
Detection of DCl by multiphoton ionization and determination of DCl
and HCl internal state distributions

Paul J. Dagdigian and David F. Varleya)
Department of Chemistry, The Johns Hopkins University, Baltimore, Maryland 21218-2685

Rohana Liyanageb) and Robert J. Gordon
Department of Chemistry, University of Illinois at Chicago (m/c 111), Chicago, Illinois 60607-7061

Robert W. Field
Department of Chemistry, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

~Received 28 June 1996; accepted 5 September 1996!

A study of the 211 resonantly enhanced multiphoton ionization~REMPI! spectrum of DCl is
reported. Transition energies for excitation of theF 1D–X 1S1 ~0,0! and~1,0! bands, as well as the
V 1S1–X 1S1(v8,0) bands, forv8515–19, are presented. The derived molecular constants for the
F–X ~0,0! and theV–X bands agree well with those previously obtained from analysis of the
one-photon VUV absorption spectrum@A. E. Douglas and F. R. Greening, Can. J. Phys.57, 1650
~1979!#. The ion signals for excitation through various rotational lines in theE–X ~0,0! andF–X
~0,0! and~1,0! bands are compared with theoretical two-photon line strengths. Extensive power- and
J8-dependent ion fragmentation is observed for the former band. No fragmentation is observed in
theF–X bands; however, the ion signal strengths are found to vary strongly withJ8. This variation
of REMPI signal strengths vsJ8 was shown to be due to an indirect predissociation, as in HCl.
Tables of experimental line strength factors for theF–X ~0,0! and~1,0! bands of HCl and DCl are
reported. Finally, the relative REMPI detection sensitivities for HCl and DCl, through their
respective F–X ~0,0! R~1! lines, are compared. ©1996 American Institute of Physics.
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I. INTRODUCTION

Resonantly enhanced multiphoton ionization1 ~REMPI!
is a very sensitive spectroscopic tool which has been use
studies of both the spectroscopy and reaction dynamic
small molecules in the gas phase. In contrast to the m
frequently employed method of laser-induced fluorescen
the use of REMPI to obtain relative populations of differe
internal states is problematic.2–5 In part, the determination o
populations requires care because of the ease of satur
the resonant transition, which can cause the dependenc
the ionization rate on the laser power to vary from level
level.6 In addition, there is the possibility that the resonan
excited state is perturbed; such perturbations can have l
effects on the rotational intensity factors.4,5 This is, in fact,
quite likely to occur in REMPI detection because of the hi
density of electronic states at energies reached by the ab
tion of two or three UV photons. Lastly, dissociation m
compete with ionization of either the intermediate or a
perexcited state, and both parent and fragment ions ca
produced; this leads to further complications in convert
ion signals to relative internal state populations.3,7 Since it is
difficult to calculate quantitatively the effects of all the
factors on the magnitude of an ion signal, it is useful

a!Present address: Stanford Research Systems, 1290-D Reamwood
Sunnyvale, California 94089.

b!Present address: Department of Chemistry, University of Utah, Salt L
City, Utah 84112.
J. Chem. Phys. 105 (23), 15 December 1996 0021-9606/96/105(23)
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calibrate the REMPI signal strengths by using a sample w
a known internal state distribution, such as a Boltzmann d
tribution at a known temperature.3,4,7,8

Sensitive, state-selective detection of HCl by the REM
technique has been extensively employed in studies of
dynamics of a number of collisional processes involving t
molecule, including rotational energy transfer,9,10

photodissociation,11–14 coherent control,15 chemical
reaction,16–20 and surface scattering.21,22 The HCl molecule
provides a very good example of the complications
REMPI detection owing to both perturbations and dissoc
tion. Two of the strongest transitions in the 211 REMPI
spectrum of HCl involve resonant excitation to theE 1S1

andF 1D electronic states.23,24These transitions have prove
to be very useful for the determination of HCl rovibration
populations. For theE–X transition, considerable ion frag
mentation occurs, and H1 and Cl1 ions are formed with
intensities comparable to those of the parent molecular io
typical laser power densities.3,24,25 Moreover, the detection
sensitivity for excitation through both thev850 and 1 vibra-
tional levels drops significantly with increasing rotational a
gular momentum,J8. In contrast, there is no fragmentatio
for ionization through theF–X transition. However, the
REMPI line strength factors vary strongly withJ8 for ioniza-
tion through both theF 1D v850 and 1 levels.4 This varia-
tion in intensity has been shown to be due to a loss mec
nism that is the result of an indirect predissociation of t
F 1D state.5

As a result of recent collisional experiments, in whic
both HCl and DCl internal state distributions are reporte
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e
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10252 Dagdigian et al.: Detection of DCl by multiphoton ionization
there is a need to quantify the REMPI detection of the D
isotopomer. In the present paper, we report DCl REM
spectra and intensity factors for ionization through theE 1S1

andF 1D states. As with the corresponding transition in HC
we observe considerable formation of atomic ions from thE
state. In addition, we directly compare the REMPI signals
detection of HCl and DCl through their respectiveF states.
We also show that theJ8-dependence of theF–X transition
of DCl can be satisfactorily explained by an indirect pred
sociation mechanism,26 involving non-Born–Oppenheime
mixing with neighboring excited states, similar to what w
previously found for HCl.5 The derived relative detectio
sensitivity of HCl and DCl has recently been employed
determine the HCl and DCl product branching ratios in
reaction of Cl atoms with the selectively deuterated spe
~CH3!3CD and CD3CH2CD3 in order to compare the cros
sections for abstraction of primary vs secondary or terti
hydrogens from hydrocarbon reagents.19,27

Several studies of the one-photon VUV absorption a
emission spectra of DCl have been reported.28–33Of greatest
interest for REMPI detection of DCl is the observation a
analysis of theE–X and F–X transitions by Douglas and
Greening.32 In contrast to the extensive work previously ca
ried out on the REMPI spectrum of HCl,3–5,23–25,34–36little
attention has been paid to the DCl isotopomer. Callag
et al.23 reported molecular constants for the~0,0! and ~2,0!
transitions to theE state and the~0,0!, ~1,0!, and~2,0! tran-
sitions to theF state of DCl. Subsequently, Greenet al.24

reported transition wave numbers in a 211 REMPI spectrum
for the rotational lines in the D35Cl E 1S1–X 1S1 ~0,0!
band, but no study of REMPI intensity factors for any tra
sition has been carried out for this molecule, to our kno
edge. To complement our study of these intensity factors,
have measured accurate transition energies for several b
in the REMPI spectrum of DCl.

II. APPARATUS

The experiments at Johns Hopkins University were c
ried out in a recently constructed time-of-flight mass sp
trometer ~TOFMS! which has been described in deta
previously.18 The ionization-extraction region and the flig
tube are separately pumped by trapped oil diffusion pum
DCl ~Isotec, 99% atom D!, or HCl ~MG Industries, Inc.,
respectively! was bled into the ionization chamber through
variable leak valve~Granville Phillips! to pressures of
<2.531025 Torr. The resultant increase in pressure in t
flight tube chamber was<231027 Torr ~ionization gauge
readings!. With this method of introducing the reagents, t
rotational distributions follow a room-temperatu
Boltzmann distribution. The reagents were stored in a 0.2
glass bulb, which could be evacuated with a diffusion pum

The frequency-doubled output of an excimer las
pumped dye laser~Lambda Physik EMG101MSC/FL3002
operated at 10 Hz repetition rate! was employed for elec
tronic excitation and ionization of the molecules. The U
radiation was separated from the visible output with dichr
optics and was focused into the ionization region of
J. Chem. Phys., Vol. 105, N
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TOFMS with a 40 cm focal length fused silica lens. The U
pulse energies employed ranged from 0.3 to 1.5 mJ.

The TOFMS is of the Wiley–McLaren design,37 with
two acceleration regions. Following the ionization-extracti
region, there are two sets of deflection electrodes for be
steering and an Einzel lens for beam collimation. The io
are detected at the end of the flight tube with dual mic
channel plates, whose output was monitored with eithe
gated integrator~SR250! or a digital oscilloscope~LeCroy
9360, 300 MHz analog bandwidth, maximum sampling r
5 Gs/s!. The parent and fragment ions~DCl1, D1, Cl1! were
collected with equal efficiency, as was verified by the inse
sitivity of the ion signal intensities over a fairly wide rang
of Einzel lens focusing conditions. For measurement of
relative ion signals for different masses, several gated in
grators simultaneously monitored the ion signals for th
mass channels as a function of the UV laser wave num
For calibration of the laser wave number, scans of the
signal were taken simultaneously with a neon optogalva
spectrum and the transmission maxima of an e´talon ~free
spectral range 0.663 cm21 in the visible!.

The apparatus at the University of Illinois at Chicago h
been described previously4 and is similar to the one used a
Johns Hopkins. This apparatus was used to record
J-dependent anomalies in theF–X transitions and the cor
rection factors for theF–X transitions in HCl and DCl. The
UV laser energy was typically 0.5–1.0 mJ/pulse and w
focused between the repeller and extractor plates with a
cm f.1. lens.

III. RESULTS

A. REMPI spectra and transition energies

Since accurate line positions for only theE–X ~0,0!
band have been reported previously in the REMPI spect
of DCl, we have measured accurate transition energies
several bands of theF–X andV–X transitions. Table I pre-
sents our measured line positions for the D35Cl F–X ~0,0!
and ~1,0! bands. These line positions were fit to the expr
sion

v~J8,J9!5T01Tv8~J8!2Fv9~J9!, ~1!

where

Fv~J!5BvJ~J11!2DvJ
2~J11!2. ~2!

The resulting values of the band origin,T0, and the rotational
constants,Bv8 andDv8 , are reported in Table II. In these fits
B09 and D09 were held fixed at the values~5.39226 and
1.400631026 cm21, respectively! obtained from accurate in
frared measurements.38 Consistent with analyses by othe
workers,24,29,32we allowed for the possibility ofL doubling
by fitting the e and f symmetry levels of theF 1D state
separately.

As can be seen from Table II, our values for these
rameters agree very well with the one-photon values repo
by Douglas and Greening32 for the F–X~0,0! band. The
F–X ~1,0! band was previously reported in the REMPI spe
trum by Callaghanet al.,23 and their constants agree with th
o. 23, 15 December 1996
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TABLE I. Measured transition wave numbers for the D35Cl F 1D–X 1S1 ~0,0! and ~1,0! bands.a

J9 O(J) P(J) Q(J) R(J) S(J)

~0,0! band
0 82 940.94
1 82 929.91 82 961.10
2 82 908.27 82 939.61 82 980.78
3 82 875.94 82 906.86 82 948.35 83 000.02
4 82 832.88 82 863.89 82 905.30 82 956.90 83 018.69
5 82 810.00 82 851.47 82 902.83 82 964.92 83 036.94
6 82 786.54 82 838.46 82 900.25 82 972.60 83 054.96
7 82 762.83 82 825.00 82 897.23 82 979.69 83 072.02
8 82 738.84 82 810.99 82 893.70 82 986.03 83 088.87
9 82 714.12 82 796.81 82 889.32 82 992.33
10 82 689.36 82 781.87 82 884.75

~1,0! band
0 84 768.26
1 84 757.40 84 806.77
2 84 735.76 84 766.25 84 825.08
3 84 703.32 84 733.85 84 774.51 84 842.52
4 84 690.53 84 731.09 84 781.79
5 84 677.14 84 727.98 84 788.46
6 84 663.05 84 723.88 84 794.57
7 84 648.20 84 719.13 84 799.97
8 84 632.84 84 713.76 84 804.49
9 84 707.70

aEstimated uncertainties in the transition wave numbers60.3 cm21.
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values reported in Table II. We believe the assignment of
~1,0! band is correct for several reasons. First, the rotatio
structure is consistent withV852. In addition, this assign
ment leads to the derived vibrational spaci
DG1/251828.0~4! cm21. This value is quite close to the vi
brational spacing in the DCl1 ion,DG1/251864.0 cm21 ~Ref.
39!. A similar vibrational spacing was previously noted f
HCl(F) and HCl1 ~DG1/252516.5 and 2568.62 cm21,
respectively!,24 as expected for these Rydberg states. Fina
J. Chem. Phys., Vol. 105, N
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the only other nearbyV852 state is expected to be th
f 3D2~v851! level, which should lie;800 cm21 lower in
energy thanF 1D(v851).24 We also note that the REMP
intensity of theF–X ~1,0! band was much weaker than fo
theF–X ~0,0! band.

Douglas and Greening32 report observations of theE–X
~0,0! and ~1,0! bands in one-photon VUV absorption spe
troscopy of DCl. To complement the previous observatio
of the E–X ~0,0! and ~2,0! bands in the REMPI
termi-
TABLE II. Derived spectroscopic constants for D35Cl excited electronic states.a

State v8 T0 B8 D83104 D~35–37!b Sourcec

F 1D 0 82 909.8~3! 5.168~12! 1.6~10! This work (e)
82 909.7~2! 5.166~9! 1.4~8! This work (f )
82 909.5 5.164 1.4 Ref. 32 (e)

5.167 1.8 Ref. 32 (f )
1 84 737.8~3! 5.056~16! 1.0~17! This work (e)

84 737.8~3! 5.068~17! 2.6~18! This work (f )

V 1S1 15 84 299.4~2! 2.149~15! 25.4~17! 7.3 This work
84 298.2 2.166 24.4 7.6 Ref. 32

16 84 663.5~2! 2.387~15! 15.2~7! 7.5 This work
84 663.9 2.405 18 7.4 Ref. 32

17 84 952.6~3! 3.260~27! 31.4~48! 6.1 This work
84 952.3 3.252 34 5.9 Ref. 32

18 85 479.8~2! 2.229~20! 245.8~28! 9.2 This work
85 479.8 2.218 246 9.4 Ref. 32

19 85 843.2~2! 2.137~15! 26.9~17! 9.7 This work
85 842.8 2.143 24.9 10.0 Ref. 32

aQuoted uncertainties are one standard deviation in units of the least significant quoted digit.
bD35Cl–D37Cl isotope splitting.
cFor theF 1D state,e and f in parentheses denotes that the constants were determined by fits of lines
nating in excitede and f levels, respectively.
o. 23, 15 December 1996
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TABLE III. Measured transition wave numbers for theQ-branch lines of the D35Cl V 1S1–X 1S1 ~v8,0!
bands.a

J9

v8

15 16 17 18 19

0 84 299.17 84 663.05 84 953.00 85 479.37 85 843.84
1 84 292.58 84 657.77 84 948.69 85 473.35 85 836.38
2 84 279.76 84 645.60 84 939.41 85 460.95 85 823.48
3 84 260.74 84 627.36 84 926.04 85 442.90 85 804.03
4 84 235.47 84 602.92 84 908.16 85 418.78 85 778.21
5 84 203.58 84 571.88 84 885.51 85 389.80 85 746.33
6 84 164.38 84 534.62 84 859.55 85 355.10 85 708.05
7 84 119.18 84 490.48 84 822.98 85 316.13 85 663.61
8 84 068.65 84 440.75 85 277.26 85 613.01
9 84 013.70 84 381.48 85 556.82

aEstimated uncertainties in the transition wave numbers60.3 cm21.
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spectrum,23,24we searched for the corresponding~1,0! band,
whose origin is reported to be at 85 132 cm21 in the one-
photon absorption spectrum.32 No ion signals~parent or frag-
ment! assignable to this band were found. We scanned fr
the origin of theE–X ~0,0! band@83 948.8 cm21 ~Ref. 24!#
to 86 000 cm21. Over this wave number range, we observ
only V 1S1–X 1S1(v8,0) bands, withv8515–19.~The vi-
brational numbering was determined from analysis of
DCl emission and absorption spectra.32,33! The transition
wave numbers for theQ-branches of these bands are r
ported in Table III.~WeakS- andO-branch transitions were
also observed, but the transition wave numbers of these l
are not reported here.! The derived origins and rotationa
constants for theV–X bands are given in Table II. As can b
seen from this table, there is very good agreement of
derived constants with those reported by Douglas
Greening.32 From our signal-to-noise ratio, the REMPI inte
sity of the unobservedE–X ~1,0! band must be at least a
order of magnitude smaller than the intensities of the ad
cent observedV–X bands.

B. Intensity factors in the E–X (0,0) band

Previous REMPI experiments have shown that ioni
tion of HCl throughV8501 states leads to extensive fra
mentation, yielding both parent HCl1 and fragment Cl1 and
H1 ions.3,24,25 In a similar fashion, we find that fragmenta
tion also occurs for resonant ionization of DCl through
E 1S1 state. Figure 1 shows the REMPI spectrum of t
E–X ~0,0! band, with detection of the DCl1, Cl1, and D1

ions. We see that the relative intensities of theQ-branch
lines are similar in the three ion channels. BeyondJ959, the
Q-branch is obscured by theV–X ~14,0! band, which occurs
slightly to the red of theE–X ~0,0! band.

In Fig. 1, the DCl1 and Cl1 ion signals are comparabl
in intensity, while those for D1 ions are somewhat smalle
We also notice that lines of both the D35Cl and D37Cl isoto-
pomers are observed in the DCl1 and D1 ion channels~m/e
537 and 2, respectively!. Form/e537, these arise from the
parent ion through ionization of D35Cl and from the Cl1

fragment ion produced from D37Cl. Unfortunately, this leads
J. Chem. Phys., Vol. 105, N
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to the overlapping of several D35Cl and D37Cl lines; in par-
ticular, theQ~1! line of D35Cl is overlapped by theQ~0! line
of D37Cl.

We have measured the relative signals for detection
DCl1, Cl1, and D1 ions for resonant ionization through th
Q-branch lines of D35Cl at several UV laser pulse energie
In the absence of saturation effects in the two-photon e
tation step, alignment in the ground state, and dissociat
the theoretical REMPI intensities for DCl1 are given by

I5C@P~v9,J9!/~2J911!#q~v8,v9!S~J8,J9!. ~3!

In Eq. ~3!, P(v9,J9) is the population of molecules in th
v9,J9 level, q(v8,v9) is the Franck–Condon factor

FIG. 1. REMPI spectrum for a thermal DCl sample showing t
E 1S1–X 1S1 ~0,0! band detected in the~a! m/e537 ~D35Cl1 and37Cl1!,
~b! m/e535 ~Cl1!, and~c! m/e52 ~D1! ion channels. The ordinates in a
three panels are plotted with the same scaling. The UV laser pulse en
was 1 mJ. TheQ-branch lines of the D35Cl and D37Cl isotopomers are
indicated. TheQ-branch of theV–X ~14,0! bandhead of D35Cl is also
marked.
o. 23, 15 December 1996
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10255Dagdigian et al.: Detection of DCl by multiphoton ionization
S(J8,J9) is the two-photon rotational line strength factor40

andC is av8,J8-dependent apparatus constant which is p
portional to the square of the laser intensity, the absorp
cross section, and the quantum yield. The quantum num
v9 andJ9 denote the vibrational level and total angular m
mentum in the ground state, whilev8 andJ8 are the corre-
sponding quantities in the resonantly excited state.

The line strength factors for theQ-branch of aS–S
transition can be written as

SQ~J8,J9!5~2J911!F11~ms
2/m i

2!

3
J9~2J911!

5~2J921!~2J913!G , ~4!

where (ms
2/m i

2) is a ratio of transition dipole moments, in th
notation of Kummel, Sitz, and Zare.41 The factor (ms

2/m i
2)

may be estimated by comparing the ratio of the intensitie
the Q(2) andO(2) lines. For anO-branch transition, the
line strength factor equals

SO~J8,J9!5~ms
2/m i

2!
3J9~J921!

10~2J921!~2J911!
. ~5!

Unfortunately, theO(2) line of D35Cl @at 83 916.5 cm21

~Ref. 24!# in them/e537 channel is obscured by theQ(3)
line of D37Cl ~see Fig. 1!. Instead, we have compared th
intensities of theQ(2) andO(2) lines for 35Cl1 detection.
This ratio equals 6169 and 4166 for UV energies of 0.5 and
1 mJ, and from Eqs.~4! and ~5! we obtain (ms

2/m i
2)50.42

and 0.64, respectively. These values are similar to the r
previously reported by Spiglaninet al.3 for the HCl E–X
~0,0! band@(ms

2/m i
2)50.38#. In fact, because the second ter

in the square brackets in Eq.~4! is small compared to unity
the actual contribution of this term toSQ(J8,J9) is small
~,5%!. We have used the value (ms

2/m i
2)50.42 for the cal-

culation of these line strength factors.
Since the DCl sample in our experiment has a roo

temperature rotational state distribution, we may use Eq.~3!
to calculate the apparatus constantC for REMPI detection of
either parent or fragment ions through theQ-branch lines.
Figure 2~a! presents the measured relative apparatus cons
C for REMPI detection of D35Cl1 using theQ-branch of the
E–X ~0,0! band. In Fig. 2~b! are plotted the ratios of the io
signals for the detection of the fragment ions~Cl1 or D1! vs
the parent DCl1 ion signal for these two laser pulse energie
For both the DCl1 and D1 ion channels, we dealt with th
overlap of theQ(1) line of D35Cl by theQ(0) line of D37Cl
by subtracting an estimated contribution from the lat
based on the ratio of the D35Cl and D37Cl signals observed
for higherJ levels.

We normally expect the ion signals to scale as the squ
of the laser pulse energy, if the two-photon excitation ste
not saturated and the ionization step is saturated. To facil
comparison of the apparatus factor at 0.5 and 1 mJ, we m
tiplied the signals at the lower laser energy by 4. We see
Fig. 2~a! that the energy-scaled factorsC for the two pulse
J. Chem. Phys., Vol. 105, N
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energies are almost superimposable, indicating that the
ent ion signals do scale with the square of the laser pu
energy under our conditions.

Figure 2~b! shows that ion fragmentation occurs mu
more readily for low-J levels than for high-J levels of DCl.
Indeed, forJ<4, the fragment Cl1 signal is greater than tha
for the parent ion. We also see that the ratio of the Cl1 to
DCl1 signals is independent of the laser pulse energy un
the conditions investigated. In contrast, the fragment D1 sig-
nals are significantly smaller than the corresponding pa
ion signals; moreover, the D1 signal is considerably reduce
at the lower laser pulse energy.

C. Rotational intensity anomalies in the HCl and DCl
REMPI signals

In previous studies with room-temperature samples,3–5 it
was found that the intensities of the HClF–X and E–X
transitions deviate from the values expected for a Boltzm
population, suggesting the existence of predissociative
mechanisms. We report here similar behavior for theF–X
~0,0!, F–X ~1,0!, andE–X ~0,0! bands of DCl, displayed as
‘‘Boltzmann plots’’ in the top panels of Figs. 3–5, respe
tively. For this isotopomer, the intensity loss due to pred
sociation increases monotonically for both bands of theF–X
transition, while for theE–X ~0,0! band the intensity loss is
greatest for smallJ. Empirical correction factors were calcu
lated by equating the experimental parent ion signals w
the Boltzmann populations atJ953 for theF–X bands and
at J958 for theE–X band. These results are listed for th
F–X bands in Tables IV and V. In determining the ion in
tensities for these bands, the laser energy was kept below

FIG. 2. The apparatus constantsC @defined in Eq.~3!# for REMPI detection
of theQ-branch lines of the D35Cl E–X ~0,0! band, with 0.5~circles and
dotted lines! and 1 mJ~squares and solid lines! UV laser pulse energies.~a!
presents the empirical correction factorsC. The values for 0.5 mJ pulse
energy were multiplied by 4~to correct for an assumed quadratic ener
dependence! and normalized to unity forJ858. ~b! presents ratios of theC
factors for detection of Cl1 vs DCl1 ~solid symbols! and for detection of D1

vs DCl1 ~open symbols! at 0.5 and 1 mJ pulse energy.
o. 23, 15 December 1996
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10256 Dagdigian et al.: Detection of DCl by multiphoton ionization
mJ/pulse; at higher energy, saturation begins to set in,
the intensity on theR(1) line starts to become depress
relative to the intensities of the other lines.

Liyanage et al.5 presented previously a ‘‘Boltzman
plot’’ for the HCl F–X ~0,0! transition. Empirical correction
factorsC for the HCl F–X ~0,0! and ~1,0! transitions are
listed in Tables VI and VII, respectively. TheC factors were
normalized in these tables by equating the experimental
ent ion signals with the Boltzmann populations atJ9512 and
5 for the~0,0! and~1,0! bands, respectively. For compariso
with the corresponding DCl transition, we present in the
panel of Fig. 6 a ‘‘Boltzmann plot’’ for the HClE–X ~0,0!
transition. As noted previously,3 we see that the intensity los
increases with increasing rotational energy.

D. Comparison of HCl and DCl REMPI sensitivities

The most convenient transitions with which to compa
the relative concentrations of HCl and DCl are their resp
tive F–X ~0,0! bands since the origins of these bands

FIG. 3. The DClF 1D–X 1S1 ~0,0! transition.~Top panel! Boltzmann plot
of the apparent rotational populations~obtained by dividing the experimen
tal parent ion signal by the rotational line strengthS!. The line indicates the
population for a 300 K thermal distribution, divided by the~2J911! degen-
eracy.~Bottom panel! Plot of the intensity anomaly vsJ8~J811!. The filled
circles are the average of theP-, Q-, andR-branches. The curve is a lea
squares fit, calculated according to the model described in the text.
J. Chem. Phys., Vol. 105, N
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only 37 cm21 apart, and excitation through theF state is
observed to lead to exclusive formation of parent ions. W
have compared the relative intensities, for excitation throu
theR(1) lines, of the respective bands of these isotopom
In this study, HCl or DCl was bled in separate runs throu
a leak valve into the ionization-extraction region of th
TOFMS. The HCl and DCl pressures were determined w
an ionization gauge, which was assumed to have the s
calibration factor for both isotopomers. Between these ru
the glass gas-handling manifold was evacuated with a di
sion pump, and the walls were passivated.

The measuredR(1) ion signal intensities were measure
and converted into apparatus detection factorsC @see Eq.
~3!# by taking into account the fraction of the total conce
tration of each isotopomer in theJ951 rotational level. We
plot in Fig. 7~a! the relative values of the factorC for H35Cl1

and D35Cl1 detection as a function of the square of the U
laser pulse energy, for equal partial pressures of HCl
DCl. We see that the H35Cl1 ion signal from ionization of
HCl scales as the power squared up to 1.3 mJ, the hig
pulse energy investigated. In contrast, the D35Cl1 signal
from ionization of DCl demonstrates the onset of saturati
as noted in the previous section, and falls below this sca
law at pulse energies slightly less than 1 mJ. Figure 7~b!

FIG. 4. Same as Fig. 3, for the DClF 1D–X 1S1 ~1,0! transition.
o. 23, 15 December 1996
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10257Dagdigian et al.: Detection of DCl by multiphoton ionization
presents a plot of the ratio of the detection factorsC for DCl
vs HCl as a function of the UV laser pulse energy. We s
that the detection sensitivity for DCl is significantly great
than for HCl. In addition, because of the saturation of
DCl1 ion signal, noted in Fig. 7~a!, this ratio displays a
significant dependence on the laser pulse energy above
mJ.

In practice, it is often convenient to raise the laser pro
energy into the partially saturated regime@.0.8 mJ in Fig.
7~b!# in order to maximize the detected product signal.
deed, this was done in our recent studies of the DCl vs H

FIG. 5. The DClE 1S1–X 1S1 ~0,0! transition. ~Top panel! Boltzmann
plot of the apparent rotational populations~obtained by dividing the experi-
mental parent ion signal by the rotational line strengthS!. The line indicates
the population for a 300 K thermal distribution, divided by the~2J911!
degeneracy.~Middle panel! Plot of the intensity anomaly for theQ-branch
vs J8~J811!; the curve is a least squares fit, calculated according to
model described in the text.~Bottom panel! Percent contributions of the
E 1S1, g 3S0

2 , andV 1S1 basis functions to theE 1S1 ~v850! eigenfunc-
tions.
J. Chem. Phys., Vol. 105, N
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TABLE IV. Correction factorsa for the D35Cl F 1D–X 1S1 ~0,0! band.

J9 C(P) C(Q) C(R)

0
1 0.990
2 0.995 1.112
3 0.994 0.772 1.107
4 0.735 0.949 1.099
5 0.606 0.888 1.173
6 0.615 0.989 0.908
7 0.607 0.817 0.858
8 0.560 0.870 0.845
9 0.627 0.485 0.516
10 0.517 0.199 0.271
11 0.314 0.294 0.371
12 0.183 0.464 0.466
13 0.197 0.671
14 0.635
15 0.946

aThe factorC, defined in Eq.~3!.

TABLE V. Correction factorsa for the D35Cl F 1D–X 1S1 ~1,0! band.

J9 C(P) C(Q) C(R)

0
1 1.000
2 0.808 0.900
3 0.986 0.999 0.996
4 0.971 0.752 0.779
5 0.999 0.728 0.710
6 0.859 0.651 0.554
7 0.791 0.681 0.476
8 0.557 0.742 0.539
9 0.475 0.569 0.489
10 0.435 0.466 0.583
11 0.322 0.474
12 0.230 0.395

aThe factorC, defined in Eq.~3!.

TABLE VI. Correction factorsa for the H35Cl F 1D–X 1S1 ~0,0! band.

J9 C(P) C(Q) C(R)

0
1 0.573
2 0.812 •••
3 0.778 0.623 0.500
4 0.577 0.444 0.419
5 0.405 0.365 0.385
6 0.373 0.334 0.391
7 0.300 0.313 0.392
8 0.319 0.324 0.573
9 0.347 0.280 •••
10 0.664 0.911
11 1.019 1.055
12 1.020 1.000

aThe factorC, defined in Eq.~3!.
o. 23, 15 December 1996
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10258 Dagdigian et al.: Detection of DCl by multiphoton ionization
product branching in the Cl1~CH3!3CD and CD3CH2CD3
reactions.19,27 Under these circumstances, it is important
ensure that the calibration of the relative detection sensi
ties is carried out under similar conditions.

FIG. 6. Same as Fig. 5, for the HClE 1S1–X 1S1 ~0,0! transition.

TABLE VII. Correction factorsa for the H35Cl F 1D–X 1S1 ~1,0! band.

J9 C(P) C(Q) C(R)

0
1 0.893
2 0.282 0.774
3 0.762 0.687 0.999
4 0.908 0.703 0.999
5 0.861 1.000 0.857
6 1.000 0.805 0.608
7 0.999 0.637 0.459
8 0.585 0.689 0.271
9 0.477

aThe factorC, defined in Eq.~3!.
J. Chem. Phys., Vol. 105, N
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IV. DISCUSSION

We have found for theE state of DCl that the ratio of
fragment~both Cl1 and D1! to parent ion signals decrease
significantly with increasingJ8. From the point of view of
detection of DCl in a reaction mixture, the observation o
fragment ion, particularly D1, in REMPI detection may be
advantageous. For example, a strong Cl1 signal from non-
resonant ionization of a reagent, for example Cl2, could ob-
scure the observation of the parent ion, whereas detectio
D1 might be cleaner because of its short flight time.

The formation of fragment ions in the wavelength ran
we have probed requires the absorption of at least four p
tons. Green and Wallace25 have discussed extensively th
processes which could lead to the formation of fragment i
in the multiphoton ionization of HCl. They concluded th
for V8501 states above theV 1S1(v853) level, the most
likely process involves an indirect dissociation of thre
photon excited HCl to form ground and electronically e
cited atoms, which are then subsequently ionized by the
sorption of one more photon,

HCl**→H1Cl* ~nl ! ~6a!

→H* ~nl !1Cl, ~6b!

H* ~nl !1hn→H11e2, ~7!

Cl* ~nl !1hn→Cl11e2. ~8!

The excited atomic states, in particular H* ~n52! and
Cl* (2D0,2S0), have been observed by photoelectr

FIG. 7. ~a! Apparatus constantsC @see Eq.~3!# for REMPI detection
through theF–X ~0,0! R~1! lines of H35Cl ~circles connected by solid lines!
and D35Cl ~squares connected by dashed lines!, plotted as a function of the
square of the UV laser pulse energy. For both isotopomers,C was normal-
ized to unity for D35Cl at 1 mJ pulse energy. The values ofC for H35Cl have
been multiplied by a factor of 4.~b! Plot of the ratio of theC constants for
D35Cl vs H35Cl as a function of the UV laser pulse energy.
o. 23, 15 December 1996
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10259Dagdigian et al.: Detection of DCl by multiphoton ionization
spectroscopy.35 At our experimental energies the only acce
sible excited states are H~n52! and those derived from
Cl(3p44s) and Cl(3p44p). Fluorescence measuremen
have shown that the H~n52! product is a minor
component.42,43

The intensity anomalies in the REMPI spectra of H
and DCl can be understood by considering the competi
between the rates of predissociation and photoionization
the excited states.5 We start by expressing the two-photo
excited state eigenfunctionuC& as a linear combination o
interacting zero-order statesus&,

uC&5(
s
csus&. ~9!

The predissociation rate ofuC& is proportional to the square
matrix element

u^CuHux&u2}(
s
cs
2ks12(

s,s8
pss8cscs8~ksks8!

1/2, ~10!

whereH is the operator that couplesuC& to the continuum
stateux&, ks is the predissociation rate ofus&, andpss8 is a
phase factor equal to61. In addition to predissociating,us&
can also absorb another photon and ionize at a rateGs . We
define the ratio of dissociation to ionization rates as

gs5ks /Gs . ~11!

The intensity anomaly~i.e., the missing signal due to th
predissociation channel! can then be written as

I t /I e215(
s
cs
2gs12(

s,s8
pss8cscs8~gsgs8!

1/2, ~12!

whereI t is the signal that would be obtained if the state we
unperturbed, andI e is the observed~perturbed! signal.@Note
that if gs50 ~no predissociation!, thenI t5I e .#

We illustrate these results for the simple case of t
interacting states,

uC&5c1uC0&1c2ud&, ~13!

where uC0& is a discrete state andud& is a dissociative per-
turbing state. The intensity anomaly is given in this case

I t /I e215c1
2g11c2

2g212p12c1c2~g1g2!
1/2. ~14!

Settingg150 for uC0& gives

I t /I e215c2
2g2 . ~15!

Using first-order perturbation theory, we obtain forc1 andc2

c15@11~H12/DE!2#21/2 ~16!

and

c25c1H12/DE, ~17!

whereH12 is a matrix element of the electronic Hamiltonia
connecting states 1 and 2,DE is the energy splitting of the
unperturbed states, andH12!DE. In this limit, we obtain

I t /I e215~H12/DE!2g2 . ~18!
J. Chem. Phys., Vol. 105, N
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As discussed previously in detail for HCl,5 theF 1D state
is coupled by non-Born–Oppenheimer interactions with p
dissociating excited states, which lead to a loss of ion int
sity. For theF 1D state, this mixing is dominated by th
L-uncoupling operator, which mixesD andP states,

^F 1D2 ,v8u2B~J1L21J2L1!uC 1P1 ,v9&

52Bv8,v9b@J~J11!22#1/2, ~19!

whereas, for theE 1S1 state, it is governed predominantly b
an electrostatic interaction which mixesE 1S1 with V 1S1.
In addition, for theF 1D state, we must also consider spin
orbit coupling to thef 3D2 state, which in turn is coupled to
the b 3P1 state by an expression equivalent to Eq.~19!. In
Eq. ~19! Bv8,v9 is a rotational overlap integral,

Bv8,v95^v8u\2/2mR2uv9&, ~20!

andb is proportional to anl -mixing coefficient,

b521/2C4p . ~21!

The (X 2P)4pp Rydberg states~e.g.,F 1D and f 3D! can
interact with (X 2P)4ss states~e.g.,C 1P andb 3P# only if
4ss has some 4ps character, with a mixing coefficien
C4p.

26

Thee 3S1 state plays only a minor role in the perturb
tion of theF andE states because it does not couple direc
to either of them.~The matrix elements for the spin–orbi
rotation, and electrostatic terms in the Hamiltonian coupl
these states are all zero.26! Moreover, thee state is too re-
mote energetically from theF state to interact with it
significantly.25 Indirect coupling via spin–orbit mixing with
thed 3P state was included in the calculation but had only
minor effect.

A. F–X (0,0) transition of DCl

The F 1D(v850) state of DCl~n00582 883 cm21! is
perturbed by theb 3P1(v854) state ~n00582 7506300
cm21! via theL-uncoupling operator. Before evaluating th
strength of this interaction, we must first take into accou
the spin–orbit mixing ofF 1D with f 3D2 and C 1P with
b 3P1. The spin–orbit mixed states are given by

uF 1D2~v850!&85a1uF 1D2~v850!&0

1a2u f 3D2~v850!&0, ~22!

and

ub 3P1~v854!&85b1uC 1P1~v853!&0

1b2ub 3P1~v854!&0, ~23!

wherea1 anda2 are estimated
44 to be 0.88 and 0.47, andb1

andb2 are estimated to be 0.8 and 0.6. In Eqs.~22! and~23!,
the primes refer to spin–orbit mixed states and the sup
scripts 0 refer to zero-order states. Identifyin
uF 1D2(v850)&8 with uC0& andub 3P1(v854)&8 with ud& in
Eq. ~13!, we obtain

H125a1b1
0^F 1D2~v850!u2B~J1L21J2L1!u

3C 1P1~v853!&0

5221/2C4pa1b1B0,3@J~J11!22#1/2, ~24!
o. 23, 15 December 1996

t¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp



ith

g

le
on
n-

t

th
fi
or

ia

e

s

es

-
tion

l

-

he

a-

es

-

al
er-
ou-

a-

t.

10260 Dagdigian et al.: Detection of DCl by multiphoton ionization
whereB0,3 is estimated from Eq.~20! to equal 1.23 cm21.
The triplet part of theuF 1D&8 wave function contributes very
little toH12 becauseB0,4 is small. Inserting Eq.~24! into Eq.
~18!, we obtain a reasonable fit of the intensity anomaly w
parametersC4p

2 g'5.4 for C 1P(v853), C4p
2 g'13, B54.7

cm21, and a term energy of 82 990 cm21 for b 3P1(v854),
and p521, as shown in the bottom panel of Fig. 3.@It is
important to note that, as seen from Eq.~15!, we cannot
obtainC4p andg independently.#

Previously, we obtainedC4p
2 g'60 for theC 1P(v852)

state of HCl.5 Assuming that the ionization rates and mixin
coefficients for HCl and DCl are approximately equal,45 the
much smaller value ofC4p

2 g obtained for DCl implies a cor-
respondingly smaller predissociation rate for this molecu
This conclusion is qualitatively consistent with the larger i
production efficiency of DCl shown in Fig. 7. It is also co
sistent with the one-photon spectra of Tilfordet al.,29 in
which theC 1P(v853)←X transition of DCl is rotationally
resolved, whereas theC 1P(v852)←X transition of HCl is
not.

B. F–X (1,0) transition of DCl

The analysis of theF 1D(v851)←X 1S1(v950) tran-
sition is similar to the corresponding~0,0! band, except tha
here the interaction is between theF~v851, n00584 735
cm21! and C~v854, n00584 941 cm21! spin–orbit mixed
states. Here we identifyuC0& with

uF 1D2~v851!&85a1uF 1D2~v851!&0

1a2u f 3D2~v851!&0, ~25!

and ud& with

uC 1P1~v854!&85b1uC 1P1~v854!&0

1b2ub 3P1~v855!&0, ~26!

in which a1'0.88,a2'0.45,b1'0.8, andb2'0.6. The best
fit to the data was obtained forC4p

2 g2'50, where for sim-
plicity we assumed that this quantity is the same for both
b andC states. As seen in the bottom panel of Fig. 4, the
was not as good in this case. A possible cause for this po
fit is that we assumed a common value ofg2 for all perturb-
ing states, whereas in fact the ratio of ionization to dissoc
tion rates is probably state-dependent.

C. F–X transitions of HCl

The F 1D(v850)←X 1S1(v950) transition in HCl
has already been analyzed in Ref. 5. The~1,0! transition can
be similarly analyzed in terms of an interaction betwe
F 1D~v851, n00585 363 cm21! and b 3P1~v854,
n00585 1626300 cm21!. In this case,H12 has non-
negligible contributions from both singlet and triplet state
A reasonable fit was obtained forC4p

2 g2'6.3, as shown in
Fig. 8. The smaller value of this quantity for HCl indicat
J. Chem. Phys., Vol. 105, N
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that HCl~F 1D2, v851! dissociates more slowly than
DCl~F 1D2, v851!. ~This is opposite the usual isotope de
pendence and is further evidence of a special predissocia
mechanism.!

D. E–X (0,0) transitions of DCl and HCl

As shown in the middle panels of Figs. 5 and 6 for DC
and HCl, respectively, theJ8 dependence of the
E 1S1(v850)←X 1S1(v950) intensity anomaly differs
qualitatively from that of theF–X transitions. For HCl the
intensity anomaly of theE–X transition increases monotoni-
cally for J8.4, while for DCl it decreases smoothly with
increasingJ8. The E state is perturbed mainly by electro
static interaction with different vibrational levels of the
V 1S1 state and spin–orbit mixing with theg 3S0

2 state.
Since theV state is also mixed with otherV501 states, a
complete deperturbation requires diagonalization of t
Hamiltonian connecting all interacting vibronic states~36 in
total!. Such an analysis will be deferred to a future public
tion.

Here we show that a truncated analysis, that includ
only four vibrational levels of theV 1S1 state andv850 of
theg 3S0

2 andE 1S1 states, is sufficient to explain the main
features of the intensity anomaly. For HCl, the levels in
cluded werev858211 ~n00582 226, 82 839, 83 433, and
84 207 cm21!, and for DCl the levels werev8512–15
~n00582 942.2, 83 389.4, 83 739, and 84 298 cm21!. Param-
eters in the Hamiltonian include the term values, rotation
constants, and rotational distortion constants of the unp
turbed electronic states, spin–rotation and spin–spin c
pling constants for the3S2 state, spin–orbit interaction con-
stants between the3S2 state andV 1S1 andE 1S1, and the
electrostatic interaction energy between theV andE states.
The Hamiltonian was diagonalized, with the unknown p

FIG. 8. Intensity anomaly for the HClF 1D–X 1S1 ~1,0! transition. The
filled circles are the average of theP-, Q-, andR-branches. The curve is a
least squares fit, calculated according to the model described in the tex
o. 23, 15 December 1996
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10261Dagdigian et al.: Detection of DCl by multiphoton ionization
rameters optimized by a least squares fit to the term value
all the observed rotational levels. From the eigenfunctions
the Hamiltonian, we determined the fractional contributio
of the zero-order states to the perturbed wave function.

The results of this inversion are plotted in the botto
panels of Figs. 5 and 6. The key to understanding the in
sity anomaly is the contribution of theV state to the total
wave function. Since the electronic configuration of this st
is sp4s*5(A 2S1)3ps* , direct ionization to produce the
ground state ion configuration,s2p35X 2P, involves a two-
electron change,25 which is forbidden to first order. By con
trast, the configuration of the unperturbedE 1S1 Rydberg
state is ~s2p3!4pp, and promotion of only one electro
(4pp) to the continuum is required to yield theX 2P ion
core. Although theV state cannot be ionized by a one-phot
process, itcanbe promoted to a predissociated superexci
state.

Both the single-photon ionization of theE state and the
single-photon dissociation of theV state contribute to the
intensity anomaly. Examination of the state characters p
ted in the bottom panel of Fig. 6 shows that the totalV 1S1

contribution to the eigenstate of HCl increases monotonic
with J8, with most of the contribution coming fromv8511.
This trend is in qualitative agreement with the observed
tensity anomaly for HCl, which also increases monotonica
with J8. A near qualitative fit of the anomaly, shown in th
middle panel of Fig. 6, was obtained with the paramet
gv8510'15, gv8511'2, andp521. ~The sign ofp accounts
for interfering contributions from different vibrational leve
of theV state.!

Qualitatively different behavior was found for DCl. I
this case, the fraction ofV 1S1 character is nearly constan
for J8<7. At low J8, v8514, andv8515 contribute approxi-
mately equally, while at higherJ8, v8515 dominates. The
decreasing intensity anomaly at highJ8 may be understood i
gv8515 ! gv8514. The fit shown in the middle panel of Fig. 5
obtained forgv8515'4, gv8514'8, and p521, describes
well the monotonic decrease in the intensity anomaly
higher J8. Our determination ofg.1 provides a clue as to
the identity of the predissociated superexcited state. W
et al.42 observed that the autoionization and fluoresce
spectra of HCl between 76 and 84 nm do not coincide, in
cating that predissociation is at a maximum where the a
ionization rate is near a minimum. At the three-photon~211!
energy corresponding to the two-photonE–X transition,
Frohlichet al.43 observed a maximum in the predissociati
spectrum, which they assigned to th
1S1[(A 2S1)3ds,v854] level ~see Fig. 7 of Ref. 43!. Fi-
nally, Lefebvre-Brion and Keller46 showed that this state i
predissociated by the3P0@~

4P!4ss# state.
In conclusion, we have found very different mechanis

for the multiphoton ionization of theE andF states of HCl
and DCl. TheF state undergoes direct ionization which pr
serves the ionic core and yields only molecular ions.36 The
intensity anomaly is caused by rotational mixing of theF
state with a predissociated triplet Rydberg state. Predisso
tion of this state~at the two-photon level! competes with
absorption of a third, ionizing photon, resulting in
J. Chem. Phys., Vol. 105, N
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J8-dependent intensity loss in the ion yield. TheE state, on
the other hand, is mixed with a bound singlet valence st
Absorption of a third photon produces a superexcited s
which can either autoionize or predissociate, with the fi
process deriving from the zero-order Rydberg characte
the eigenstate and the second from the valence characte
analogous situation exists in the multiphoton ionization
the Na2 molecule. The 2

1Pg state can absorb a photon at i
inner turning point to form the molecular ion, or it can a
sorb a photon near its outer turning point to reach a dis
ciative state that yields Na1Na1. The ratio of atomic to mo-
lecular ions can be controlled by varying the delay betwe
the pump laser, which populates the 21Pg launch state, and
the probe laser, which populates the superexcited state.47
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