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Tunable Laser Stark-Difference Spectra of CD;OH
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We present Doppler resolution limited spectra of the P(J) and R(J) multiplets for
J = 10 of the 10-um C~O stretch band of *CD,*OH using a tunable diode laser. Relative
frequencies within the multiplets accurate to =0.0002-0.0005 ¢cm™ are obtained, but no
absolute frequencies are given. We are able to assign most of the hindered rotation and
K substructure in these multiplets. The assignments are based on analyses of Stark-differ-
ence spectra combined with the ground-state microwave data and the intensity variations
which are expected theoretically, The ground and excited state A, X = 1 asymmetry
splitting parameters are measured to be &7 = (8.5450 = 0.0080) x 10=® cm™ and &}
= (9.7706 + 0.0080) x 1073 cm™!, respectively. The ground-state value agrees well with the
microwave results. A rapid-scan system for recording data and a computer-aided technique
for calibrating and plotting the spectra are described.

INTRODUCTION

There has been considerable recent interest in high-resolution spectra of methyl
alcohol, for both its normal and various isotopic forms (/ —4). The C-O stretch
fundamentals of these molecules overlap the CO, laser emission band, thus they
can be optically pumped with the CO, laser, leading to far-infrared emission and
laser action (5-8). In this paper we report a tunable diode laser study of the
C-0 stretch band of 2CD,;**0OH. This molcule is a slightly asymmetric rotor with
a three-fold symmetric hindered internal rotation degree of freedom. The individual
P(J) and R(J) multiplets of the C-0 stretch band are composed of 3J and 3(J + 1)
components, respectively, each component of which is associated with the
hindered rotation and K substructure. The previous study of this band by Woods
(9) using a grating spectrometer with 0.07-cm™! resolution led to assignments of
the J values of the multiplets, but none of the multiplet substructure was re-
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solved. We are able to resolve most of this structure and assign the transitions in
the low-/ multiplets. The assignments are based primarily on the results of Stark-
difference spectra, and they are generally compatible with the microwave ground-
state measurements and the relative intensities expected theoretically.

Previous Stark effect measurements using tunable diode lasers have been re-
ported on NH; (/0) and CH;OH (/). Sattler et al. (1) were able to assign several
CH,;O0H lines from high-field Stark spectra in which all of the \M J| components
were resolved. In CD;OH, however, the intramultiplet spreading (typically 0.1
cm™') is much reduced compared with CH;OH (typically 1.0 cm™!), and the
individual |M JI components of the various transitions are badly overlapped with
fields sufficiently high that they would be resolved for an isolated line. On the
other hand, we have found that the systematics in the low-field Stark-difference
spectra are sufficient to assign most of the lines in the low-/ multiplets, even
when the lines are barely resolved with Doppler-limited resolution.

EXPERIMENTAL DETAILS

The experimental apparatus employed a Laser Analytics, Inc., diode laser in a
double-beam system with two liquid N, cooled HgCdTe detectors. The laser
emission was first passed through a spectrometer and then split by a Ge-coated
BaF, beam splitter. One beam, used for calibration, passed through a 3.7879-cm
Ge etalon which produced fringes spaced by 0.03292 cm~'. The other beam passed
through a 1-m Stark cell containing the CD,OH. Typical sample pressures were
0.1-0.3 Torr and the plate spacing was 5 mm. We used a repetitive, rapid-scan
data acquisition method, which allowed the real-time observation of the spectra
and etalon fringes on a dual-trace oscilloscope (/7). The precise length and posi-
tion of a particular scan could thus be set before recording. The data were then
recorded on a 2048-channel signal averager at 10 usec per channel and transferred
immediately to magnetic tape. Usually 64 or 128 sweeps were averaged and the
records were 0.3-0.5 cm™! in length.

In order to achieve Doppler-limited resolution for the averaged spectra, it was
necessary to stabilize the laser frequency against slow drifts in the cold finger
temperature. This was done with a feedback circuit that sampled the voltage from
the calibration beam detector at some fixed delay after the start of the sweep,
chosen to coincide with the steep part of one of the fringe peaks. This voltage
was then compared with an adjustable reference voltage, and the difference was
used to generate an error signal that was fed back to adjust the dc level of the
diode laser current.

The relative frequency calibration was generated by a computer program that
processed the fringe signal in the following manner. First a fringe pattern with
normalized peak intensities was produced. The top 1/4 of each fringe was least-
squares fitted to a parabola, the maximum of which was defined to be the location of
the peak. Each maximum was assigned a frequency relative to some central fringe,
and a cubic-spline interpolation routine (/2) was used to establish a continuous
frequency scale between maxima. Finally, a line-finding routine analyzed the
sample spectrum and gave a printout of relative frequencies and intensities. Also,
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a frequency was assigned to each point in the spectrum, and these points were
used as the abscissas in computer-generated plots such as those shown in the
figures. Relative frequencies of isolated lines could be reproduced to within
0.0002-0.0005 cm™!, depending upon the signal-to-noise ratio. The computer-
generated plots aided greatly in making the assignments since, as will be dis-
cussed later, there is a systematic pattern to the line positions that becomes ap-
parent when successive J multiplets are plotted on the same frequency scale and
then overlaid.

STARK EFFECT AND ASSIGNMENTS

The rovibrational states of methanol-type molecules can be described in an
|n7-KJ ) representation in which n is the torsional quantum number; 7 = 1, 2, 3
designates the internal rotation state; and K and J are the usual angular momentum
quantum numbers for a symmetric top (/3, I4). An alternative to the 7 notation,
which is more convenient for discussing Stark effects, is the symmetry species
designations of Lees and Baker (/5): A states correspond to K + 7 = 1, mod
(3); E, states to K + 7 = 0, mod (3); and E, states to K + 7 = 2, mod (3). Asym-
metry removes the +K degeneracy of the A states, which are split into symmetric
and antisymmetric combinations of +K (K-doubling). The E states remain doubly
degenerate. The spin statistical weights arising from the identical deuteriums in the
methyl group are in the ratio 11:8 for the A to E levels, which is thus the A to E
intensity ratio of a givenJ, K transition when the K-doubling is unresolved. When
the K-doubling is resolved, as is always true for K = 1, the A-to-FE ratiois 5.5:8(13).

For the purpose of interpreting the Stark-difference spectra, we need consider
only the lowest-order Stark splittings. To lowest order, these splittings for CD;OH
are approximated by those of a nearly symmetric rotor, i.e., the shift 8 W of each
M, component of a level is given by (2, 3, 16, 17)

- /LagKM.l (1)
JUJ + 1)
for the E states, and
202872 2 1/2
8W=:A(J’K)[1— {1+ 4ul EKM3 J } 2
A(J, KAJTHJ + 1)?

for the A* states, where u, = 0.9 D is the component of the permanent dipole
moment along the symmetry axis of the methyl group, € is the electric field,
M, is the projection of J along &, and A(J, K) is the asymmetry splitting of
the A levels. These asymmetry splittings for K = 1 and K = 2 are of the form

AJ,K=1)=8JJ + 1),
AJ, K =2)=8JJ — DUJ + DJ + 2). 3)

Il

The values of §, and 8, have been determined for the ground state from the micro-
wave results of Lees and Baker (/5): 8] = 8.539 x 1072 cm™! and §; = 1.92
X 107 cm™!.

The selection rules for the P and R transitions in the C—-O stretch band are
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Fi1G. 1. Stark-difference spectra and zero-field spectra of CD;OH obtained with a tunable diode
laser. The path length is 1 m, the pressure is 0.3 Torr, and Egy is L to Ej,. The absorption
strength of the strongest lines is 10~20%. The difference spectrum is obtained in each case by sub-
tracting the zero-field spectrum from the field-on spectrum. The horizontal and vertical scales are
preserved. The frequency of the A, K = 0 line in P(4) is 980.276 cm™ and in R(2) it is 989.397, as
based on a Fourier transform measurement of some nearby isolated lines.

An =0,AJ = x1,AK =0,A - A

B
anmpc dn not change, we can use th

features of the Stark-difference spectra

For a typical Stark field of 400—500 V/cm, the quantity w,& is =6 x 103 cm™,
which is substantiaily greater than the Doppier width =2.0 x i07® cm™. Thus
the Stark-difference signals for the E levels with K = J will be a sizable fraction
of the zero-field absorption strength, while the signals for levels with K < J will be
systematically reduced. Since 1, € < A(J, 1), the A, K = 1levels will show a very
small quadratic Stark splitting, and, in comparison to the E levels of the same or
larger K, their Stark-difference signals will be negligibly small. The A, K = 2
levels for J < 4 will show a linear Stark effect similar to that of the E levels,
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but for larger J, they will be sufficiently split to show a quadratic Stark effect
and thus a much reduced Stark-difference signal.

The K = 0levels show no first-order Stark effect. However, due to an accidental
degeneracy the E,, K = 0 level (which is degenerate with E,, K = 0) is strongly
admixed by asymmetry with the £,, K = 2 level {(which is degenerate with
E,, K = —2). The admixed levels are strongly perturbed in position, in intensity,
and in their Stark effects.

Examples of the data are shown in Fig. 1 for the R(2} and P(4) multiplets.
The laser beam is linearly polarized in the direction perpendicular to the Stark ﬁeld

ale 1l ~nftha zavn _fRald tr -
1 llC uuu:;l €iice mguam are uuta.lucu Uy ulsual SUoLY al.«uuu o1 tne zero-neia transimis

sion data from the field-on data. The scales for the difference signals are exactly
the same as for the zero-field traces.

On the basis of the above discussion, the A, K = 1 lines in Fig. 1 can be im-
mediately assigned. In fact, the A, K = 1 lines are readily assigned in all the
multinlets . since thpv alwavs appearasa nair of egual strength lines, qvmm_etrma,llv

IRARRILARARC TSy SAIVO LG vays ap e a pPall O O4GRal SUTLLUIGRR2 AR L

located with respect to the center of the multlplet, and they show no Stark-differ-
ence signal. The A, K = 0 line is also readily assigned in all the multiplets, since
it is the only line that shows no Stark splittings under high-field (~2 x {0°® V/iem)
conditions.

The microwave data (15) provide combination difference relations between
the R(2) and P(4) lines, since they have common upper states. Having estab-
lished the assignments of the A, K = | lines, we can use them to provide a
relative frequency scale between the two multiplets, even though we have no ade-
quate absolute calibration for either. This immediately allows us to assign several
additional lines in these multiplets, The relative positions of the two spectra in
Fig. 1 are adjusted so that the A, K = 0 lines of each are at the same frequency.
With this choice, the remaining lines in R{(2) {excepting A, K = land E,, K = 0,
2} occur at nearly the same position as the corresponding lines in P{(4). This is
expected since the combination differences are all within ~0.002 ¢cm™* of each
other. The three lines in P(4) which show the largest relative Stark-difference
signals must belong to K = 3. One of these is stronger than the other two by

approximately the ratio 11:8; it must, therefore, be the A, K = 3 transition. The
distinction between E,and E, of the remaining two lines is based on a dmhﬂv

better fit to the cnmbmanon differences used in the analysis of the R(3) and PS5
transitions,

The A, K = 2 and E,, K = 2 lines in R(2) are identified by their large Stark-
difference signals. On the basis of the relative intensities and by the process of
elimination, we conclude that the £, K = 1 lines must overlap the A, K = 0 and
A K = 2 lines. The choice shown in the figure of putting the E, line with 4,

= 0 and E2 with A, K = 2 is based on a slightly better fit to the combination
relat;oua This choice must remain tentative at present, since the intensities and
Stark effect do not distinguish E, from E,, and these lines are always blended so
the combination differences are not definitive.

Figures 2 and 3 summarize the data obtained for the first five P- and R-branch
transitions. The spectra are all plotted with the position of 4, K = 0 at0.12cm™,
The P(2) transition falls in the dense Q-branch region and we were unable to find
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FiG. 2. P-branch lines of CD,0OH recorded with a diode laser and then plotted with the aid of a
computer on a calibrated relative frequency axis. The relative intensity between multiplets is not
preserved. The A, K = 0 lines occurs at 0.12 cm™ in each plot.

it. All of the spectra, excepting P(5), show Doppler-broadened linewidths. The
widths in P(5) are about 50% broader due to a lower signal-to-noise ratio, which
degraded the laser frequency stabilization. The assignments indicated in these
figures were made using the above arguments, The progression of the A, K = 1
lines is indicated by solid lines and that for the perturbed £, K = 0and K = 2
lines by dashed lines. The K designations for these latter transitions are the same as
those used by Lees and Baker (/5), even though K is not a good quantum number
for these strongly admixed states. To simplify the figures, the remaining lines
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are indicated only when they first appear in a multiplet. In higher-/ multiplets,
the same lines appear at nearly the same relative frequency. This feature was
pointed out by Sattler et al. (1) in their analysis of CH;OH and it is also quite

apparent in the CD;OH spectra.
The A, K = 1 asymmetry splitting parameters 8] and 8; for the ground and

excited states can be determined directly from our data using combination differ-
ences. For the ground state we use

RA-,J-1)-RA*,J-1)-PA,J+1D)+PA*J+1)=4J+2)3, @
and for the excited state
R(A-,J) — R(A*,J) — P(A~,J) + P(A*,]) = (4] + 2)8; 5)
A least-squares fit of our data to these equations yields
& = (8.5450 = 0.0080) x 10~ cm™!,
81 = (9.7706 = 0.0080) x 1072 cm™.
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F1G. 3. R-branch lines of CD;OH obtained in the same way as the spectra in Fig. 2.
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The uncertainties are 2o estimates. The rms fit to Eq. (4) was +0.00036 cm™!
for six points and to Eq. (5), £0.00059 cm~! for seven points. Our value for
&1 agrees well with the microwave value, 8.539 x 1072 cm™!.

We have not been able to determine the A, K = 2 asymmetry splitting. This
splitting is not resolved in any of the P lines. In the R lines it first appears as a
broadening in R(4) and then as a clearly resolved doublet in R(5). In the higher
R(J) lines, through R(10), one or the other of the A=, K = 2 components is
overlapped. On the basis of the splitting observed in R(5) we can conclude that
this asymmetry splitting in the excited state is within about 10% of the ground-
state value.

The barrier height H of the hindered rotation potential changes slightly in the
vibrational excited state. If we ignore the Kirtman interaction terms, this barrier
height change can be roughly estimated from the frequency difference between
individual lines in a J multiplet which are not affected by asymmetry. On this
basis, we estimated that AH is between —1 and —2 cm™', which corresponds
to a decrease in H of =0.5%.

Although most of the assignments presented here are undoubtedly correct,
there is a great deal of overlapping and some of the identifications must remain
tentative. For example, all of the lines in R(1) appear to be blended and the 4,
K = 1 line appears too strong. This line may be overlapped with the ‘‘forbidden™
transition E,, K = 2 « E,, K = 0, which becomes allowed because of the ad-
mixture of K = 0 into the upper state. Overlapping is also a severe problem
near the centers of most of the high-J multiplets. We are presently attempting to
establish an absolute frequency calibration for the data and with that to obtain a
fit to the spectrum based on the Hamiltonian used by Kwan and Dennison (/3).
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ments shown in the figures for the E, and E,, K = [ transitions should be interchanged.
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