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IR—UYV Double-Resonance of Methyl Radicals and a Determination of the Detection

Sensitivity of REMPI Bands’
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A novel method is exploited in this report to directly determine the relative detection sensitivity of the (2+1)
resonance-enhanced multiphoton ionization (REMPI) bands of CH; and CHD, radicals. The basic idea is
based on the simple fact that in an infrared (IR) absorption process the number of molecules being pumped
from the lower state must be the same as the number of molecules in the excited upper state. Hence, the
measured intensities of the respective REMPI bands should directly reflect their relative detection sensitivities.
In order to ensure the processes involved and better quantify the measurements, extensive IR—UV double
resonance spectroscopy was also performed. Using the REMPI-IR scheme, the IR spectrum of the v,
fundamental (CH stretch) of CHD, was obtained and assigned for the first time. Using the IR-REMPI approach,
high-resolution (2+1) REMPI spectra via the Rydberg 3p states of both radicals were demonstrated in a
rotationally specific manner for both the origin and vibronic-excited bands, from which the predissociation

rates of the Rydberg 3p states were deduced.

I. Introduction

The methyl radical stands at a unique position as a prototype
for the entire family of alkyl radicals and serves as a benchmark
for theoretical calculations aimed at fundamental understanding
of the physical and chemical properties of this class of open-
shell systems. It is also an important intermediate in many
chemical processes of environmental and industrial interest, such
as hydrocarbon combustion,! atmospheric chemistry,”> and
chemical vapor deposition of diamond films.? Because of its
fundamental properties and practical importance, the methyl
radical has been the subject of numerous experimental* 2° and
theoretical investigations.?! >3 Considerable efforts have been
made to develop sensitive and selective detection schemes for
diagnostic applications.*" ' Among them, (241) resonance-
enhanced multiphoton ionization (REMPI) spectroscopy is
clearly a viable method. In particular, the REMPI process using
the 3p Rydberg intermediate state has become very popular in
recent studies of chemical dynamics,’”'# thanks to the sensitive
probes of not only the vibrational ground state but several
vibrationally excited states.!'™'* To gain deeper insights into
the dynamical processes of interest and to allow more direct
comparison with theory, however, one also needs to quantify
the relative detection sensitivities of the observed REMPI
vibronic bands. Due to the experimental difficulties and limita-
tions, the only previous attempt for such a determination was
for the umbrella-excited CDs(v, = 1, 2, and 3) states with respect
to the ground state CD;(v = 0).!> The method employed in that
report was somewhat tedious and depended on a kinetic
modeling of the REMPI process, calling for an alternative
approach that is also applicable to the other vibronic bands.

T Part of the “Robert W. Field Festschrift”.

* Corresponding author. E-mail: kliu@po.iams.sinica.edu.tw.

¥ State Key Laboratory of Molecular Reaction Dynamics, Dalian Institute
of Chemical Physics, CAS, P.O. Box 110 ext. 11, Dalian 116023, P. R.
China.

¥ These authors contributed equally to this work.

'Also Department of Chemistry, University of British Columbia,
Vancouver, B.C., Canada V6T 1Z1.

10.1021/jp902969v CCC: $40.75

Double-resonance spectroscopy has a long history and is a
powerful experimental technique to decipher complicated and
congested spectra. With the advent of new laser sources, a wide
range of combinations spanning from microwave to vacuum
ultraviolet (VUV) has been exploited—too numerous to be cited
here. In addition to the high-resolution spectroscopic works, this
technique has been extended to investigating the isomerization
processes,”*? intramolecular vibrational energy redistribution
(IVR) dynamics,??” cluster dynamics,?®?? and collision-induced
energy transfer processes®®3'—just to name a few. Added to the
long list is this work on the use of double-resonance spectros-
copy to directly determine the relative detection sensitivity of
the vibronic bands in a REMPI process. Specifically, we
demonstrated its feasibility for both the 3} band of the CH;(3p,
2A — X 2A”) REMPI transition and the 1} band of the CHD,(3p
’B, — X ?B,) transition.

I1. Experiment

The experiments were performed using the crossed-beam
apparatus described in detail previously,!?~!432 except that only
a single beam was used in this work. The methyl radicals were
generated by discharging a gas mixture of methane released
from a fast-opening piezoelectric transducer (PZT) pulsed
valve.*® Typical discharge high-voltage was 1 kV and two gas
mixtures at stagnation pressures of 6 atm were used in this work:
(5% CH4 + 5% CD.) seeded in He mainly for identifying the
IR spectra, and (1% CH4 + 1% CD4 + 20% Ar) seeded in He,
which yielded a colder rotational distribution, for quantifying
the relative detection sensitivity. Both mixtures yield methyl
radicals in all isotopic forms.

Figure 1 shows the pump—probe schemes for REMPI-IR and
IR-REMPI spectroscopy. The notation of REMPI-IR means that
the UV wavelength in REMPI is fixed while the IR frequency
is scanned, and vice versa for IR-REMPI. The selected rovi-
brational state of the CH5(X ?A,”") or CHD,(X ?B)) radicals was
pumped by a tunable IR optical parametric oscillator/amplifier
(OPO/A, LaserVision) near 3 um at 20 Hz. Its absolute
wavelength was calibrated against a CHy(v; = 1 < 0) photoa-

© 2009 American Chemical Society

Published on Web 06/04/2009



13134 J. Phys. Chem. A, Vol. 113, No. 47, 2009

(a) REMPI-IR (b) IR-REMPI

CH, CH,
by iy
Vvi,=1

‘JJJJJ 3p:
uv ";JJ uv
(a-figt P (A-scan)
I v=1 T IR
(Mn X2A" (A-fix)
CH, CH,

Figure 1. Schematic diagrams of (a) REMPI-IR and (b) IR-REMPI
double-resonance spectroscopy methods. REMPI-IR is used to identify
the IR spectrum of the electronic ground state of the methyl radical,
whereas IR-REMPI is exploited to measure the REMPI detection
sensitivity.

coustic spectrum. The IR excitation laser was coupled to a
multipass ring-reflector situated just in front of the first skimmer
in the source chamber.?* Judging from the IR-power dependence
of the observed ion signals, the IR transition was clearly
saturated. Despite the resultant power broadening (~0.2 cm™!
in width), the REMPI-IR spectra display well-resolved indi-
vidual (N, K)-transitions. The probe radiation near 334 nm in
the REMPI process was the frequency-doubled output of a dye
laser and was directed into a differentially pumped scattering
chamber. A wavemeter reads the absolute frequency of the dye
laser output. The time delay between the IR and UV lasers was
typically 107 us for both gas mixtures. The REMPI-generated
ions were then detected by the ion imaging technique in the
spatial mode of operation. Note that the 100 us delay time is
long enough for hyperfine depolarization to scramble the initial
alignment of IR excitation. Yet, it is significantly shorter than
the radiative lifetime of the vibrationally excited state, which
was estimated to be tens of seconds as a result of the small
vs-transition dipole moment (0.029 D)* of the CHj radical; thus
the IR-excited radicals are essentially intact when the UV probe
laser is fired.

In the REMPI-IR scheme shown in Figure la, the UV probe
laser frequency is fixed at a targeted vibronic band while the
IR laser frequency is scanned. We take advantage of the spectral
congestion of the Q-head of the REMPI band to yield essentially
the IR absorption spectrum of the methyl radical. To determine
the relative REMPI detection sensitivity, we turned to the IR-
REMPI approach. In this scheme, the IR excitation is fixed at
a particular v = 1 <— 0, N’y <— N"g transition and the UV
laser frequency scanned. [For clarity, we will use double- and
single-prime superscripts in labeling the rotational quantum
states of the lower and the upper states of the IR transition,
respectively; no superscript for the 3p Rydberg state.] Both the
depletion (i.e., attenuation) of the REMPI 0f-band and the
formation (or enhancement) of the vi-band could then be
observed. Since the amount of molecules being depleted, An(09),
should be the same as the amount of molecules being excited,
An(v}), the observed difference in the respective differential
REMPI intensities Al should then reflect the relative detection
sensitivity S, i.e.,

An(0)) = IAIODI/SO)) = An(v}) = AI(v)/S(v})
(D

or

Zhang et al.

SISO = AI(v)/IAIO))] 2)

Here, Al is defined as the REMPI signal 7 for IR-on minus that
for IR-off; thus, an absolute value of IAI(OJ) is taken to account
for the attenuation.

To better quantify S(v1)/S(09), the peak height measurements
were also recorded, in which the UV frequencies were repeatedly
fixed at the peak of the 0f and v| bands and the signals recorded
with the IR alternating on and off. While the sensitivity
determination in this work refers to a linearly polarized UV
laser beam, a circularly polarized UV probe laser was also used
to facilitate the spectral identification.

III. Results and Discussion

A. IR—UV Double Resonance Spectroscopy of the CH;
Radical. The ground electronic state of CH3(X 2A”) has a planar
geometry with D3, symmetry.* Being a symmetric top, its
rotational energy levels are characterized by the quantum
numbers N (end-over-end tumbling) and K (projection on body
axis), denoted as Ng. The presence of three identical protons
(Fermi statistics, spin = !/,) results in three different nuclear
spin modifications A;, A,, and E with the statistical weights of
10, 1, and 8, respectively.*® Figure 2a shows a portion of the
REMPI-IR spectrum of CH;. The UV laser frequency was fixed
at the half of 59 881 cm™' (in vacuo) to excite the 3} band of
the 3p. 2A” < X 2A” transition,!' which is about 76 cm™' red-
shifted from the origin band 03. The »; = 1 state accessed by
the IR excitation is doubly degenerate. Coriolis coupling breaks
this degeneracy, resulting in characteristic /-type doubling.'® The
high-resolution IR spectrum of the CH3(v3 = 1 <— 0) transition,
with 2y = 3160.82 cm™!, has been well studied.'*"!8 The spectral
features shown in Figure 2a can readily be assigned and the
observed relative spacings are all within 0.05 cm™' of literature
values.

Figure 3a presents the IR-REMPI spectrum recorded using
linearly polarized UV light with the IR radiation fixed at the
CH;, v3 =1 <0, 2,—2, transition (3154.8 cm™ ). Two remarks
are in order. First, comparing the relative intensities of the two
spectra, black for IR-off and red for IR-on, the formation of
the 31 Q-branch and the small attenuation of the 0§ Q-head can
be seen. [The small depletion, in terms of percentage, of the 0§
Q-head is due to the state-dilution effect: The IR laser excites
a single v = 0, N"gx = 2, state, whereas the 0§ Q-head comprises
the contributions from many rotational states (despite the low
rotational temperature in the supersonic beam) and for which
different nuclear spin modifications are not interconvertible by
supersonic relaxation.] Both the 0f attenuation and 3} formation
are anticipated; however, a small peak near 59 842 cm™! is
discernible in the IR-on spectrum.

To shed more light on this peak, Figure 3b shows the IR-
REMPI spectrum using a circularly polarized UV light instead.
It is known that in the (2+1) REMPI process of a symmetric
top molecule, the Q-branch gains additional intensity factor from
the zero rank component of the two-photon transition tensor
when using a linearly polarized laser (thus, significantly
increasing its detection sensitivity), whereas the intensities of
the other branches (O, P, R, and S) are enhanced for circularly
polarized light by a factor of 1.5.%” Indeed, inspection of Figure
3a,b indicates a factor of 4—5 drop in the 0j Q-intensities, which
is compared to a factor of about 14 found previously for CD3(0§
Q) and CD3(29 Q).*® [We note that the polarization dependence
of the 3} Q-branch seems more dramatic because the only
spectral feature left near 59 880 ¢cm™! in Figure 3b is the
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Figure 2. IR spectra of CHj;, acquired by the REMPI-IR scheme, in
the region of the fundamental of antisymmetric stretch (v;) when (a)
the wavelength of a linearly polarized UV light is fixed at the peak
of the 3} Q-head of the REMPI transition, (b) the wavelength for a
circularly polarized UV light is fixed at the 3] P(2) peak, and (c) the
wavelength of a circularly polarized UV light is fixed at the 3} S(1)
peak. The elevated baseline in (a) clearly reduces the S/N ratio.
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Figure 3. REMPI spectra of CHj3, acquired by the IR-REMPI method,
with either (a) linearly polarized or (b) circularly polarized UV light.
The IR pumping transition is v; = 1 < 0, 2, < 2, and the red (black)
line is for IR-on (IR-off). Color codes in the rotational branch
assignment are black for the electronic origin band 03 and red for the
vibrationally excited 3] band.

overlapped 0f P(4) transition.] In addition, the attenuation of
the 0§ O(2) intensity due to the 2,—2, (IR) excitation becomes
more obvious. As to the 59 842 cm™! peak, we assign it to the
3! P(2) REMPI transition. To confirm this assignment, we fixed
the UV laser at 59 842 cm™! while scanning the IR frequency.
The resultant REMPI-IR spectrum is presented in Figure 2b.
Clearly, only two IR transitions were observed and both indicate
excitation to the v3 = 1, N" = 2 state, thus confirming the 59 842
cm™! peak assignment. It is worth noting the observation of a
small IR-on peak near 59 938 cm™! in Figure 3b, which is
apparently overwhelmed in Figure 3a by the tail of the intense
0§ Q-head. Similarly, the REMPI-IR spectrum (not shown) was
acquired for its identification, and three peaks were observed.
In addition to the anticipated 2,—2y and 2,—2, peaks, which
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Figure 4. As in Figure 3, except that the v3 =1 — 0, 1; — 0y IR
transition is used.

turned out to be rather minor, the dominant peak in the IR
spectrum corresponds to the 0p—1; transition. Hence the small
REMPI feature at 59 938 cm™! is assigned to the overlapped
R(2) and S(0) transitions of the 3} REMPI band, which is similar
to the 0 case.

Second, taking the difference of the IR-on and IR-off spectra
in Figure 3, one can obtain the IR-activated 3} Q, P(2), and
S(0)/R(2) peaks and the attenuated 0§ Q and O(2) features. All
display an approximate width of 5 cm™!, which is significantly
larger than that of the dye laser (<0.1 cm™") or the fine structure
splittings.”>~!® Since those peaks correspond to a single IR
transition of (3 = 1 —0, 2,—2,), we attribute the spectral width
as a manifestation of the lifetime broadening of the predisso-
ciating 3p, 2A” intermediate state,”!? from which the total decay
rate, i.e., the predissociation plus the (third-photon) ionization,
of ~1.5 x 10" s7! is estimated for both » = 0 and 3 = 1
excitations of the 3p. 2A” Rydberg state. The UV laser power
used was about 6 mJ in 3 ns and mildly focused by a f = 50
cm cylindrical lens. Assuming a photoionization cross section
of 1077 cm? from the 3p. 2A” Rydberg state, the rate of
ionization is merely 3 x 10° s™!. Obviously, the observed
spectral width is dominated by the predissociation process.
Moreover, the same width was observed from either the
formation of 3} lines or the attenuation of the 0} transitions,
indicating a similar predissociation rate for the two vibronic
states. Intuitively, one might have anticipated a faster predis-
sociation rate from a stretch-excited Rydberg state, leading to
CH, + H fragments, by analogy to the predissociation of the
Rydberg 3s B-state of CHj. Previously a far-UV resonance
Raman spectroscopic study of the 3s B-state reported a
predissociation rate of ~1.2 x 10" s™! for v = 0, with a slight
dependence on the rotational state.* The rate increases to about
6 x 10" s7! upon one quantum excitation of the symmetric
stretching mode (v, = 1).4

Similar IR-REMPI experiments were performed via the 1;—0,
IR line at vr = 3174.3 cm™'. As presented in Figure 4, two
new peaks were observed with IR-on and were assigned to the
REMPI transitions 3} R(1) at 59 918 cm ™' and 3} S(1) at 59 977
cm™!. Again, their assignments were facilitated by the REMPI-
IR spectrum, as illustrated in Figure 2c for the 3} S(1) case.
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Figure 5. v, fundamental of the CHD, radical, recorded as in Figure
2. The peak assignments are listed in Table 1.

Due to both the intrinsic REMPI spectral width (~5 cm™!) and
the small number of observed transitions [only P(2), S(0)/R(2),
R(1), and S(1)], no further rotational analysis was performed.
Nevertheless, within the limited resolution, the rotational
constants of the 3p. 2A” Rydberg state appear quite similar to
the ground state X 2A”. In passing, Figures 3 and 4 also provides
a clear illustration of a way to decipher the K-overlapped
substructure of a REMPI feature.

B. IR Spectrum of the »; = 1 ~— 0 Transition of the
CHD,(X ?B;) Radical. In contrast to the CH; radical, no high-
resolution spectroscopy has been reported for the CH stretching
fundamental of CHD,, though a far-UV resonance Raman
spectrum*! has given an approximate value, v; = 3116.2 cm™ .
By fixing the two-photon UV laser frequency at the 1} band
position (~58 943 cm™!, or 78 cm™! to the red of the 03 band),
and scanning the IR frequency, we have obtained the REMPI-
IR spectra shown in Figure 5. The top spectrum, Figure Sa,
was obtained by discharging the 5% CH4/5% CD, gas mixture,
which yields a warmer beam, giving more rotational lines. The
colder spectrum of Figure 5b was obtained by discharging the
1% CH4/1% CD4/20% Ar/He mixture which had been used in
the relative detection sensitivity measurements. Compared to
the REMPI-IR spectra of CH; shown in Figure 2, the spectra
of CHD, are clearly more complicated.

CHD; is a planar asymmetric top with C,, symmetry. Its
2-fold symmetry axis is the inertial B axis, and the inertial A
axis is parallel to a line joining the two D atoms. The CH
stretching fundamental v, (a, vibrational symmetry) is therefore
a B-type band. Its rotational structure shows an intensity
alternation resulting from the nuclear spins of the two equivalent
deuterium atoms. Because the electronic ground state has B
symmetry, the alternation is such that lines arising from levels
with K, + K. = odd (B, and B, rotational symmetry) have twice
the intensity of those from levels with K, + K. = even (A, and
A, rotational symmetry).>® As expected by analogy with CHs,
the electron spin splittings are not large enough to be observable
at our resolution.

The spectrum shown in Figure 5a could be assigned from
calculations of the rotational structure. A preliminary set of
rotational constants was calculated, assuming that the bond
angles are 120°, and that all the bond lengths are 1.076 A, as
in the vibrational ground state of CHs.!” These constants were
A=715cm™, B =463 cm!, and C = 2.81 cm™!. The
rotational structure of the band could then be predicted
approximately, assuming that the rotational constants do not

Zhang et al.

TABLE 1: Observed Transitions of the »; Band of CHD»(X
’B;) Radical and the Spectral Assignments®

upper state (v; = 1) lower state (v = 0)

Ty 3114.577 £ 0.073 0 (fixed)
A 7.137 £ 0.021 7.192 + 0.021
B 4.651 £ 0.018 4.678 £ 0.019
C 2.803 £0.015 2.809 +0.014
rms error = 0.056 cm ™!
peak no. assignment obs obs — calc
1 P(21=303) 3114.46—18.70 0.0
Q32,331 —17.90 —0.04
3 P(2:,—312) —17.24 0.04
4 QB13—32) —16.43 —0.04
5 P(19;—212) —15.49 0.04
6 Q(321—330) —14.92 0.07
7 Q(21,—25) —13.09 0.05
8 P(1,,—202)/QBp—312) —11.6 0.08
9 P(O()()_ 1 1 1) _990 _002
10 Q@312—321) —8.60 0.0
11 Q(211—22) —8.40 —0.09
12 Q20211 —17.00 —0.05
13 P(250—313) —5.60 —0.06
14 Q(loi—110) —4.38 —0.08
15 Q(10—1g1) +4.38 —0.04
16 R(313—250) +5.40 0.05
17 Q211—2p) +7.00 0.07
18 Q(220—211)/Q(3;—31,) +8.18 0.06
19 R(11;—000) +10.09 0.03
20 Q(B12—303) +11.40 0.0
21 RQ2p—111) +11.70 —0.06
22 Q(221—212) +13.00 —0.01
23 Q(330—321) +14.22 —0.07
24 R(21,—1¢1) +15.66 0.03
25 Q(322—313) +16.10 —-0.01
26 R(312—251) +16.98 0.01
27 Q(331—3») +17.24 0.04
28 R(Bp3—212) +18.67 0.0

“The notation in parentheses indicates the rotational quantum
numbers Nguxe — N graxve. All frequencies are in cm™!, and the
peak no. refers to Figure 5. Rotational constants from least squares
fitting of the observed lines of the »; band of CHD, (values in
cm™!) are listed first. The quoted error limits are three standard
deviations.

change on vibrational excitation. The prediction reproduced the
relative positions of the lines to within about 0.5 cm™!, which
is sufficiently close that the rotational assignments could be
made without difficulty, taking account of the intensity alterna-
tion. An energy level diagram, illustrating the B type selection
rules for some of the lowest rotational levels, is given as Fig-
ure 6.

A full least-squares fit was then carried out. Since the values
of N and K go only up to 3, the energy levels were calculated
using just the rigid rotator matrix elements, without centrifugal

distortion terms:*

(NK|H,[NKy = [A — 1/2(B + O)IK* +
12(B + CNN + 1) (3)
(NK|H,JNK + 2) = 1/4B — O)IN(N + 1) —

KKK + D"’ INN + D—(K £ DK £ 2] @)

The final rotational constants are given in Table 1, along with
the assigned line frequencies and the residuals from the fitting.
The rms error was 0.056 cm™!, which is comparable to the
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Figure 6. Schematic energy level diagram of the rotational energy
levels for both the ground and v; = 1 excited states of CHD,. Besides
the quantum number labeling, the rotational symmetry species of each
state is also indicated. The B-type dipole allowed transitions from the
lowest two N-levels are marked.

accuracy of the measurements. The upper state constants are
very similar to those of the ground state, with the only significant
difference being a slight decrease in the A rotational constant
on vibrational excitation. This is consistent with the expected
slight lengthening of the CH bond on excitation. Because the
changes in the rotational constants are comparatively small, the
band shows a remarkable mirror symmetry around the band
origin, which is clearly seen in Figure 5.

It will be interesting to have confirmation of these rotational
constants from spectra taken at higher resolution in the future.
To date, the only reported rotational constants for CHD,, X B,
v = 0 are from photoionization work using threshold photo-
electron spectroscopy.* Unfortunately, these constants (A = 7.60
cm™ ', B=491cm™!, and C = 2.89 cm™ ) are not consistent
with the results of the present work, since they lead to
combination differences which disagree with those observed in
the infrared by over 5%.

The IR-REMPI spectra for the CHD, radical are presented
in Figure 7, for which the IR frequency was fixed at 3130.7
cm™!in order to excite the v; = 1 <0, 2;,— 1, transition (peak
24). It is clear from the spectra shown in Figure 7a,b that even
for the present asymmetric rotor the intensity of the Q-head
drops by about 5-fold on changing the UV probe-laser polariza-
tions. The formation of new peaks with v; = 1, 2, as the lower
state (a, b, and c) and the attenuation from the depleted v = 0,
lo; level (0§ Q-branch, f and g) are both observed. [The
attenuation of peak-i in Figure 7b is uncertain because it is not
reproducible and it gives a negative result in the REMPI-IR
search.] From the difference spectrum between the IR-on and
IR-off (not shown), a width of about 5 cm™' was obtained for
both the enhanced peaks and the ion-dip features, which is
essentially an identical value to the CHj; case. REMPI-IR
spectroscopy was then exploited to facilitate the spectroscopic
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Figure 7. As in Figure 3, but for CHD,. The IR pumping transition is
v = 10,2, < 1. Tentative assignments of the rotationally resolved
REMPI transitions are indicated.

assignment of the new peaks in the IR-on spectra. [llustrated in
Figure 5Sc is the case for which the UV frequency was fixed at
59 877 cm™!, exciting peak-b. In addition to the anticipated
R(21,—10;) transition (peak 24), two more IR transitions were
recorded (peak 5 and 14), corresponding to P(19;—2;,) and
Q(1g;—1y0), respectively. It then suggests that another REMPI
transition originating from the IR-excited (v; = 1, 1) state
must occur near 59 877 cm™!. Using the known rotational level
pattern for the ground state, and assuming a similar one for the
3p 2B, Rydberg state, the anticipated REMPI frequencies of
the various transitions can be calculated. In this calculation the
two-photon selection rules, A; ~— A, Ay — Ay, B — By, and
B, — B,, were used. On that basis, we assigned the overlapped
REMPI transition as 1} R(2,;—1¢;). Within an accuracy of 2
cm™! (in the UV), a tentative assignment of all observed major
REMPI peaks can now be made, as listed in Figure 7.

C. REMPI Detection Sensitivities of the CH;(3p, 2A” —
X 2A”, 3}) and CHD,(3p *B; < X ?B,, 1}) Bands. Given our
understanding of the IR—UV double-resonance spectra, we are
in a position to measure the detection sensitivity of the REMPI
bands by (1) repeating the IR-REMPI spectral scans and (2)
recording the peak-height intensities of the 0§ Q and 3] (or 1})
Q-heads with the IR radiation alternating on and off. [The
spectral scan in the first approach took typically half to one
hour for one pair of IR-on and IR-off. To minimize the long-
term drifts and to improve the statistics of measurements, in
method 2 the depletion and the formation were alternatively
monitored, and for each about five cycles of on/off pairs were
measured and averaged.] Table 2 summarizes the results. Despite
the large uncertainties (mainly because only a small fraction of
the 0§ Q-intensity can be depleted), the results for CH; obtained
by using either the 1,—0, or the 2,—2, IR excitations are nearly
the same, indicating little dependence on the rotational states
of the two vibronic bands as well as negligible polarization
effects since no difference was discernible from the R- and
Q-branch pumping. On the other hand, all four sets of measure-
ments yield a greater REMPI detection sensitivity of 3} Q than
0§ Q, with the average of S(3})/S(03) ~3.4 £ 0.6, which is
somewhat surprising and puzzling. One plausible explanation
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TABLE 2: REMPI Detection Sensitivities of the
Vibronically Excited Bands, CH;3(3}) and CHD,(1}), Relative
to the Respective Origin Band 0§

IR excitation method  S(})/S(09) + std dev no. of runs
CH;3(v; = 1 <—0)  spectral area 244+27 4
2, — 2 peak height 35407 20
33+0.7°
CH;3(v; = 1 <= 0)  spectral area 2.1+23 4
1, — 0 peak height 41+14 20
3.5+1.28
CHD,(v; = 1 — 0) spectral area 1.7+ 1.0 6
2 — 1o peak height 20+1.2 20
peak height 1.9+ 1.1 20
1.9 £0.7

@The UV probe laser is linearly polarized. * Average value.

is as follows. Ab initio calculations indicated that the
Franck—Condon factors for the 0§ and 3} two-photon transitions
are nearly the same.?® Based on a simple kinetic model of the
(2+1) REMPI process,? the differential sensitivity of the two
bands must then arise from the fates of the respective Rydberg
excited states. The probability of absorbing the third photon
leading to ionization can be expressed as ki/(k; + kp), where k;
is the rate of ionization and k, gives the rate of predissociation.
As shown in section IIIA, k; + kp & k;,, which is, counterintu-
itively, about the same for both the v; = 1 and v = 0 levels of
the 3p, Rydberg state. Therefore, the higher sensitivity of S(31),
compared to S(0f), implies a faster ionization rate. Previously,
a detailed analysis of the high resolution IR spectrum of CH;"
yielded a value of 1.095 A for the C—H bond length,** which
is significantly longer than those of CH; (rc_y = 1.076 A for
the ground state'” or 1.086 A estimated from the rotational
constants of the 3p Rydberg state®). It is conceivable that the
faster k; from the v; = 1 (C—H stretching excited) level of the
Rydberg 3p state, compared to that from v = 0, originates from
a more favorable Franck—Condon overlap in the ionization step.

Similar measurements were carried out for the REMPI 1} band
of the CHD; radical. The results are also summarized in Table
2. The resultant detection sensitivity, S(1})/S(08) ~ 1.9 & 0.7,
is again greater than 1, though slightly smaller than the CHj
case. We proposed that a similar mechanism, a faster ionization
rate for the stretch-excited Rydberg state, can account for the
differential detection sensitivity.

IV. Conclusions

IR—UV double resonance spectroscopy is applied to study
the REMPI detection of the methyl radicals CH; and CHD..
Using the REMPI-IR scheme, we report the first rotationally
resolved IR spectrum of CHDy(v; = 1 < 0). With the
IR-REMPI approach we demonstrate the possibility of obtaining
a high-resolution REMPI spectrum with complete rotational
specificity in both the upper and lower states, despite the intrinsic
spectral congestion and broadening from the fast predissociation
of the intermediate Rydberg state. In addition to the spectro-
scopic aspects, we have exploited the nature of the double-
resonance technique to quantify the relative detection sensitivity
of the REMPI vibronic bands. Such information is particularly
valuable in putting the results obtained for the dynamical
processes of interest in a proper perspective.*® The basic idea
of this approach is simple and quite general, provided that the
state populations can be selectively transferred by a means such
as IR absorption, Raman scattering, or even collision, etc.; thus
it should be applicable to many other species.
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