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Using pulsed optical excitation we have measured the g factors of twelve hyperfine lev-
els (K=1 through 6) of the Azzm+ state of OH by observation of quantum beats. The re-
sults are consistent with Hund’s case (b) coupling to within the experimental uncertainty
of 0.35% (principally limited by magnetic field calibration). However, the ratios of the g
factors of a given hyperfine doublet, which are independent of field and accurate to about
0.15%, show significant discrepancies from theory.

Because of the ubiquitous nature of the OH free
radical, its properties are of interest to investi-
gators in such diverse fields as astrophysics,
combustion studies, atmospheric physics, and
molecular spectroscopy. The decay of the lowest-
lying electronic excited state via the ultraviolet
transition (A*Z, to X*II) has been studied exten-
sively.! Recently, the use of tunable dye lasers
has introduced a new level of versatility and
sophistication in the study of this molecule.? In
this Letter we report the direct measurement of
the g factors of the v =0, A®Z, excited state of
OH by time-resolved excited-state spectroscopy.
This follows the lead of Wallenstein, Paisner,
and Schawlow® and demonstrates the utility of
time-resolved techniques, particularly quantum

beats, in molecular spectroscopy. It also pro-
vides motivation for further calculations of the
magnetic properties of molecules.

The experiment consists of exciting a sample
of OH free radicals in a dc magnetic field with
a short pulse of light from a dye laser and ob-
serving the oscillations superposed on the fluo-
rescence. If the bandwidth of the laser is greater
than the Zeeman splitting of the molecular levels,
the molecule is excited to a superposition state
of several Zeeman components and the resulting
fluorescence exhibits quantum beats. The angu-
lar frequency of these beats is given by w
=2gpupB/H%, where g, is the g factor of the in-
dividual hyperfine states, ujy is the Bohr mag-
neton, and B is the applied magnetic field. Quan-
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tum beats in fluorescence have been carefully
described® for atoms excited by a light pulse of
finite duration 6 and observed for a finite dura-
tion 8. The application of that work to molecules
is simply one of extending the domain of the sum-
mation of Eq. (4) in Ref. 4 over all the (far more
numerous) molecular states.

For the transition we study in the OH free radi-
cal, 7~107° sec so that both 6 (=5 nsec) and &
(=2 nsec) are much shorter than 7. We therefore
expand the sine and cosine terms of slightly dif-
ferent frequencies in Eq. (4) of Ref. 4 and find
that the rate of detected photons R is

R Z: 'f“"bfm“lg“l m'gm'ﬂ(eo)

pu?mm

xe 1A pcoswy, T, (1)

where we have chosen the polarization of both ex-
citing light and observed fluorescence so that all
the f’s and g’s are real and we have taken only
the real part of the expression for R. A, is an
amplitude parameter slightly less than unity; for
the values of 6, 6, and T in this experiment, it
is typically within 1072 of unity. The f’s and g’s
are the excitation and fluorescence matrix ele-
ments for electric dipole transitions between the
ground states (denoted by m and m’) and excited
states (denoted by w and u’). They contain all
the geometric and angular momentum selection
rules. The energy difference between the two ex-
cited states pand p’ is 7w 0.

Some of the terms (u=u’) in Eq. (1) show no
oscillations and only contribute to the exponential
decay of the fluorescence, while others also os-
cillate at various frequencies w,,.. The allowed
values of w,, / correspond to the hfs splitting of
the excited state and to the Zeeman splitting of
each of the hyperfine sublevels because the laser
selectively excites a single rotational transition
but cannot resolve its hyperfine components. Be-
cause the bandwidth of our detection system (=50
MHz) is not large enough to detect the oscillations
at the hfs frequency, we see only the beats be-
tween Zeeman components of the individual hyper-
fine sublevels. The hfs of the A%Z state of OH
derives only from the nuclear spin of the H atom
(I=3) resulting in two hfs states with g factors
given approximately by

gr=8JF(F+1)+J(J+1)=KI+1)]/2F(F +1)
=g,J1¥(2J+1)71], F=Jzx3, (2)

where g, is the g factor associated with the mo-
lecular angular momentum J. We therefore see
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quantum beats at two nearly equal frequencies re-
sulting in a signal which looks very much like the
amplitude-modulated sine waves commonly dem-
onstrated in elementary physics labs (see Fig. 1).
From these signals we extract the magnitude of
the g factors of the hfs states from which we cal-
culate their ratio. Although the measured values
of the g factors depend on the magnetic field, the
ratio does not and can therefore be obtained much
more accurately.

The molecules are excited by a frequency-dou-
bled [angle-tuned KDP (potassium dihydrogen
phosphate) crystal] tunable dye laser of the os-
cillator-amplifier configuration® pumped by a
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FIG. 1. (a) Fluorescent light intensity as a function
of time for the K=4 rotational sublevel of the 4’3
state for different applied magnetic fields. The fields
range from 20 G (top curve) to 0 G (bottom curve) in
increments of 1 G. (b) One of these curves with the
dominant decaying behavior divided out (see text). The
uncertainties in the data points (depicted as dots) are
on the order of the dot size. The solid line is fitted us-
ing a model of oscillations at two nearly equal frequen-
cies.,
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home-built nitrogen laser.® The spectral width
of the 3080-A light is about 0.04 A (=12 GHz) in
a 5-nsec pulse of 100-400-W peak power focused
into a 1-mm-diam beam. The OH molecules are
produced in a flow system upstream from the ex-
citation region via the reaction NO, + H ~OH + NO.!
Total pressure in the viewing region is less than
0.1 mTorr which corresponds to a mean free path
of 1000 cm for kinetic cross sections. This is
100 times larger than the dimensions of the glass
vacuum vessel.

The magnetic field is applied in the vertical (z)
direction, the laser beam is incident along the x
axis and linearly polarized in the y direction,
and the photomultiplier (PMT) views light fluo-
resced into a 0.06-sr solid angle centered on the
y axis. Scattered primary (6160 A, red) light
from the dye laser is attenuated by Corning glass
No. 754 filters placed after the frequency doubler
and in front of the PMT. Stray uv light from the
N, laser is blocked by baffles. The PMT is an
RCA 1P28 supplied with 1100 V and wired for fast
pulse response. The fluorescence is focused
through a 2-mm slit in front of the PMT with unit
magnification by a 3.5-cm-diam, 6.5-cm~focal-
length quartz lens.

The magnetic field is produced by orthogonal
pairs of Helmholtz coils which cancel the Earth’s
field as well as provide the dc field for this ex-
periment. The field homogeneity has been meas-
ured to be better than 1 part in 10% over the view-
ing region and is determined to 0.04 G with a Bell
model 620 Hall-effect gaussmeter (data are taken
with fields on the order of 10 G).

The PMT outfit, terminated in 50 &, is fed to
a Biomation 8100 wave-form recorder which digi-
tizes the fluorescence from each laser pulse into
2000 channels separated by 10 nsec. The output
of the wave-form recorder is averaged over many
laser pulses by Nicolet model 1072 signal aver-
ager.

A typical run consists of 30 min of data collec-
tion at a chosen magnetic field followed by a sim-
ilar period at high magnetic field (=75 G). Since
the quantum beats from the high-field signal are
at a frequency which cannot be detected, division
of these two signals isolates the oscillatory sig-
nal at the field of interest from the dominating
exponential decay as well as from spurious sig-
nals such as afterpulses from the PMT or cable
reflections.

Figure 1(a) shows the time dependence of fluo-
rescence from the @,(4) excited K =4 rotational
level at various magnetic fields. The quantum
beats appear as modulations on the exponential
decay. Their amplitude is modulated by the inter-
ference of two signals at slightly different fre-
quencies. At low fields the interference pattern
spreads and shifts as the corresponding beat fre-
quencies decrease. Figure 1(b) shows the data
from one of these signals after division by a high-
field signal. The solid line is a fit to this data of
a model with two oscillations at slightly different
frequencies. The results of the fits provide the
g factors presented in Table I.

The g values in Table I represent an improve-
ment of more than a factor of 10 in accuracy
over the previous best measurements.” The

TABLE I. The experimental results and theoretical values for the g
factors. Theoretical calculations based on Hund’s case (b). The quantity
¥ 1S gp=y-1/2/8F = 5 +1/2- The entries in the last two columns would all be
1.000 if theory and experiment agreed. The asterisk is the theory calcu-
lated without off-diagonal hfs terms and is equivalent to Eq. (2).

K F &r theor gFexpt ,2¥Pt /,rtheor 72%pt /rtheor"
L L 0m00s  osossoosy 100240003 Lo
25 Osms  osomsooory 10010001 10199
3 2 g:gi‘é; g:gi‘;ggg:ggﬁ; 1.0023(0.0018) 1.0116
4 ‘; g:zégi gfggg:g:gggg; 1.0029(0.0010) 1.0098
56 onser  orsco(oocon 100230000160 10058
6 g g:izgg gjﬁggg:gggﬁ; 1.0044(0.0015) 1.0069

87



VOLUME 42, NUMBER 2

PHYSICAL REVIEW LETTERS

8 JANUARY 1979

statistical contribution to the uncertainty is less
than 0.1% for most cases, and work is in prog-
ress to reduce further the systematic contribu-
tion. The major sources of systematic error are
the accuracy of the magnetic field measurement
and the accuracy of the time base. We have used
a 2,000000-MHz signal to calibrate our time base
through the wave-form recorder to within 0.02%.
The magnetic field calibration can be obtained to
better than our present 0.3% accuracy with a Rb
optical-pumping magnetometer.

The theoretical values of the g factors in Table
I were found by using pure Hund’s case (b) wave
functions and solving for the field dependence of
the energy. Each 4 X4 part of the Hamiltonian
matrix with fixed K and M, and with J=K=+ }
and F=J=+%, is diagonalized at the appropriate
field and the magnetic energy splittings for each
My are averaged. We determined the hyperfine
constants =723 MHz and ¢ =162 MHz by extra-
polation from the measurements of German et al.!
in OD. The off-diagonal Zeeman terms which
link all but the AF =2 states, the nuclear Zeeman
effect, and the off-diagonal hfs terms which link
states of different J but same F (separated by
=~10 GHz) make important contributions (a few
percent) at our level of precision (=0.3%).

Most of the data in Table I show agreement
within the experimental uncertainty between the
measured and calculated g factors. These meas-
urements indicate that corrections to Hund’s case
(b) coupling for the A%Z state of OH arising from
various higher-order interactions do not affect
the g factor by more than about 0.3%. It appears
that there may be a small, systematic discrepan-
cy between our measurements and the calculated
ratios of g factors as indicated in Table I. Al-
though the accuracy of the measured g factors re-
flects the field calibration uncertainty, the ratios
are independent of that source of systematic er-
ror. The last column is the result of neglecting
the two off-diagonal hfs matrix elements (ob-
tained from Radford®) while the next-to-last col-
umn is the result of including them with a nega-
tive sign for the radical. (Use of the positive
sign doubles the discrepancies shown in the last
column.,) The measured ratios for all six levels
we have investigated are consistently higher than
the calculated values by about 2 times the experi-
mental uncertainty., We are led to a variety of
speculations about the origin of the discrepancies.
Excitation by satellite transitions [e.g., @,,(K)]
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populates levels of different g factors, but a
closer investigation makes this an unlikely source
of the discrepancies. This supposition is sub-
stantiated by careful measurements which show
no quantum beats of detectable amplitude (given
the same statistics) when the J=K — % levels are
directly excited via the satellite transitions.
Clearly more measurements are in order.

We expect to improve the precision of these
measurements and to extend them to higher
fields. When the Zeeman energy becomes com-
parable to the hfs splitting, the g factors of the
various Zeeman levels are no longer equal, but
reflect the curving and anticrossings of the vari-
ous energy eigenvalues., This occurs at lower
fields for OD than for OH. At sufficiently high
fields, the level crossings of the different hfs
states should be observable. We can then study
the field-domain (level-crossing) signal to deter-
mine the hfs splitting.

We can extract the lifetime of the excited state
from the exponential decay of the fluorescence.
There are several systematic problems which af-
fect the value of the lifetime determined this way,
and we are presently studying them. Our current
value for the lifetime is consistent with previous-
ly published results, but we hope that further
study will provide a more reliable measurement.
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National Science Foundation and the Research
Corporation.
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