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A theoretical study is reported for the dependence of the E, F ‘E;” -X 'E; (vg =0, vy) Q-
branch two-photon transitions on the initial vibrational and rotational quantum numbers v,
and J for H,, HD, and D, . The magnitude of the two-photon transition moment |M |
increases with v, between 0 and 2, then decreases rapidly at higher vy. This behavior is
ascribed to (constructive and destructive) interference effects in the two-photon transition,
which vary with the nodal behavior of the initial-state vibrational wave function. The J
dependence of M| is most strongly affected by the changes in vibrational wave functions
caused by centrifugal distortion of the vibrational potentials. At low to intermediate J, the
Franck-Condon overlap improves, resulting in a slow, monotonic increase of |M ,ra| with J. At
higher J, resonant tunneling between the inner and outer wells of the E, F state introduces
sharp variations in the |M | structure. Near the top of the barrier, nonresonant tunneling in
the E-state vibrational wave function causes a general decrease in | M | with J.

I. INTRODUCTION

Resonance-enhanced multiphoton ionization
(REMPI) has been used to study product distributions in
state-specific chemical reactions'™ and internal state distri-
butions in high-temperature plasmas.” To make REMPI de-
tection quantitative, the ion signal must be related to (v”,
J"*) population. Since several simple chemical reactions of
current interest involve H, or its isotopes, we have underta-
ken a combined theoretical and experimental study of the
rovibrational branching ratios in the 2 + 1 REMPI of H,,
HD, and D, with the intermediate resonant step a Q-branch
two-photon transition to the lowest vibrational level of the
inner well of the E, FIEg+ state, i.e., vz = 0. In this paper,
we consider the »”, J” dependence of the E '3 -X '3}
two-photon transition, the first step in the REMPI process.
An accompanying experimental paper (Paper II)® de-
scribes the experimental determinations of thev”, J “ branch-
ing ratios from ion signals and discusses the conditions un-
der which these branching ratios can be compared with the
theoretical ratios deduced from the first step in the REMPI
process. Results of our study on HD have been reported
previously for a more limited range of J *.°

Generally, the dependence of the REMPI cross section
on J " is small and varies smoothly. However, the double-
minima nature of the E, F state'®'! introduces large and
sudden variations in the J " dependence of the cross sections.
Kolosand Wolniewicz'' were the first to note that the order-
ing of the vibrational levels in the inner and outer wells is J
dependent. The lowest vibrational level of the E, F state
shifts from the inner well, vz = 0, to the outer well, v =0,
for J»3. Senn and Dressler'? studied the resonant tunneling
between the inner and outer wells and its effect on the rovi-
brational structures in the E, F state. Marinero, Vasudev,

*} Present address: AT&T Bell Laboratories, Room 1D354, 600 Mountain
Avenue, Murray Hill, New Jersey 07974.

and Zare"® observed non-Franck—Condon intensity distri-
butions in the two-photon transitions from X '2.",v” = 0to
the vibrational levels of the inner and outer wells of the E, F
state. This non-Franck—~Condon distribution was also found
in the ab initio calculations of Huo and Jaffe.'* Our previous
investigation on HD® for J “ <14 did not show any effect of
tunneling. In the present study, we follow the Q-branch two-
photon transition, E-X (vg =0, vy). This study is carried
out from J = 0 to the highest J value for which the v; =0
level is either at or just above the top of the barrier. Since our
calculations are performed at higher J values, we observe not
only resonant tunneling when the vibrational levels from the
inner and outer wells are nearly degenerate but also nonre-
sonant tunneling effects when the vibrational level is near the
top of the barrier. We find that the tunneling effect causes a
sudden, large change in the two-photon absorption cross sec-
tion that results in pronounced irregularities in the two-pho-
ton transition moment as a function of rotation.

Ii. THE @-BRANCH TWO-PHOTON TRANSITION
MOMENT AND ITS J DEPENDENCE

The two-photon absorption rate (ins~"') is given by
w, = (2m)*(fic) " No |M |’ T°g(e, — 20)G® (1)

for the case of a single photon frequency w. Here I is the
single-color field intensity (in energy per area per second),
N, is the Boltzmann population of the molecule in the initial
state, g(w  — 20) is the normalized line shape function, and
G @ is a photon statistical factor. The two-photon transition
moment M, can be expressed'” as

M =3 {f |r&|i) (i|r-&|0) ’ _ )
~ i (Ei' - E[) - ﬁa))

where the summation is over all rovibronic states that can be

coupled to the initial and final states by electric-dipole-al-

lowed transitions. For a diatomic molecule in Hund’s case
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(a) excited by linearly polarized light, the rotational line
strength in the Q branch of a 2-X transition can be ex-
pressed’® as

(1 12
M= (5w

4J(J+ 1)
4527 — 1) (2 +3)

1/2
el
(3)
HereJ =J' = J". Theisotropic and anisotropic two-photon
|

moments are
ML=M,'L+2ML (4a)

and
M;:M}'{'ﬁ—nM;. (4b)

The parallel component of the two-photon transition mo-
ment is given by

(B(r,R)x,,, (R)|2|#; (x,R) ¥y, (R) ) {&,(x,R) ¥, (R) |2 (t,R)x,,.,(R))

M=33

E‘Iur}f ‘—'E

where r represents the totality of electronic coordinates and
R theinternuclear separation. The definition for M ; is anal-
ogous to Eq. (5), with the operator z replaced by
IVE(x + ip).

The present calculations of the two-photon transition
moments follow a previously described procedure.”'* A to-
tal of 124 intermediate electronic states are used in the sum-
mation. Explicit summation is carried out over the vibra-
tional levels of the lowest four electronic states, B'Z .},
C'll,, B''=}, and D 'Il; for the remainder, a nuclear
sudden approximation® is used. Figure 1 depicts the poten-
tial curves of these four states and the X and E, F states. In
the summation over vibrational levels, we include all bound
and continuum contributions until convergence is obtained.
Vibrational wave functions were obtained from numerical
solutions of the one-dimensional Schrédinger equation. The
present treatment differs from previous studies™'* in that it
uses adiabatic rather than Born-Oppenheimer potentials.
The effect of the adiabatic correction on the two-photon
transition moment is small except when resonant tunneling
becomes important in the E, F state. Under those circum-
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FIG. 1. Potential energy curves for the X '2}, EF'E}, B'2}, C'Il,,
B''E},and D', statesof H,. Thev, = 0,1,2 and vz = 0 vibrational lev-
els are indicated.

ﬁa) ¥

o'y

(5)

r
stances, a small change in the relative spacing of the neigh-
boring v and v levels has a pronounced effect on the extent
of tunneling, which in turn changes the magnitude of the
two-photon transition moment. The adiabatic potential for
the X state is taken from the compilation of Schwartz and Le
Roy'” and the adiabatic potentials for the (E, F), B, C, B,
and D states from the work of Wolniewicz and Dressler.'®!®

As seen from Egs. (3) and (5), M;o depends on J in
three ways: (1) explicit dependence through the two-photon
rotational line strength factor; (2) dependence on the energy
difference E,, —E_, ; and (3) implicit dependence
through the centrifugal potential used in determining the
vibrational wave functions y,, (R). Because the centrifugal
potential, AJ(J + 1)/2uR ?, decreases with increasing R,
centrifugal distortion raises the minimum of the potential
curve with respect to its asymptote and changes the relative
well depths in a double-minima potential. For this reason,
centrifugal distortion has a much stronger effect on the E, F
state than on others. The vz = Olevel of H, as a function of J
changes from being the lowest vibrational level of the E, F
state at J = Oto the ninth vibrational level atJ = 21, where it
is above the barrier. Thus the vz = 0 level crosses a v, level
nine times between J =0 and J = 21. Near the crossing
point, the theoretical M _ and the experimental ion intensity
show strong variations in their J dependence asaresult of the
perturbation of the vy = 0 level by the nearest v, level, i.e.,
resonant tunneling occurs. Also, as J approaches 21, the
vy = 0level approaches the top of the barrier. Since its wave
function is no longer localized in the inner well, nonresonant
tunneling occurs.

Senn and Dressler'? studied the effect of resonant tun-
neling on the term values of the v; and v, levels using a
semiclassical treatment. They calculated the fractional value
of J at which a pair of nearby vz and v, levels becomes reso-
nant and thus determined the interaction energy of the pair.
Because we are interested in transition probabilities instead
of term values, we sought to obtain a qualitative estimate in
the change of transition probabilities under resonant tunnel-
ing using a quantum-mechanical two-state treatment. Con-
sider a zero-order approximation of the double-well poten-
tial problem as two completely localized wave functions for
the inner and outer wells ¢, and , obtained with the barrier
raised artificially high. Such localized wave functions are
good approximations to ¢z and ¢ at low vand J levels. The
perturbation potential Vis the actual barrier in the E, F po-
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tential. Thus an improved approximation to ¢ and i is
Ye=c ¢ + 6, (6)
and
Yp=ci¥ + 3. (7)

The energies of the two levels are obtained by solving the
2% 2 matrix for its eigenvalues

E=}(E, +E;) + J}(E, —E;)* + V7,, (8)

where E, and E, are related to the unperturbed energies €,
and €, by

E =¢ +V,, (9)
c,/c, =V,/(E—E,), (10)

and
cyfey =V, /(E'—E)). (1)

Here E' is the second root in Eq. (8). This treatment is just
the quantum-mechanical analog of the semiclassical treat-
ment of Senn and Dressler. Since the wave functions ¢, and
i, are defined to be localized and the potential V is outside
the localized regions, ¥,, V,,, and V|, are small. Unless the
two levels are sufficiently close that V), =&, — E,, little
mixing will occur between the two levels.

Equation (6) is an approximation of the exact i, be-
cause the wave function inside the barrier is not adequately
described by the superposition of two localized wave func-
tions. Nevertheless, Eq. (9) can be used to estimate the effect
of resonant tunneling on the two-photon transition moment.
At low J values, the unfavorable Franck—-Condon factor be-
tween the low-lying vy and vy levels means that the two-
photon transition moment for F-X is much smaller than that
for the E-X transition moment. This estimate has been borne
out by experimental measurements'® and theoretical calcu-
lations.'* AtJ = 0, the ratio between the two-photon transi-
tion moments for vy=0-—vy,=0 and v,=0
(vgr = 1) — vy = 0is 1.0:0.001.%° Since maximum mixing
occurs when ¢, /¢, = 1, the E-X transition moment can at
most decrease to 70% of'its original value. As Jincreases, the
vr levels become more delocalized and the F-X transition
moment becomes larger. Destructive interference between
the two contributions may cause the resulting E-X transi-
tion moment to be less than 70% of its original value.

At high J, the v, = Olevel is raised to near the top of the
barrier, and nonresonant tunneling becomes important. Un-
like the resonant case, this tunneling effect is independent of
the location of the v levels. Even in the region where nonre-
sonant tunneling is important, we still can find strong reso-
nant tunneling effects when a v level is nearby. The com-
bined effect of the two introduces further irregularities in the
J dependence of the two-photon transition moment near
Jmn *

11l. RESULTS AND DISCUSSION

We have determined the Q-branch two-photon transi-
tion moments for the E, F'S;F X '3 (v =0, vy =0-2)
transitions for H, (J=0-21), HD (J=0-24), and D,
(J = 0-30). The results of these calculations are presented
in Tables I-1V and Figs. 2-5. AtJ = O the results forvy, =3

TABLEL |M,~- |* values for the H;, HD, and D, Q-branch two-photon tran-
sitions E, F'2}f-X'2} (v, =0J' = 0,0,,J =0).

Uy [M’ﬁll2 (a.u.)
H, HD D,

0 9.13 6.87 4.28
1 26,36 22.12 16.19
2 29.38 28.50 25.55
3 16.24 19.07 22.07
4 4.73 7.18 11.49
5 0.71 1.53 3.72
6 0.050 0.18 0.75

to 6 are also included. In the following section we consider
the v, and J dependence of | M |? separately.

A. Two-photon transition moment as a function of v,

The two-photon transition moments at J = 0 are calcu-
lated as a function of v, for v, = 0-6 (TableI, Fig. 2). For
all three isotopes, [ |? increases sharply between vy =0
and v, = 2 and then decreases rapidly at higher v,. We have
previously discussed the initial increase of |[M |*forHD asa
constructive interference effect.” To understand the behav-
jorof |M |? in the range of v, considered here, we present in
Fig. 6 the one-photon transition moments for the B-X and
E-B transitions of H,, gz, and gy, as a function of vg.
When either the initial or the final vibrational level is node-
less (vy = 0 or vy = 0), the oscillations in the one-photon
transition moment function are simple. Note that the sign
changes in the one-photon transition moment; this change
reflects the nodal behavior of the B-state vibrational wave

TABLE IL IMFP values for the Q-branch two-photon transitions H,
E, F'3-X'3} (v =0uy).

J M I* (au)
vy =0 vy =1 vy =2
0 9.13 26.36 29.37
1 9.15 26.47 29.54
2 9.20 26.61 29.71
3 9.26 26.83 29.98
4 9.34 27.12 30.36
5 9.44 27.48 30.82
6 9.56 27.91 31.39
7 9.68 28.34 31.97
8 9.85 28.97 32.83
9 10.02 29.60 33.70
10 10.18 30.28 34.61
11 10.36 31.06 35.73
12 9.66 29.82 34.00
13 10.89 32.87 38.17
14 8.77 26.38 31.06
15 11.62 35.47 41.38
16 11.49 35.21 42.06
17 11.65 37.00 42.15
18 12.05 38.84 48.56
19 9.26 31.62 39.00
20 6.28 25.59 38.94
21 8.63 33.58 49.84
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TABLE IIIL Iﬂdl')h]2 values for the Q-branch two-photon transitions HD
E, F'S}-X'"Z} (vg =0u).

J |Mﬂ|2 (a.u.)
v, =0 vy =1 Uy =2
0 6.87 22.12 28.50
1 6.89 22.20 28.62
2 6.91 22.28 28.74
3 6.95 22.41 28.92
4 6.99 22.59 29.19
5 7.04 22.81 29.53
6 7.11 23.07 29.92
7 7.19 23.37 30.39
8 7.27 23.72 30.92
9 7.36 24.10 31.53
10 7.45 24.51 32.20
11 7.56 24,97 32,93
12 7.66 25.46 33,76
13 7.84 26.04 34.53
14 7.88 26.53 35.63
15 7.93 27.10 36.41
16 8.32 28.07 37.74
17 392 14.93 19.61
18 8.85 30.18 41.00
19 8.65 30.65 41.49
20 7.54 27.60 38.38
21 9.08 33.11 47.47
22 8.72 31.24 4591
23 5.10 18.91 33,76
24 6.51 27.16 46.20

TABLE IV. |M}ui2 values for the Q-branch two-photon transitions D,
E, FIS}-X'3} (vg = 0y).

J M, |* (a.u)
Uy = 0 Uy = 1 Uy = 2
0 4,28 16.19 25.55
1 4.29 16.23 25.63
2 4.30 16.26 25.70
3 4.31 16.32 25.81
4 4.33 16.41 25.96
5 4.35 16.51 26.15
6 4.38 16.63 26.37
7 4.41 16.77 26.64
8 4.44 16.92 26.93
9 4.47 17.10 27.27
10 4.51 17.29 27.65
11 4,55 17.50 28.06
12 4.59 17.72 28.51
13 4.64 17.96 28.99
14 4.68 18.21 29.52
15 4,72 18.45 30.05
16 4.80 18.79 30.63
17 4.79 18.99 3132
18 4.86 19.32 31.95
19 4,99 19.72 32.65
20 5.02 20.07 33.39
21 5.18 20.63 34,15
22 521 21.04 35.25
23 5.21 21.33 36.01
24 4.97 20.84 36.12
25 5.38 22.47 38.78
26 5.82 25.96 43.56
27 3.28 14.04 27.09
28 5.27 24.56 47.57
29 5.46 23.57 49,14
30 4.71 19.56 39.98

[MMJ2 (a. u)

VIBRATIONAL LEVEL v,

FIG. 2. The square of the E-X (0,v, ) two-photon @-branch transition mo-
ment |M |* as a function of vy at J = 0, for H,, HD, and D,.

function. As v, increases, the ground state vibrational level
also exhibits nodes and, consequently, damping occursin the
B-X transition moment function. The maximum transition
moment (in magnitude) is at vy = 6 for vy = 0; the position
of the maximum shifts tovy, =2 forvy, =1 and vy = 1 for
vy = 2. Forvy >2, the maximum of the transition moment is
always at v, = 0. For the E-B transition at v, = 0, the lar-
gest transition moment occurs at v, = 0. Its magnitude then
decreases rapidly with v, and becomes negligible above
vp = 10. Since a two-photon transition is a concerted pro-
cess that involves the product of two one-photon transitions,
we need to consider the overlap between the B-X and E-B
transition moment functions. We note from Fig. 6 that the
overlap of the two transition moments initially improves
with increasing vy and the magnitude of M ! via the B state
increases with v, at low v,. At higher vibrational excita-
tions, however, the £-B and B-X transition moments move
out of phase. This destructive interference diminishes the
magnitude of M via the B state. The M curves in Fig. 7
reflect the constructive and destructive interference effects
of the one-photon transition moments. At v, =0, the con-
tributions to M 1 as a function of vy are all negative; the
maximum contribution (in magnitude) comes from the

50 H2

40
o §
=
& 30,
L 1 vl
2
= 20t
=0
10k v __LNN—-—\/‘
0 i L " 1
0 10 20

ROTATIONAL LEVEL J

FIG. 3. The square of the H, £~X (0,v,) two-photon @-branch transition
moment, IMNIZ, as a function of J for vy = 0,1, and 2.
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FIG. 4. The square of the HD E-X (0,v, ) two-photon Q-branch transition
moment, |M_|? as a function of J for vy =0,1, and 2.

vp = 2 level. The position of the maximum shifts to vy =1
for vy =1 and 2. For v,>2, although the maximum (in
magnitude) is still located at v, = 0, positive contributions
toM L" develop, and the two-photon transition moment de-
creases in magnitude. Between vy = 3 and 6, the magnitude
of the positive extremum increases while its position shifts to
lower vg. At vy = 6, a nearly complete cancellation of the
negative and positive contributions occurs and M fr' is very
small. Similar constructive and destructive interference ef-
fects are seen for other intermediate states; these effects ac-
count for the overall trend observed in M Jlflo'

The preceding discussion has treated the E-X transition
as a concerted two-photon process. An alternative argu-
ment, which is sometimes used to predict the trend of the v,
dependence of |[M, |?, assumes M |* to be proportional to
the Franck—Condon (FC) factor of the E and X states. As a
test of the FC argument, Table V compares the v, depend-
enceof |M |?and the E-X FC factors for H, . Table V shows
that the FC argument indeed reproduces some of the qualita-
tive features, such as the maximum at low vy and the rapid
decrease at higher v,,. However, the FC argument is quanti-
tatively inaccurate because it places the position of the maxi-
mum at the wrong v, and predicts a slower decrease than is

3
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2
= 20r y=1
10F
v=0
-T“\/'N
0 1 1 i 1
4] 10 20 30

ROTATIONAL LEVEL J

FIG. 5. The square of the D, E-X (0,v,) two-photon Q-branch transition
moment, |M_|*, as a function of J for v, = 0,1, and 2.
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FIG. 6. The one-photon transition moments for H, as function of the vibra-
tional quantum number v, of the B 'Z." state for the transitions (a) B-X
(v5,0), (b) B-X (vs,1), (¢) B-X (v5.2), (d) B-X (vg,3), (&) B-X (v5.4),
(f) B-X (vy,5), (g) B~X (v4,6), and (h) E-B (O,ug).

observed at high v,. These quantitative deficiencies result
from treating the E—X excitation as a single step and neglect-
ing the effect of the intermediate electronic states.

B. Two-photon transition moment as a function of J

The two-photon transition moments for all three iso-
topes show a slow, monotonic increase as a function of J at
low J (Figs. 3-5). The slopes of the |M, |? vs J curves are vy
dependent, with the vy = 2 curve increasing fastest and the
vy = O curve virtually flat. At middle to high J, large, sud-
den dips in |M |* are observed. For H, vy =0, 1, and 2,
these dips occur at J = 12, 14, and 20. For HD, the minima
occur at J = 17, 20, and 23, and for D, they are located at
J =24, 27, and 30. At higher J, in addition to these sharp
minima, |M |? generally decreases. The only exception is the
vy = 2 curve for H,.

Section IT discusses the three factors that determine the
J dependence of |M_ |*: the rotational line strength factor,

the energy-difference factor, and the centrifugal potential
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FIG.7. The H, E,F-X (0,0,), J = 0 two-photon Q-branch transition mo-
mentof H,, | M |, asa function of the vibrational quantum number v, of the
Bstate: (a) vy =0, (b) vy =1, (¢) vy =2, (d) vy =3, (&) vy =4, (f)
vy =35,and (g) vy =6.

for the vibrational motion. The first factor, from the aniso-
tropic term in M i is largest as J increases from 0 to 1; for
J>1 it slowly decreases with J, opposite to the observed
trend at low and middle J. Examination of the relative mag-
nitude of the isotropic and anisotropic contributions to M

reveals that |[M ! | is at least ten times larger than [M 7| In
addition, the coefficient multiplying |[M ;, |? is at least three

TABLE V. Comparison of |M |? values for the H, Q-branch transitions
E, F'2}-X'3} (v =00y, J'=0) with the corresponding E-X
Franck—Condon factors.

Uy iMhF (an.) FC factor
0 9.13 0.158
1 26.36 0.359
2 29.38 0.314
3 16.24 0.135
4 4.73 0.030
5 0.71 0.0034
6 0.050 0.0002

times larger than that for |M _: - Thus we conclude that the
J dependence from the rotational line strength factor cannot
account for the observed trends in | |*.

Both the excitation frequency w and the energy differ-
ence E;,;, — E ., areJ dependent. Since the ground state
rotational constants for H, and its isotopes are larger than
the corresponding values for the excited states, both w and
E,,; — E,,, decrease with increasing J, a trend that results
in aslow increase of M A withJ [Eq. (2)]. ThisJ dependence
is partially responsible for the initially slow, monotonic in-
crease in |M L |? but not the sharp minima or the decrease at
high J.

The J(J + 1) dependence of the centrifugal potential
directly affects the one-photon vibronic transition moments,
which in turn affect M e As discussed in Sec. II, the effect of
centrifugal distortion should be smooth for all states except
the E, F state, in which resonant and nonresonant tunneling
can occur as J increases. In the region where tunneling is
unimportant, centrifugal distortion shifts R, to a slightly
larger value. Although these shifts are small, their effect is
the largest for the X state because it has the smallest R,
value. Thus the increase in the centrifugal potential im-
proves the overlap between the X state and other states. Asa
result, M;u increases slowly with J, as is observed in the re-
gion of low and intermediate J.

Section I1 ascribes the sharp variations in | M |* to reso-
nant tunneling in the E, Fstate. To determine the validity of
this claim, we study the one-photon transition moments p g
(between C 'I1,, v~ =0 and E, vz = 0) and - (between
C 'l1,, v = 0 and the vibrational level of the F state closest
to the v = 0level). Since the C-state potential curve nearly
coalesces with the inner well of the E, F state (Fig. 1), the
overlap between v = 0 and vz = 0 is close to unity and the
transition moment between these two levels is large. On the
other hand, the transition moment between v = 0 and the
vy level closest to v, = Qissmall. Any sudden changes in the
magnitudes of these transition moments reflect a change in
the coupling between the v and v, levels. Figure 8(a) com-
pares |ugc| and |¢ | for H,. Every minimum in the | .¢|
curve has a corresponding maximum in the |ug-| curve,
which supports the conjecture that these minima and maxi-
ma are correlated as a result of resonant mixing between
these two levels.

Note that the first two maxima in |z .| do not appear to
have corresponding minima in |gz¢|. They are also the two
smallest maxima in the |u .| curve, indicating a small mix-
ing between vz and vy. For the first peak in |ggc|,atJ =7, a
dip in |u c| actually does exist but is too shallow to be dis-
cernible in the plot. For the second peak in ||, at J = 10,
the corresponding |uz-| does not have a minimum but
shows instead a slight change in the slope of | g |. Note that
the magnitude of each dip is proportional to the magnitude
of each peak, though less prominent.

Figure 9(a) compares the energy gap between the two
levels AE and |uzc|. Each dip in AE corresponds to a near
crossing of a v and a v level. Also, each dip except the first
in the AE curve has a corresponding peak in the |g | func-
tion. Equation (11) shows that the mixing of E-state charac-

| 2
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FI1G. 8. Magnitudes of the E-C (0,0) and F-C (v,0) one-photon transition
moments, || and |ugc|, as a function of J for (a) H,, (b) HD, and (c)
D,.The v, level is the one closest to the vz = Olevel at the value of Jshown,

ter in |y, | depends on AE and V,,. The latter depends on
both the width and the height of the barrier. Thus the closer
the level is to the top of the barrier, the larger ¥,, becomes,
as Fig. 9(a) clearly demonstrates. The first dip in AE has no
corresponding peak in |uz-| because at J = 2 the v, level
under consideration is near the bottom of the well and ¥, is
too small to introduce any significant mixing with the v,
level. At J =7, where the energy gap is smaller and ¥,
larger, |uqc| shows its first peak. As J increases, the v, level
approaches the top of the barrier, V), grows in magnitude,
and |u g | generally increases. The highest peak in [u |, at
J = 14, is a combined result of a small AE and a large V,,.
Figure 10(a) compares |1‘I—1:m12 with | gc|? as a function
of/ for H,. Both the positions and the magnitudes of the dips
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FIG. 9. The energy gap AE between v, = 0 and the closest v, level and the
magnitude of the F-C (v;,0) one-photen transition moment |u;-| as a
function of J for (a) H,, (b) HD, and (c) D,.

correspond well, except at J = 17. At that J value, |uzc|?
shows a definite dip, whereas |M ;0|2 shows a shallow mini-
mum at J = 16 instead of J = 17. This discrepancy is caused
by the contribution from the B' 'S+ intermediate state,
which decreases faster than the contributions from other in-
termediate states, partly because the number of bound vibra-
tional levels of that state decreases from 2 to 1. Since the
contribution from B’ 'S is opposite in sign from the oth-
ers, | M |*is larger at J = 17 than at J = 16.

Figures 8(b), 9(b), and 10(b) compare |ug-| with
lurcls Itrc| with AE, and M |* with |ugc|* for HD; the
corresponding quantities for D, are presented in Figs. 8(c),
9(c), and 10(c). The general features of these comparisons
are similar to those for H, . Again, the variations in the one-
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FIG. 10. Squares of the E-X (0,0) two-photon Q-branch transition moment
|M [*and E~C (0,0) one-photon transition moment |t s {* as a function of

J for (a) H,, (b) HD, and (¢) D,.

and two-photon transition moments correlate with each oth-
er and with the minima in the energy gaps between the v,
and v, levels. This correlation supports the conjecture that
these variations are the result of resonant tunneling. Only in
the comparison of |M |* with || for D, is there a slight
mismatch. Although |u.c|* at J = 25 shows a small peak,
the corresponding peak for |M |*is at J = 26. The source of
this discrepancy is the same as for that of the shift of the
minimum from J = 17 in |ugc|* to J = 16 in |M, | for H,:
the concerted nature of the two-photon transition. AE for
D, decreases from J = 25 to J = 26 [Fig. 9(¢) ] and, corre-
spondingly, all the contributions to | | increase. However,
constructive interfering terms outweigh the destructive

ones, which causes [M | to increase. The increase of M|
for D, from J =25 to 26 is even more prominent in the
vy = 1 and vy = 2 curves (Fig. 5).

The two-level resonant tunneling model in Sec. II pre-
dictsthat |tz | = |t pc| in thelimit where |[E, — E, | €|V}, |
and the nonresonant transition moments satisfy the inequal-
ity |t ec|nr ® |4 Ec |nr - Also, the two transition moments at
“exact” resonance will be (2) = "*|¢zc|nr - The J = 17 re-
sult for HD closely approaches this case. Figure 8(b) shows
the near equality of |uzc| and |xc|. Also, if the value of
|tgcl at J=16 is used as the nonresonant value, then
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FIG. 11. Shown as a function of J near the J = 12 resonance are (a) the
magnitudes of the H, £-C (0,0) and H, F~C (v.,0) one-photon transition
moments, |t .| and |g |, (b) the H, energy gap AE, and (c) the squares
of the H, E-X (0,0) two-photon Q-branch transition moment |M le and
H, E-C (0,0) one-photon transition moment |1 .- |*. The v, level is the one
closest to the v = 0 level for a given J.
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(2) = "?*|ugc| = 3.32 a.u., which should be compared with
the calculated value of 3.41 a.u. for |u,| at J=17. This
result confirms once more the validity of the resonant tun-
neling model.

While most of the variations in [M % |uzc|, and |uc|
are caused by near-resonant tunneling, tuning to exact reso-
nance is possible by modifying the centrifugal potential us-
ing fractional values of J, an idea introduced by Senn and
Dressler.'” We use fractional J values to study the behavior
of the three transition moments as they approach and then
move away from a resonance. In our calculations, a quantal
treatment was retained except that Jin the centrifugal poten-
tial was considered an adjustable parameter, used for tuning
the resonance. However, an integer J was used in the calcula-
tion of the rotational line strength factor in | M |*. This use s
acceptable because the rotational line strength factor has no
effect on resonant tunneling. We studied the three transition
moments at J = 12.0 to 12.1 in steps of 0.01 for H,. This
value of J is chosen because the present calculation shows a
weak resonance structure at J = 12, where the experimental
2 + 1 REMPI result (see Paper II) shows a much more
prominent dip.

Figure 11(a) showstheJ dependence of | x| and |y g¢|
near J = 12. The two transition moments almost coalesce at
J = 12.06. Figure 11(b) shows that AEis also at a minimum
at this J value. Notice that the scale factor multiplying AE is
0.25 vs 0.0015 for Figs. 9(a)~9(c). A comparison of iMhF
and |ugc|? in Fig. 11(c) shows that, although both transi-
tion moments have minima, the two minima are located at
slightly different J values. Again this difference can be as-
cribed to the concerted nature of two-photon transitions.
Both |M | and |uxc|* at their minima are half of their val-
ues at J = 12, in accordance with the two-level resonance
model. The decrease of |Mﬁ‘|2 by a factor of 2 between
J =12.0 to 12.05 clearly indicates the importance of using
accurate vibrational potentials in treating resonance tunnel-
ing. Indeed, calculations using Born-Oppenheimer poten-
tials gave |M | |*atJ = 12 tobe 18% less than the result using
adiabatic potentials. Similarly, the present result will also be
subjected to changes when nonadiabatic corrections are in-
cluded. Because the nonadiabatic corrections to the vibra-
tional term values for the E,F state are consistently smaller
than the adiabatic corrections,'*'®2"?2 we also expect the
nonadiabatic corrections to the resonant tunneling to be
smaller than the corresponding adiabatic corrections. The
recent study of Quadrelli, Pressler, and Wolniewicz?? also
shows that the vibrational levels of the E,F state acquire a
predissociation width caused by the nonadiabatic coupling
with the dissociative continuum of the X state. This predisso-
ciation width varies strongly with v, but its J dependence is
not reported. Although the predissociation does not affect
the E-X two-photon absorption directly, it may influence
the 2 + 1 REMPI process with the £~X transition as an in-
termediate step. (See Paper I1.)

Figures 3-5 show that, in addition to the sharp dips
discussed in the preceding paragraphs, |M ﬁ!z decreases at
high J; the only exception is the vy = 2 result in H,. At the
highest J used in the calculation, the vz = 0 level of H, is
143.3 cm ™ ' above the barrier. For HD it is 0.87 cm ~ ' below
the barrier, and for D, it is 3.4 cm ~ ' above the barrier. Thus
all three vibrational wave functions are delocalized and have
significant amplitude in the F-well region. This type of delo-
calization is a result of nonresonant tunneling because it is
independent of the relative position of the v and v levels; it
depends only on the distance from the v level to the top of
the barrier.

IV. CONCLUSIONS

The present study of the vy, J dependence of the E 'Z .
v =0, J-X'S}, vy, J transitions demonstrates the con-
certed nature of two-photon transitions. The J variation fur-
nishes a good probe of resonant tunneling in the double-well
potential of the E,F state. We expect this type of J depend-
ence to be consistent for all transitions involving double-well
potentials.
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