 2+v) —E( IIv")
(17)

(18)

The appropriate matrix elements have been given in Eqs. (11) and (16). Substitution of these expressions
into Eq. (18) produces a term that looks very much like the rotational part of A, in Eq. (4e), but arises sole-

ly from the electrons. This electron contribution to the rotational g factor from X II is

g-=4&oil~'-i(L)Ill && 111~i(L)llo& g
&vlv"&&v"l B„lu&

„- E('Z+v) —E('llu") (19)

From values of the coupling elements between A X+ and X II given in the Appendix, we obtain

gz
———1.30&10 . This parameter is similar to but not identical with the parameter for Zeeman effect an-

isotropy (5g =g& —
g~~) used in our preliminary report. '

Similarly, there is a contribution to g„ from the electrons arising from a combination of Hamiltonian
terms B.L and —28,L-K. There is no contribution from B.L strictly within the A X+ state because the di-

agonal elements of orbital angular momentum are zero in the nuclear frame and hence also in the space-
fixed frame. ' Hence we are concerned with second-order perturbation terms coupling to the H states:

r' Pl 5 Lln'II "P"&&a'11 "P—g„ppK.B= —4
g( g+U) —Q(g gv")

The parameters given in the Appendix are again
substituted and we find g„=1.89' 10 . Evalua-
tion of Eq. (9) gives gz, ——0.53 X 10, so that our
"theoretical" value is

g, =g„+gN, ——2.42' 10

There are many other nonzero matrix elements
in the Hamiltonian that might be considered as
well. All the second-order terms involving the
Hamiltonian terms of Eq. (4a) are zero. Those in-

volving the same term twice (nonmixing) provide
overall shifts of an entire manifold of levels. Of
the remaining six mixing terms, three have been
discussed above and two of the others involving the
hfs [Eq. (4d)] are extremely small. The last one,
the hfs-rotation coupling, is described by a term
proportional to I ~ J and has been explored in our
least-squares adjustment program described below.
Its coupling constant is very small, estimated to be
less than 0.5 MHz in magnitude.

D. Energy levels

The Hamiltonian matrix elements above are
those of Refs. 34 and 35 except for the term in gz,

I

which resembles a similar term in Ref. 31. The g,
and gz terms have not previously been measured in

a X state. We diagonalize the 4)&4 matrix with
second-order terms at each value of the magnetic
field where we have taken data. At low fields we

calculate the energy difference between all pairs of
Zeeman sublevels with MF different by 2 in a par-
ticular state

l
KJF), average them, and divide by

2'&8 to obtain the theoretical g factor. In the
weak fields we use, the effect of hfs uncoupling
from the mixing of F states is negligibly small and
the error we make by averaging is much less than
our experimental uncertainty.

The resulting gz values are given approximately

by Eq. (3), but there are contributions of the order
of 1/o from the off-diagonal hfs matrix elements,
the nuclear Zeeman effect, the rotational g factor,
and the anisotropic g factor. Each of these small

contributions has a different dependence on the
molecular angular momenta, and our data are suf-

ficiently precise to distinguish them from one
another.

E. Quantum beats

A perturbative model of quantum beats observed

by fluorescence has been described and applied to
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the OH molecule' ' by us. The general features
that we assume in order to adopt that model in
this work are that the molecules are excited by a
temporally square, spectrally white'pulse, and that

the observation aperture is also temporally square.
Equation (4) of Ref. 36, reproduced below, shows
that the rate of fluorescence R (T) is

R(»~ gf„D „g„.g .„le "~-(f'+co')']
mm'

X { (co I —+2icoI )[coscoT+e 'cos co(T+ r) —e " cosco(T+8) —e " cosco(T+5)]

+[2coI —i(co —I )][sincoT+e 'sinco(T+r) e"—sinco(T+8) e — sinco(T+5)]],
(20)

where the f 's and g's are electric-dipole matrix elements between the II states denoted by m and the X states
denoted by IM, co is the energy separation between sublevels JM and p' of the X state, 0 is the laser pulse dura-

tion, 5 is the detector's temporal resolution, and ~=8+5.
We separate the time dependence of Bq. (20) using trigonometric identities, collect terms in coscoT and

sincuT, and find
—IT

R (T) cc g f„ f „.g&. g & [(co I )+—2icoI ] {[a(co) iP(c—o)] coscoT [P(co)—+ia(co)] sincoT{,

m, m'

(21a)

where

a(co) =(1+e "'cos co~—e cos coO —e " cos co5),

P(co)= {e "'sin rcoe —sin co8 e " s—in co5) .

(21b)

(21c)

Here a(co) and P(co) are constants determined by the timing parameters which affect the amplitude and
phase of the beat but do not affect the observed frequency.

Although each term in the sum over JM,p' is complex, the imaginary part sums to zero and the overall rate
is necessarily real. It is helpful to separate the time dependence of this expression into real and imaginary
components:

e
—IT

g f~mfm~'g~'m'gm'~ (r'+~')'

X( {(co —I )[a(co) coscoT P(co) si—ncoT]+2coI [a(co) sin coT 13(co)coscoT]—]

+i {2coI [a(co)coscoT P(co) sin—coT] (co I'—)[a(c—o) sincoT +P{co)coscoT]] ) . (22)

Since a(co) and P(co) are, respectively, even and
odd functions of co, the real part of the time depen-
dence is even in co, and the imaginary part is odd.
When the product of the transition matrix elements
is real, the imaginary part of the time dependence
sums to zero and the line shape is an even function
of co. This is the case for the orthogonal geometry
used in our experiments.

For the A X state of OH, I is about 0.22 MHz.
In our experiments 0 is about 5 nsec and 5 is about

{

10 nscc. We therefore expand the functions in Eq.
(21) above, keeping terms to second order, and find
a(co) 58(I' —co ), P(co) —2coI 85, and

R (T)= 85e " g fpmf—mp'gmi 'gl 'm e
mm'pp'

(23)

It is now clear that geometrical and/or polariza-
tion imperfections affect only the magnitude and

I
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phase of the signal through the f 's and g's but not

the oscillation frequency.
A related calculation shows that spectral struc-

ture in the exciting light, spectral sensitivity of the
detector, or temporal structure in the detector aper-
ture or laser pulse will affect the magnitude of the
integrals Ii and I2 of Ref. 36, but not the rnodula-

tion frequency of the signal. Quantum-beat spec-

troscopy is uniquely immune from the ill effects of
a large number of perturbations. It is very tolerant
of a variety of simplifying assumptions about the
experimental conditions.

The observed modulation of the fluorescence
arises from interference of the probability ampli-
tudes for the different paths taken by single OH
molecules in their transitions from initial to final

states. This interference appears when either the
X+ sublevels are not resolved in the molecule

(I & co~ ) or when the spectral profile of the excit-

ing light has a homogeneous width hm & m&&. Al-

though the X+ sublevels are generally well

resolved in our experiments, the 5-nsec laser pulses

are Fourier-transform broadened (homogeneous) to
30 MHz, much larger than co&&. On the other
hand, the Doppler broadening of the absorption

(coD & co~ ) is inhomogeneous and therefore cannot

produce interference from a narrow-band excitation
even though it prevents optical resolution of the
hyperfine and Zeeman splitting.

The signals we observe derive from one or a few

particular terms p and p' in a sum of a very large
number of terms. Unlike atomic quantum-beat sig-
nals described by sums of 10 or 20 terms, these can
easily have several hundred. A particular K state
of A X can decay to ground states of K+1, K, or
K —1 (P, Q, and R branches) which are generally

not available in atomic cases. Furthermore, the
large values of total angular momentum permit
very high multiplicity (F=6 has 13 sublevels and

169 pairs of levels) and therefore considerable dilu-

tion of the high-field level-crossing signals. Final-

ly, there are many cases where the signals from
two or three of these branches cancel significantly

as discussed in some detail in Ref. 8, thereby weak-

ening the signal/background ratio substantially.
We have used a computer program based on sim-

ple angular momentum matrix elements to estimate
the relative strength of various signals and to guide
us in our choice of high-field level crossings.
These calculations agree with our observations of a
few percent modulation of the fluorescence near
zero field and as little as 0.1%%ug modulation near
the high-field crossings.

IV. DATA PROCESSING
AND UNCERTAINTIES

A. Data processing

Each data set is transmitted to our computer
and the dominating exponential decay is removed

by division with another data set taken at a field
where there is no signal. For the low-field data
this normalizing set is taken at about 150 G, and
for the high-field data it is taken 150 6 away from

the crossing. In each case the oscillations are at a
frequency too high for the bandwidth of our detec-
tion system. This normalization signal is not ex-

actly exponential because of a variety of problems
associated with finite sample size, viewing region
size, and laser-beam diameter. We cannot use the
decay to determine the lifetimes more accurately
than existing published values.

After dividing out the quasiexponential decay,
each data set is fit with an oscillatory signal con-
taining the (high-field) or two (low-field) frequen-

cies. We have tried adding additional frequencies
to the fit to look for extraneous effects and have
found none. We also Fourier transform the data to
search for artifacts but none appear. Furthermore,
we have generated artificial data sets, with ap-
propriate noise, containing extra frequencies and
found that both the Fourier transform and the fit-

ting program find and fit them. For these and oth-
er reasons we are confident that our program re-

turns accurate values of the fitted parameters and
statistically significant values of the uncertainties
associated with each of them. The X values re-

turned by the fits are almost always of order unity.

B. Low-field data

Each
~

K,J) level is split by the hfs into two
states of F=/+I, having g factors given approxi-
mately by Eq. (3), and separated by much less than
our laser linewidth (see Fig. 3). At low fields we
see quantum-beat signals at two frequencies which
add together giving a "beat" pattern as shown in

Fig. 4(a). The beats spread and shift as the mag-
netic field is varied. Figure 4(b) shows the data
from one of these signals after normalization for
the decay. The solid line is a fit to this data of
two oscillations with different amplitude, frequen-

cy, and phase. We have measured the 22 g factors
of 11 such hyperfine pairs with K =1 to 6 as well

as the ratios of the g factors of each pair. The
measured values of the ratios are independent of
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FIG. 5. Quantum-beat frequency vs magnetic field.

E. Data analysis

The data-fitting programs discussed above ex-

tract a frequency or energy interval between a par-
ticular, we11-defined pair of levels at a particular
field from each data set. We diagonalize the 4X4
matrix described above for each particular set of
quantum numbers at the appropriate field, using
trial values of the parameters, and compare the ex-

perimental values of the resulting energy intervals
in a least-squares-fit program that adjusts the
parameters for the best fit to all these measured

frequencies. The g factors are calculated from the
field and frequency as described in Sec. III D
above. Each experimental number is weighted by
the uncertainty returned by the data-fitting pro-
gram.

The result is shown in Table I. The uncertain-

ties associated with experimental numbers derive

from the statistical scatter from the fitting program

only, and do not reflect the systematic errors

Qi(2)

~ l6GHz~

Rg (2)

FIG. 6. A 0.5-m section of strip chart showing one p
doublet and another line. The large interval was typical
of the type used to determine the wavelength scale to
about 0.5 GHz. The signal-to-noise ratio is very high.
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F. Systematic errors

Most of our measurements consist of determina-
tion of a field and a frequency, and the systematic
errors associated with each of these are very small

compared with our statistical uncertainties. At
high fields we use a marginal oscillator NMR
scheme to determine the field to 10 ppm. These
measurements were made before and after each
data set was taken. The field was mapped and
found to be homogeneous, repeatable, and stable.
A directionally sensitive Hall probe was used with
Helmholtz coils to reduce the horizontal com-
ponents of the earth's field to less than 0.05 G.

The low-field measurements depended on cali-
bration of an oil-immersed precision-shunt in series
with the coils, whose voltage was measured with a
five-digit DVM. The shunt was calibrated at fields
from 150—600 G (both positive and negative)
where the NMR could be used to establish a field
versus voltage curve. This was straight to better
than one part in 10 and passed directly through
the ambient laboratory field at zero shunt voltage.

-0.5- 'a~ "e "5

PLOTS OF % DISCREPANCY vs K

FIG. 7. Plots comparing theoretical and experimental
1 1

g factors for the four cases J=E+—, and I' =J+—,.
Direct plots of the g factors would have discrepancies

too small to see. These show the percentage difference

from the data that therefore appear on the axis. Curve

I is the result of the best fit to the parameters as listed

in Table II. Curve II is the result from fixing g& at
—0.0066 p~. Fixing it at the theoretical —0.013 would

compress the scale too much.

described below. The uncertainties associated with

the theoretical values reflect only the statistical
scatter in the determination of the parameters.
The agreement between our model and our mea-

surements is excellent, as shown in Fig. 7.
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TABLE I. The results of the least-squares program that adjusts the parameters for best fit to the frequencies ex-

tracted from the data by the data-fitting program. The parameters are then used to calculate each frequency or g fac-

tor and the results are presented for comparison with the data. We have presented the "best-fit" parameters, and then

changed gq to its theoretical value and fixed it there for another fit, and show the results of both for comparison.

g factors (low field)
Theory Theory

K J F Experimental best fit g& ———0.0132 Field (+.035g)

Frequencies (high field)

Experiment Theory (MHz) Theory (MHz)

(MHz) best fit g& ———0.00132

1 — 2 0.4973(8)

1 0.8649(14)

2 — 3 0.3308(4)

2 0.4701(6)

3 — 4 0.2470(2)

3 0.3214(2)

4 — 5 0.1971(2)

4 0.2427(3)

5
2

6 0.1637(2)

5 0.1948(2)

0.1400(1)

6 0.1627(1)

2 —, 2 —0.3078(3)

1 —0.4991(6)

3
2

3 —0.2416(2)

2 —0.3336(2)

4 — 4 —0.1966(3)

3 —0.2505(4)

5 — 5 —0.1659(3)

4 —0.2016(3)

6
2

6 —0.1427(3)

5 —0.1681(3)

0.4980

0.8660

0.3306

0.4712

0.2471

0.3212

0.1971

0.2428

0.1638

0.1948

0.1400

0.1624

0.4989

0.8661

0.3321

0.4730

0.2486

0.3229

0.1984

0 2~zw

0.1649

0.1961

0.1410

0.1636
—0.3075 —0.3118

—0.4985 —0.5062

—0.2417 —0.2449

—0.3336 —0.3381
—0.1971 —0.1995

—0.2510 —0.2541
—0.1660 —0.1679

—0.2013 —0.2037
—0.1432 —0.1448

—0.1682 —0.1702

3J=—
2

Fi ——2

MF) ———1

F2 ——1

MF2 ——1

K=2
3J=—
2

F) ——2

MF) ———2

F2 ——1

MFp ——0

269.260

271.750

274.120

276.750

281.610

284. 100

286.600

289.120

291.620

18.857(60)

14.930(42)

11.006(41)

6.962(41)
—0.742(49)

—4.497(26)
—8.376(34)

—12.222(34)

—16.023(47)

18.694

14.792

11.085

6.979
—0.586

—4.451
—8.323

—12.219
—16.076

327.406

329.656

332.153

334.491

337.129

344.551

347.063

349.632

—9.210(40)
—7.595(43)

—5.650(53)

—3.822(35)

—1.721(76)

3.766(33)

5.755(43)

7.738(38)

—9.246
—7.529

—5.625

—3.844

—1.835

3.810

5.718

7.668

323.854 —12.050(45) —11.959

18.666

14.765

11.059

6.955
—0.607

—4.470
—8.341

—12.235
—16.091

—12.049

—9.312
—7.579

—5.657

—3.859

—1.832

3.864 '

5.789

7.756

In summary, errors in field measurements contri-
bute little to our uncertainty.

The frequencies were measured by fitting to the
data accumulated in the signal averager. In order
to calibrate the time base, we injected a 2.0000-
MHz signal into the input channel of the transient
recorder. We found no corrections at the level of
one part in 10.

Another possible source of systematic error
arises from the model of quantum beats. ' ' In
particular, we have assumed that the laser pulse is
spectrally white and temporally square, that the
detection is polarization insensitive and temporally
square, and that the optical geometry is truly
orthogonal. Our calculations have shown the spec-
trum of the light and any geometrical misalign-
ment can affect only the strength and phase of the

signal, not its frequency. We tested the geometri-
cal part of this calculation by comparing the fitted
results of data sets taken with our best alignment
with those from data sets taken with deliberately
misaligned optics. We rotated the PMT optical
axis by 10' and took four data sets on the Q~(2)
line. The fitted parameters gave the same frequen-

cy to within 0.01% but the phase of the oscilla-
tions was changed from 332 and 295' to 370' and
345 in accordance with our expectations.

The pulse shape and light intensity have very lit-
tle effect on our frequency measurements because
the data are taken over a 2-psec period long after
the 7-nsec laser pulse is over. Any polarization
sensitivity can only affect the signal-to-background
ratio, and the nonsquare gate on the detection elec-
tronics that arises from our 10-nsec low-pass filter
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can only alter the wave form but not change its
frequency. Fourier analysis of our data shows no
discernible evidence of this waveform distortion.

The optical measurement of the p-doubling con-
stant y is not nearly as free from systematic uncer-
tainties. Although precautions were taken to as-
sure uniform chart speed and grating rotation
speed by using the clock motors, nonuniformities
and buckling of the paper could result in a variety
of errors. Therefore, we made a careful check of
the linearity of the scan based on the rotational
constant from Ref. 1 and found a small curvature.
Although we corrected the wavelength scale by
about 5% because of this, there still remain some
possible effects. The shape and width of the laser
spectrum have significant effect on the precision of
this measurement, unlike the quantum-beat mea-
surements. Although the spectrum in Fig. 6 is
fairly symmetrical, it is not perfectly so. Small er-
rors (5% of the linewidth) can arise from this
asymmetry. We also considered the effect of the
hfs of both ground and excited states. We found
that its effect on the line shape and position was so
small that neglecting it produced an error of less
than 15 MHz in our result for y. Of course, the
best measurement of y would come from a
quantum-beat experiment, but it would require a
field of many kG to bring two components of a p
doublet within the bandwidth of our instruments.
We are presently considering a microwave-optical
quantum-beat measurement.

In summary, this experiment has been carefully
designed so that systematic errors are of no conse-
quence to the eventual precision. The accuracy of
the numbers reported below is limited only by
statistics, and could be improv& by taking more
data.

V. RESULTS

The results of our measurements are summa-
rized along with previous work in Table II. The
uncertainties we quote for the present work are
derived solely from the statistical spread of the
data as computed by the least-squares-fitting pro-
cedure. Our measured value for the spin-rotation
constant y is to be compared with the X II A-
doubling constant p as discussed in Sec. III C and
in the Appendix. The "unique perturber" approxi-
mation gives y=p. The experimental value
(I =6862+42 MHz) is less than the p value ob-
tained from a combined optical and microwave
data fit I'p =7039 MHz) but once the difference of
the perturbation sums is considered (Tables III and

IV) the expected value of y becomes 6564 MHz,
suggesting that higher-lying states contribute
-4%. A fit of p from purely optical data
(p =7375 MHz) yields y=6877 MHz, just outside
our experimental error. We conclude that the
method of fitting the ground-state parameters
needs to be carefully considered in attempting to
carry the two-state model beyond 5% accuracy.
Furthermore, when r dependence in T(AL) and
T(L) is considered, the electronic part cannot be

' factored out of the sums over v or v" [Eqs. (13)
and (A21)]. Recent ab initio calculations indicate
that T(AL) decreases with r so as to further de-
crease the ratio y'/p by 1 —2%.

I

The present values for the hfs constants are close
to those reported by ter Meulen et al. " differing by
just slightly more than the combined error limits.
Values from configuration-interaction (CI) calcula-
tions and from many-body perturbation theory are
surprisingly close to the experimental values.

The experimental value for g, in Table II is, to
our knowledge, the first measurement of a rotation-
al g factor for a molecular X state, and the first
for a nonmetastable excited state. The experimen-
tal value agrees with our theoretical estimate based
simply on coupling with X II. The agreement
with the theoretical value definitely confirms that
the sign of the electron contribution is the same as
that of the nuclear contribution. All previous mea-
surements of molecular g„values, primarily from
X 'X+ ground states, have yielded an electron con-
tribution that is opposite in sign to the nuclear
contribution, as would be expected for a rotating
cloud of particles of opposite charge. A positive
value for g„, which suggests that the electrons ro-
tate "backwards, " obliges one to revise the tradi-
tional point of view that takes the magnetic mo-
ment associated with a "rigid" cloud of electrons
as "normal" and attributes the normally smaller
(negative) observed values as being due to "slip" of
the electrons around the rotating nuclei. In fact, it
has long been known ' that the first-order contri-
bution to g, from electron motion arising from the
B L term is zero diagonally within a X state. The
primary effect of molecular rotation is to introduce
Coriolis effects because angular momentum along
the internuclear axis is no longer conserved. In X
states, g„arises from a mixture of II character and
therefore the sign of the effect depends on whether
the predominantly coupled II state is above or
below the observed X state.

Our experimental value of g„(=g„—g~, )
=0.00195(6)pz, is more than 25 times the magni-
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TABLE II. Parame)er values of the A X+ state of OH. The values shown here compare

our results (labeled d) With several others.

y: p-doubling constant

Optical spectrum analysis (expt)
Reanalysis of optical data (expt)
Molecular-beam —laser spectroscopy (expt)
Quantum-beat spectroscopy (expt)
Calculated from A-X coupling (theory)

6732 MHz '
6930+72 MHz '
7130+30 MHz '
6862+43 MHz
6564 MHz '

b+c/3: Fermi-contact part of hfs

Level crossing in. OD (u =0), restated
for proton moment (expt)
Molecular-beam —laser spectroscopy (expt)
Quantum-beat spectroscopy (expt)
Many-body perturbation theory (theory)
CI calculation, including vibrational

averaging for OH u =0 (theory)

769+46 MHz '
777.8+2.0 MHz '
774. 1+0.4 MHz '
750 MHz '

792 MHz ~

e: hfs constant

Level crossing in OD (u =0), restated for
proton moment (expt)

Molecular-beam —laser spectroscopy (expt)
Quantum-beat spectroscopy (expt}
CI, vibrationally averaged for
OH u =0 (theory)

143+91 MHz '
165.8+2.8 MHz '
168.9+0.8 MHz '

164.2 MHz I

g, : Rotational g factor

Quantum-beat spectroscopy (expt)

g~, +g„ from 3-X coupling (theory)
(2.46+0.06) g 10 pg
2.42)& 10 pg

"

gz .. Anisotropic g factor

Quantum-beat spectroscopy (expt)
Calculated from A-X coupling (theory)

(2.42+0. 11)X10 '
pg

'
—1.30g10 pg

d

'Reference 1.
~Reference 39.
'Reference 11.
dThis work.
'Reference 10.
fReference 40.
Reference 41.

tude of g„ for Hz X 'Z~, and about four times the
magnitude of the largest value of g„computed from
Mizushima's Tables 4—9. This is because the
OH state is open shdl, couple in pure precession

with the X II state. As Foley noted some time
ago, matrix elements of ( II

~
L+

~
X) are expected

to be smaller for closed-shell X states where pure-
precession coupling does not take place. Quite
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clearly, experimental g„values for excited states
offer interesting probes of interstate coupling ele-
ments to be compared with other studies of pertur-
bation effects.

The parameter gz differs substantially from the
theoretical value, which takes into account only
coupling with X II. In contrast to the Coriolis
terms contained in g„, the spin-orbit coupling
terms in gz may be expected to couple with II
states not in a "pure-precession" relation to the X
state, so the neglect of other II states is less valid
for the gz parameter. We have tried fixing its
value in a series of least-squares fits to the other
parameters, but there is a strong coupling between

gz and c that distorts the results significantly.
Also, the fit to the data is noticeably worse (see
Fig. 7&. We cannot obtain agreement between
theory and experiment for gz and do not know
why. Our results for the smaller quantity g„are
better because of its different dependence on angu-
lar momenta and consequent decoupling from the
other parameters.

We have tried to introduce a term a I ~ J into the
Hamiltonian matrix in the fitting program. We
found a very high degree of correlation with the
hyperfine parameters b and c so that a cannot be
determined independently. Fixing a at 0.4 MHz
(theoretical estimate) resulted in displacements of b

and c about equal to our quoted experimental error
in each. Since this effect is uncorrelated with the
experimental data spread, the errors for "true"
parameters b and c would be about v 2 the values
quoted in Table II.

We have considered the use of time-delayed

spectroscopy in order to achieve higher precision
but it would not improve the results reported here.
Although each individual data fit returns frequen-
cies accurate to about 4 the natural width, the ul-

timate precision of our results is not limited by
this uncertainty. Instead it derives from the sta-
tistical scatter of the least-squares fit that deter-

mines the molecular parameters from our mea-
sured frequencies. Since t'he accuracy of the exper-
iment is not limited by possible unknown systemat-
ic errors, but by the scatter in the results, time de-
layed line narrowing would not improve the pre-
cision. Only significantly more data can reduce
the uncertainties to less than the natural width of
0.22 MHz so that line-narrowing techniques might
be considered. In view of the unusual immunity of
these measurements from systematic errors howev-
er, major improvements in data acquisition would
be required to reach this level of precision.

In summary, we have developed a new applica-
tion of quantum beats to make precision measure-
ments in the vicinity of level crossings and have
used it to determine hfs constants and g factors of
excited molecular states to unprecedented accuracy.
The resulting hfs constants are in good agreement
with previously measured values" but are much
more accurate. We have developed a model Ham-
iltonian whose eigenvalues are in excellent agree-
ment with our measurements.
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APPENDIX

The parameters y, g„, and gz measured here
may also be calculated. We use a model that as-
sumes that only coupling between the A and X
states is significant for all r values of interest. Oth-
er electronic states are much higher and more
weakly coupled, so that this approximation is reli-
able to within a few percent. Better measurements
require this model to be examined in more detail.
In this appendix, we give parameters used to evalu-
ate the sums over vibrational levels that occur in

TABLE III. Vibrational overlap integrals and energy denominators used in evaluating
perturbation sums.

( v„
I
&.

I
v» &/i v~

I
v» & E(Av& ) —E(Xvx)

0,0
0, 1

0,2
1,0
2,0

0.950 25
0.30603
0.057 56

—0.297 67
0.087 10

17.758 cm
9.236
9.031

24.881
34.910

32402.0 cm
28 832
25 430
35 389
38 182
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TABLE IV. Perturbation sums occurring in various parameters.

Summation In parameter Equation no. Value

g (u ) JJ,
)
u")(u"

[ u)/D(u, v")

g ) (u )Br )u") I'/D(u u")

g —(u i 8, i

u" ) (v"
i

u )/D(u, v")

g —
( (u [

u" }) '/D(v, v")
hatt

y('X)g„('X)

g~('X)

D {u,u") =E(~IIu")—E{Xu)

{A1)

(13) and {19)

(17)

—5.634X10-'

1.057y10 ~

5.254' 10-4

3.12x 10-'

Eqs. (13), (17), and (19}for comparison with the
X 0 parameters

(u ) &, /u"&&u"/u &

X
E( II+u")—E( Xu)

(A1)

and

e =4
I &0IIT-'i(L}Ill & I

'2 E(z~„„) E(z~„)

Vfe have computed the necessary overlap integrals
by numerical integration of RKR potentials and
present the results in Table III. The summations
are given in Table IV.

In a recent comprehensive analysis of OH optical

and microwave data, p and q were not fit directly,
but the A X+ (u =0) level was included in the
Hamiltonian matrix so that T I (L} and T

&
(AL)

could be fitted. This assumed that coupling only
between U =0 levels of the A and X states occurs,
so the sums in (A1) and (A2) reduce to one term.
To go beyond this restrictive assumption, we use
the full summations (Table IV), the data of Table
III, q =0.238 cm ' and p =0.236 cm ' (from
Table III of Ref. 31) to extract the new values
TI(L}=0.949 and T~(/IL) = —108.97 cm
These values are then used to compute estimates
for y, g„, and gz.

Although the energy denominators for U or
u"+0 are larger in the expression for p than for },
note that y is actually less than p because
(u (

8
(
u"

& increases with u for u" =0, but de-
creases with U" for U =0 (Table III).
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