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The bimolecular gas-phase reaction between suprathermal atomic deuterium atoms and jet-
cooled deuterium iodide, D + DI — D, + I, was used to generate a wide range of rovibrationally
excited deuterium molecules, D,. Using (2 + 1) resonance-enhanced multiphoton ionization
spectroscopy, we measured many previously unreported E, F'=} (vp = 0and |, J' = J")-X
'Z} (v" = 0-5, J") two-photon transition energies, for rotational levels that range from J” = 0
to 26. Experimental observation of many transitions corresponding to high rotational levels allowed
the testing of higher-order molecular constants for the X 'Z; ground state as well as for the E, F
'Z7 excited electronic state. Significant discrepancies were found between observed transition
energies and those calculated from known molecular constants (i.e., more than a few hundred
cm™") for the higher rotational levels. Separately, rovibrational term values of the X 'Z} ground
state and E, F T} state were calculated, using ab initio methods, to provide calculated transition
energies. Excellent agreement is observed between the experimental and ab initio calculated tran-
sition energies, which confirms the accuracy of the theoretical potentials. © 1995 Academic Press, Inc.

INTRODUCTION

Characterization of the energy levels of molecular hydrogen and its isotopomers is
a classic problem in molecular spectroscopy. The ground state of molecular deuterium,
the molecule of interest in this study, has been characterized in such detail that little
would seem to remain unknown about its nature and energy levels. Although this
assumption is true for low rotational levels over a wide range of vibrational states,
whose energies are accurately known to within hundredths of cm™ (1), it is not true
for the higher rotational energy levels. Even for the X 'Z; ground state, only the
relatively low rotational levels J” have been identified experimentally (typically J” <
10 for v” = 0-1) (1-4). As shown below, molecular constants derived from this limited
set of data are not accurate enough to describe higher rotational energy levels.

The various electronic and rovibronic levels of molecular deuterium have been
identified using absorption and emission spectroscopy {3, 5-9), spontaneous Raman
scattering (1), coherent anti-Stokes Raman scattering (CARS) (10), and resonance-
enhanced multiphoton ionization (REMPI) spectroscopy (//-16). Various electronic
states of D, have been characterized, and tables of rovibronic term values have been
compiled (17). So far, numerous electronic and corresponding vibrational states have
been studied experimentally, but only a relatively small range of rotational states has
been covered. Because of the large rotational constants of ground state molecular
deuterium (B, = 30 cm™!), which result in widely spaced rotational energy levels,
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only a few of the lowest rotational levels are populated at room temperature. Exciting
molecular deuterium by using a discharge source leads to relatively little rotational
excitation, although high vibrational levels can be populated in this manner (5). Thus,
acquiring high rotational excitation of molecular deuterium requires the use of alter-
native methods.

A carefully chosen photodissociation or bimolecular reaction can efficiently generate
highly rotationally excited molecules (10, 18, 19). For example, the H + HI = H, +
I reaction has been used to generate highly excited rovibrational levels of H,, whose
ground state X 'Z} (v”, J”) energy levels were subsequently identified using CARS
(10) and (2 + 1) REMPI spectroscopy via the E, F 'Z] electronic state (18). The
latter (2 + 1) REMPI detection scheme has been widely used for the determination
of H; population distributions in combustion environments and for the study of gas-
phase (18, 20-28) and surface reactions (29). For a somewhat limited set of rovibra-
tional levels, this REMPI scheme has been used previously to detect D, as well (16,
20). This REMPI scheme enables ultrasensitive and state-selective detection of scattered
reaction products and trace gasses (27, 28, 30). However, reliable use of this scheme
requires accurate knowledge and precise assignments of the transition energies for a
broad range of rotational and vibrational levels.

Theoretical calculations are not hampered by the above-mentioned experimental
obstacles, and high-level ab initio calculations have been reported for the X 'Z} ground
state for a wider range of rotational levels than observed experimentally. Several high-
level ab initio calculations show close agreement with experimentally established data
for low rotational levels (37-35). In a recent study Yu and Dressler (35) calculated
the rovibronic structures for all electronic states below the 1s + 2/ dissociation limit,
incorporating both adiabatic corrections and nonadiabatic coupling. Only rotational
levels up to J = 5 were considered, however.

The lowest 'Z excited electronic state of molecular deuterium, the 'E} E, F state,
1s characterized by a double-minimum potential. Both the inner well (E state) and
the outer well ( F state) support bound vibrational levels. In the inner well, four vi-
brational levels are located, v = 0, 1, 2, and 3, respectively, which correspond with
ver = 0, 2, 6, and 9. The ordering of the vibrational levels in the inner and outer wells
is J-dependent, however, as the rotational energy spacing in the outer F well is smaller
than in the inner well. Recently, accurate characterization of the E, F ‘2; state has
become an important parameter in the precise determination of the ionization potential
of D, (4, 14, 36). Reported rovibrational levels of the E, F 'Z} state of molecular
deuterium identified via emission spectroscopy generally cover a wide range of vibra-
tional levels (3, 5), but once more the observed range of rotational levels is Limited
from, typically, J' = 0 to 10. The currently used rotational constants (37) for the first
two vibrational levels of the E state have been determined from this rather small range
of rotational states. The E, F 'E; state of molecular deuterium has also been char-
acterized theoretically (35, 38-41).

In the present study we measured rovibrational population distributions of D, formed
via the D + DI - D, + I reaction for v” = 0 to v” = 5, observing rotational levels ranging
from J” = 0 to 26. D, was detected using (2 + 1) REMPI spectroscopy via the E, F
'Z7 state. The rovibrationaldistributionsand velocity distributionsof the D, products
will be reported elsewhere (30). Here we compare experimentally determined E, F 'Z]
(vg=0and 1, J' = J")-X 'Z} (v" = 0-5, J") transition energies, measured in units of
cm™!, with our calculated values and with transition energies obtained from currently
available molecular constants for the X 'Z; ground state and the E, F 'Z Jexcited state.
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METHODOLOGY
Experimental Procedures

REMPI spectra of D, were recorded using an ion-imaging apparatus described pre-
viously (42). In brief, DI (Cambridge Isotopes Laboratories, 99% D, backing pressure
8 psig [150 kPa]) is expanded supersonically into a source vacuum chamber through
a solenoid valve (General Valve Series 9). Approximately 1 cm from the nozzle surface,
the beam is skimmed (Beam Dynamics, orifice, 0.8 mm diameter) and collimated by
a hole (1 mm diameter) in the repeller plate. The background pressure in the detection
chamber is typically 107® Pa and increases to 10> Pa when the pulsed (30 Hz) DI
molecular beam is on. Translationally hot D atoms, formed in the beam via photolysis
of DI, subsequently react with the residual DI in the beam to produce the D, (v, J)
products; that is, the single beam expansion provides both reagents needed for the
reaction. Under our experimental conditions, the collision energies for the D + DI
reaction reach 3 eV. Additionally, the D + DI — D, + I reaction is exothermic by
1.46 eV. These conditions result in the formation of highly internally excited rovi-
brational product states of molecular deuterium.

In our experiments, a single ultraviolet laser pulse is used to photolyze the DI and
to photoionize and detect the D, (v, J) products. Thus, photolysis, reaction, and state-
selective product ionization occur during a single laser pulse ( ~5-nsec duration). The
laser wavelengths in the (2 + 1) REMPI spectra range from 204 to 236 nm. Generation
of the required UV laser pulses is done by frequency doubling (Inrad ) of an injection-
seeded Nd:YAG-pumped dye laser (Spectra Physics GCRS, PDL 2) using KD*P
crystals. The frequency-doubled dye output is sum-frequency mixed (Inrad) with the
residual dye laser fundamental using appropriate BBO crystals. For the 204- to 233-
nm wavelength range we use several dyes (R640, a mixture of R640 and DCM, DCM,
and LDS 698). UV output powers are kept constant as much as possible at 300 + 30
wJ per pulse. The bandwidth of the UV laser pulses is less than 1 cm™!. Using dichroic
mirrors, we cross the UV light with the molecular beam and focus it using a lens (/
= 15 cm). After the state-selective photoionization of D, (v, J) molecules, D3 ions
are accelerated along a 20-cm-long flight tube and impinge on a two-dimensional,
position-sensitive detector. The detector consists of a pair of chevron microchannel
plates (Galileo, 7.62 cm diameter) coupled to a fast phosphor screen (P47 Phosphor,
80-nsec decay time). Mass-selective detection of the D7 ions is accomplished by setting
a boxcar gate on the D3 mass peak in the time-of-flight spectrum. The integrated
phosphorescence of the phosphor screen, induced by impinging ions on the micro-
channel plates, is recorded using a photomultiplier tube.

Ab Initio Calculations

Theoretical transition energies are obtained from the differences between the ab
initio rovibrational energies of the X '=} and E, F '] states of D, plus the differences
between their electronic term values (37). The rovibrational energy levels of each
electronic state are obtained by solving the rovibrational Schridinger equation for
each pair of (v, J) energy levels. For the X 'Z} state, the adiabatic potential tabulated
by Schwartz and Le Roy (33), which includes both relativistic and radiative corrections,
was used for the vibrational motion, and for the E, F 'Z; state, the nonrelativistic
adiabatic potential came from the work of Wolniewicz and Dressler (43). The Nu-
merov-Cooley (see Refs. 44, 45) method was employed for the numerical solution
of the one-dimensional Schrodinger equation of vibrational motion,
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Note that analytical expressions for the nonadiabatic energy corrections of the
rovibrational levels of the X 'Z; are available (33, 46). However, in view of the fact
that the corresponding analytical corrections are not available for the E, F 'Z] state
(35, 47), the present calculations employ the adiabatic approximation throughout, so
that the transition energies are determined at a given level of approximation. Comparing
our calculated adiabatic dissociation energies of the ground state with Wolniewicz’s
nonadiabatic results (46) available for v = 0-5 and J < 10, it is found that the non-
adiabatic correction is dependent on J and v. For J = 0, the nonadiabatic correction
is0.02 cm™!' at v = 0 and increases t0 0.27 cm ' at v = 5. For J = 10 the v-dependence
is much weaker; the nonadiabatic correction varies from 0.68 cm ! at v = 0 to 0.81
cm™! at v = 5. Comparing the adiabatic energies of the E state with the nonadiabatic
results of Yu and Dressler (35) available for J < 5 shows that at J = 0 the difference
is 1.34 and 1.88 cm ! for v = 0 and 1, respectively. At J = 5, the difference is 1.22
and 2.06 cm™!. Thus the nonadiabatic corrections for the E state are larger than those
for the X state. It is expected that the nonadiabatic corrections for the E state levels
will be larger at high J.

RESULTS AND DISCUSSION

More than 200 resonant transitions have been observed in the wavelength range
studied. Part of the D, REMPI spectrum is shown in Fig. 1, together with some of
the assignments. Only Q-branch transitions are observed. While O- and S-branch
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FIG. 1. (2 + 1) REMPI spectrum of the D, E, F'Z} (vp=0and 1, J' = J")-X 'Z} (v" = 1-4, J") bands
between 88 200 and 92 300 cm™'. The assigned Q-branch transitions are indicated at the top of the figure.
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TABLE 1

Calculated versus Observed E, F 'Z} v = 0,J' = J")-X 'Z} (vyn, J”) Transition Energies (cm™)

=) v'=03 v'=0b vi=l1a v'=1b V=22 y'=2b v'=32 y'=3b Vv'=41 y'=4b v=52 y'=5b
0 99460.11 96469  96466.56 93592 9359210 90835  90834.67 88194  B8I92.60 85666 85664.71
1 99432.38 96441 96440.94 93570 93568.56 90813 90813.16 88174  B8I73.11 85647 85647.24
2 $9377.07 96391  96389.83 93523 93521.59 90771 90770.28 88139 B8134.26 85614  85612.39
3 99294.45 96310  96313.52 93454 9345147 90706  90706.26 88081  B8076.28 85559  §5560.41
4 99184.95 96213 96212.39 93363 9335857 90622  90621.47 88003  B7999.52 85492 8549161
5 99049.10 96086  96086.96 93243 93243.38 90516 9051637 87906  87904.41 85407 85406.43
6 98887.58 95940  95937.87 93109  93106.51 90392 90391.55 87794 8779151 85306  85305.38
7 98701.14 95764  95765.83 92947  92948.64 90248 90247.65 87662 87661.44 85188  85189.05
8 98450.65 95573 95571.69 92771 92770.56 90083 9008542 87515 8751491 85059  85058.13
9 98257.06 95353 95356.32 92571 92573.12 89503  89905.67 87350 87352.68 84914 8491333
10 98001.35 95119 95120.67 92353 92357.20 89709 89709.24 87175 87175.56 84755.41
n 97726 97724.60 94867  94865.76 92123 92123.78 89500  89497.04 86982  86984.40 84585.20
12 97428 97427.90 94593 94592.62 91876  91873.83 89272 89270.00 86778 B6780.09 84401.53
13 97113 9711236 94297 9430229 91613 91608.33 89027  89029.05 86562  86563.51 84211.23
1 96780 96779.11 93950  93995.85 91331 9132831 88776 88775.16 86331 8633557 84009.18
15 96430 96429.29 93675  93674.37 91036  91034.76 88508  B8509.27 86096  86097.16 83798.21
16 96071 96064.01 93336 93338.89 90733 90728.68 88231 8823230 85847 85849.17 83579.17
17 95692 95684.37 92988 92990.45 90415 90411.04 87945 87945.20 85592 8559246 83352.88
18 95289 9529143 92637  92630.04 90087  90082.77 87650 87648.82 85325 85327.87 83120.14
L4 94890 94886.25 92263 92258.65 89748 89744.81 87340  87344.07 85059  85056.25 82881.77
20 464 94469.70 91879  91877.12 89403 89397.93 87030  8703).65 84778.25 B263B.41
21 94035 94043.03 91489  91486.60 89046  89043.26 86709 8671265 8449494 82391.08
p23 93609 93606.25 91083  91087.08 88684  88680.70 86386  B86386.94 84206.16 82139.61
23 93162 93161.66 90677  90680.80 B8312 8831246 86055  B6056.69 83914.04 81886.15
24 92705 92704 86 90257 90263.30 87938 87934.06 45715 B85717.37 83614.06 81626.17
5 92246 92245.48 89845  89844.18 87559  87555.05 85382 B5378.52 8331573 81369.21
26 91776 91781.28 89421.15 87174 8717311 85035 85037.82 83016.74 B1113.00
27 91276.13 88958.06 86752.06 84659.05 82680.91 80821.44
28 50809.57 88534.42 86371.42 84321.74 82387.77 80574.15
29 90317.70 88106.30 85987.22 83981.95 82093.46 80327.34
30 89886.44 87699.63 85625.40 83665.63 8182398 80107.09

a. Experimentally obtained transition energies.
b. Calculated transition energies.

transitions are also allowed by symmetry, they are known to be very weak (/4). In
Tables I and II, the two-photon transition energies (in cm ') of the observed E, F
Zr (=0, =J)-X"Z; (vV=0-5J)and E, F'Z} (vp =1, J = J)-X
' (v” = 1-5, J”) transitions are given, respectively. Because of the high center-of-
mass collision energy and high exothermicity of the reaction used to generate the
deuterium molecules, the D, products are formed with a broad range of translational
energies ( 30). Therefore, the Doppler bandwidths of many of the observed transitions
are close to 10 cm ™!, much broader than the laser bandwidth. Partly because of these

TABLE 11

Calculated versus Observed E, F'Z} (vgr = 1, J' = J")-X 'E} (v, J") Transition Energies (cm™")

=) vi=0b vi=1a v'=23 y=2b V=38 v'=3b vi=4t v=4b V=53 y=5b
0 101149.01 98155.45 95283  95281.00 92524 92523.56 89882 89881.49 87354 8735361
1 101119.92 98128.47 95256  95256.09 92503 92500.70 89862 89860.65 87335 873%4.77
2 101061.89 98074.65 95208 95206.41 92456  92455.10 89821 89819.08 87297 §7297.21
3 100975.21 97994.28 95132.23 92392  92387.02 B9761  89757.04 87244 8724117
4 100860.29 97887.73 95034  95033.91 92296  92296.81 B9677  89674.86 87165  87166.96
5 100717.69 97756 97755.55 94910 9491197 92187 92184.96 89573  89573.00 87076 87075.02
6 100548.14 97600 97598.43 94767 94767.06 92052 92052.11 89456  89452.07 86965 .
7 100352.23 97418  97416.93 94603  94599.73 91901 91898.74 89316 89312.54 86842  86840.15
B 100131.01 97213 97212.05 94413 9441092 91728 91725.78 B9157 8915527 86697  86698.49
9 99885.367 96985  96984.63 94202 94201.43 91533 9153398 88982  88980.99 86544  86541.64
10 99616313 96730 96735.63 93973  93972.16 91324  91324.19 88794  88790.51 86367 8637037
1 99324 930 D6471  96466.09 93728 93724.11 91098 91097.37 88587 88584.73 86134 86185.53
12 99012.203 96180 96176.92 93461 93458.13 90854 90B54.30 88365 88364.40 85986 85987.83
Ik} 98679.281 95870 95869.21 93178 93175.26 90597  90595.98 88128 8813044 85777 85778.16
14 98327.523 95545  95544.26 92879  92876.72 90324  90323.57 87880 87883.98 85557 B5557.58
15 97957.352 95208 9520243 92562.82 90043  90037.33 87623 8762522 85326 8532627
16 97568.250 04847 94843.13 92226 9223293 89736  89736.55 87346 8735341 85084 85083.41
17 97167.477 94477  94473.55 91894.14 89425  89428.30 87073  87075.57 B48335.98
18 96746.102 94088  94084.71 91537.44 89100 89103.49 86784 8678255 B4574.82
19 96318.039 93691  93690.45 91176.61 88775.86 86484 86488.04 B4313.57
20 95861.531 93273 93268.94 90789.76 8B423.48 86167 86170.08 B4030.24
21 95417.273 92847 92860.84 90417.50 8B086.89 85869.12 83765.32
2 94868.547 9234938 89943.00 87649.24 85468.46 83401.91
3 94437 211 91956.35 89588.02 87332.24 85189.59 83161.70

a. Experimentally obtained transition energies.
b. Calculated transition energies.
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broad bandwidths, some transition energies are observed to overlap. The wavelength
of the UV laser was calibrated at a single frequency that corresponds to the (2 + 1)
Lyman g resonance of the D atom. The uncertainties in some of the experimental
transition energies are therefore rather large, approximately 2 cm™!. The ion images
reveal that some of the D, is not formed in the bimolecular reaction, D + DI — D,
+ I, but via unimolecular photoinduced chemistry involving DI dimers or higher
clusters. The role of cluster chemistry will be addressed in a future report (30), but
has no consequences for the spectroscopy of the D, molecule, as presented here. In
Tables I and 11, the experimentally observed transition energies are given.

In Figs. 2A and 2B the observed transition energies are compared with transition
energies obtained using available molecular constants. We used the Dunham notation
in which the term values may be expressed by (37)

T,y=T.+Z,; Y, (v+3)J (J+ 1), (0
The observed Q-branch transition energies (J' = J”) correspond to
AE = (Te— Te) + Zip Yip(v' + )V (T + 1)
— B Y0 + 57 I (J+ 17 (2)

Figures 2A (for vg- = 0) and 2B (for vz = 1) show the differences, in cm™!, between
the observed transition energies and those obtained using parameters from Bredohl
and Herzberg for the X 'Z; (v” = 0-5, J”) ground state (3) and parameters from
Huber and Herzberg (37) forthe E '} (v = 0and 1, J') excited state. Good agreement
is observed between the experimental data and the data obtained from available spec-
troscopic constants for low rotational levels. Increasingly poor agreement is found,
however, for higher rotational levels, which leads to deviations of more than several
hundred cm™' for J > 20 (Figs. 2A and 2B). At these high rotational levels, the
experimentally observed transition energies are significantly lower than those obtained
using the above-mentioned molecular constants.

Also in Tables I and II, the transition energies are given obtained from our ab initio
calculations. In Figs. 3A (for vz = 0) and 3B (for vz = 1), the differences are shown
between the observed and the ab initio transition energies;, very good agreement is
found. In general the differences fall within a few cm™!'. For higher J levels, slightly
larger deviations seem to arise. These nonsystematic deviations may be caused partly
by the weak intensities of these lines in the experimental spectra and the resulting
difficulties in assigning them accurately. On the other hand, our calculations did not
take nonadiabatic coupling or relativistic effects into account for the E, F '} state.
Relativistic effects are expected to be very small. Nonadiabatic coupling, however, can
be large, especially for the high J' levels of the E, F '} state, because of interactions
with other nearby excited states (35). Therefore, some of the discrepancies between
the observed and calculated transition energies may be genuine, because the mea-
surements reveal the true E, F '2;-X '} transitions, whereas the calculations are
based on adiabatic energy levels.

The data presented in Fig. 2 clearly show the inadequacy of published molecular con-
stants in describing the observed transition energies for high J. As mentioned above,
rotational molecular constants for the X 'Z; and the E, F 'Z] state have been deter-
mined from low rotational levels. These constants are probably accurate for B, and to
some extent for D,, but they are not very accurate for H,, which becomes an increasingly
important parameter for the higher rotational levels. The data presented in Figs. 2A and
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FIG. 2. (A) Energy differences (cm™!) between the experimentally observed transition energies and those
predicted by using molecular constants from Bredohl and Herzberg for the X 'Z; (v = 0-4, J") ground
state (3) and parameters from Huber and Herzberg (37) for the E 'Z} (vz = 0, J') excited state. (B) As in
Fig. 2A for transitions to the £ 'Z} (v = 1, J') excited state.

2B reveal indirect information on the accuracy of the molecular constants used for the
X 'Z; ground state. The depicted transition energy differences corresponding to the various
ground state vibrational levels, v”, should overlay exactly if the ground state parameters
used were “perfectly” correct. The data shown in Fig. 2A reveal that the v” = 1 data in
particular deviate significantly from the other v” data. This divergence is confirmed by
the data presented in Fig. 2B. Interestingly, D,-., derived from experimental results by
Bredohl and Herzberg (3) was shown to be too low to fit on a continuous plot of Dy~
versus v”. Our experimental data support a relative upward correction for D,v_,, which
would bring the data in Figs. 2A and 2B in better agreement with each other.
Description of the energy levels of the E well of the E, F 'E state by means of
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FIG. 3. (A) Energy differences (cm™') between the experimentally observed and the ab initio calculated
transition energies to the E 'Z; (vz = 0) excited state. (B) As in Fig. 3A for transitions to the £ 'Z} (vg =
1) excited state.

molecular constants is valid only for low J values, because the higher J levels are
perturbed by levels located in the outer F well. Below the barrier between the E and
F wells, perturbations of levels in the inner £ well by the levels in the outer F well
depend strongly on the energy difference between the two levels: the nearer the two
levels are to each other in energy, the stronger the perturbation. These perturbations
can dramatically affect the Franck-Condon factors and the two-photon transition
moments as F-character becomes added to the wavefunction (25, 40). Only moderate
change is expected, however, for the £ well rovibrational energies. Close to or above
the barrier between the two wells of the E, F 'Z} state, the rovibrational energy levels
can no longer be described by the rotational constants used to describe a single ““iso-
lated” well. To illustrate these effects, rotational constants for the E well of the E, F
'Z 7 state were derived from the calculated rovibrational energies for v’ = 0 and v’ =
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1, including in the fit only rovibrational energies of J' levels “‘reasonably” far below
the barrier. For v’ = 0, the lowest 27 levels were used (J' = 0-26) and for v’ = 1 the
lowest 19 rotational levels were used. Figure 4 depicts the energy differences between
the rovibrational energies calculated by directly solving the rovibrational Schrodinger
equation and those energies obtained using the molecular constants derived from the
lower range of J' levels. Clearly, the derived molecular constants describe the rotational
energy levels of the E well quite accurately upto J' =23 forv' = 0andupto J' =
15 for v’ = 1. As shown, the deviations become dramatic and nonsystematic for higher
J' levels, which indicates that the single-well description used in the fit is no longer
appropriate for these J' levels. Our limited experimental data on the higher J' levels
confirm the calculated effects. Unfortunately, no transition energies were observed for
J’' levels above 26 for v’ = 0 and above 21 for v’ = 1; such observations would have
allowed us to test these theoretical findings in more detail.

In addition, the observed ion intensities (not shown) (30) allow us to compare the
relative two-photon transitionmoments for the E, F '2; (v =0, J = J)-X 'E} (v,
JYand E, F'Z} (vp=1,J =J")-X'Z} (v", J') transitions. Because of the multiphoton
nature of the detection scheme, intensities obtained from the observed ion signal are not
straightforward. To obtain signal intensities, the laser power was kept constant as much
as possible. Spectra were then normalized for laser power dependence using previously
obtained correction factors; that is, the 1on signals were found to be proportional to the
laser pulse energy raised to a power of 1.4 (16). Table III lists the experimentally observed
and calculated relative intensity ratios. Again, the agreement between the expernimental
and theoretical data is very good. In general, the transitionsvia the E, F 'Z] (v = 0)
intermediate level are much stronger than those via the £, F 'Z} (v = 1) intermediate
level for v” = 1, 2, and 3 vibrational levels of the X '=} ground state. For v” = 4 and 5,
however, the scheme using the E, F 'Z} (vy = 1) intermediate level is the more sensitive
choice for detection by (2 + 1) REMPI spectroscopy.
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FIG. 4. Energy differences (cm™') between rovibrational energies of the £ '} (v; = 0 and 1) state obtained
by directly solving the rovibrational Schrédinger equation and those energies calculated using molecular
constants obtained from a limited set of rovibrational energies (corresponding to lower J* values). See text
for further explanation.
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TABLE 111

Calculated and Measured Relative Intensity Ratios in D,
2+ 1) E F'Z} (v =0and 1)-X 'Z} (v" = 1-5) REMPI

Detection®
Intensity ratio Intensity ratio
V" calculated experimental
E,v=0:E, v=1 E,v=0:E v=1
1 1.3:1 1.52:1
2 62:1 92:1
3 8.1:1 11:1
4 07:1 1:1
5 1:48 1:42

a Calculations were carried out for J = 8 only; experimental values
are averaged over a range of rotational levels J, typically I = 5 to 10.
Errors in the experimental ratios are up to 25%.

CONCLUSIONS

Using a gas-phase bimolecular reaction, D + DI — D, + I, a wide range of rovi-
brational levels of D, can be populated. This approach has allowed us, using (2 + 1)
resonance-enhanced multiphoton ionization spectroscopy, to observe new E, F '2}
(vg=0and 1, J' = J")-X'Z} (v" = 0-5, J”) two-photon transition energies for
rotational levels that range from J” = 0 to 26. Our experimental data are used to
examine reported values for molecular constants for the X '2} ground state as well
as the E, F 'T} state. Poor agreement is found for high rotational levels. Rovibronic
term values of the X 'Z} ground state and E, F 'Z state were calculated, using ab
initio methods, providing calculated two-photon transition energies. Excellent agree-
ment is found between the observed and ab initio transition energies. Therefore, the
adiabatic potentials tabulated by Schwartz and Le Roy (33) for the X 'Z} state and
by Wolniewicz and Dressler (43) for the E, F 'Z} state describe the rotational energy
levels, at least for relatively low vibrational levels, extremely well, even for very high
J values. Experimental and theoretical results reveal the influence of the F outer well
on the energy levels of the inner E well. Reasonably far below the barrier between the
E and F wells, perturbations by the F well levels do not lead to significant energy
shifts of the E well levels. At rotational levels close to or above the barrier, the effects
induced by the presence of the outer F well are quite dramatic, and the rovibrational
energy levels can no longer be described by a single potential well.

Measured and calculated signal intensities reveal that when applying the (2 + 1)
E, F'Z;-X '£} REMPI scheme for D, detection the vy = 0 intermediate level is
the appropriate choice for detection of X 'Z; (v” = | — 3) rovibrational levels, whereas
the v; = 1 intermediate level is the better choice for detection of X 'Z] (v” = 4, 5)
rovibrational levels.
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