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The isotope effect and the g-u symmetry in the HD predissociation have been studied by detecting the
H(2s), H(2p), D(2s), and D(2p) fragments. For transitions to the 3p7 D I (v = 4), 4px D' T} (v = 1),
and 4po B” 'T (v = 2) states of HD, the branching ratios of the four dissociation channels, H(2s) + D(1s),
H(@2p) + D(1s),D(2s) + H(1s),and D(2p) 4+ H(1s), were measured. Strong asymmetric distributions are found
between the H(2s) + D(1s) and D(2s) + H(1s), and between the H(2p) 4+ D(1s) and D(2p) + H(1s) channels.
The results indicate the existence of g-u symmetry breaking as well as strong nonadiabatic couplings near the
HD dissociation limits. However, the angular anisotropy parameters are found to be the same for the H(2s/2p)
and D(2s/2p) fragments. In addition, the observed Beutler-Fano profiles in the H(2s/2p)- and D(2s/2p)-atom
action spectra show no dependence on the H and D isotopes. This implies that the angular distribution of the
fragments and the Beutler-Fano profiles are determined chiefly by the Franck-Condon transitions and are not

affected by the g-u-state mixing.
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I. INTRODUCTION

The hydrogen molecule has long served as a benchmark
to study the electronic structure and dynamics of molecular
systems. For H, and D», the electronic wave functions possess
g-u inversion symmetry in the molecular frame. The g-u
symmetry plays an important role in optical transitions and
collision dynamics [1-9]. For HD, the g-u symmetry is still
valid in the Born-Oppenheimer approximation that assumes
the H and D have infinite masses. However, by taking into
account the finite masses of H and D, the center-of-mass co-
ordinate is no longer at the geometric center of the molecule.
Because molecular spectra and dynamics are related to the
center-of-mass coordinates, the g-u symmetry may be broken
[1-17].

The g-u symmetry breaking in HD was first observed by
Herzberg in the rotation-vibration spectrum [1]. Rovibrational
transitions are forbidden for H, and D,. Ubachs and co-
workers measured accurate rotational energy levels of the
11''T1, state of HD [2-5], and it was found that the g-u
interaction has to be taken into account in the theoretical
calculations in order to obtain good agreement between the
experimental and theoretical energy levels [3—7]. Recently, the
g-u symmetry breaking has also been observed in the spectra
of high-n Rydberg states of HD [11].

It is noted that the previous studies of g-u symmetry
breaking mainly focused on the HD spectra. An alternative
straightforward way to study the g-u symmetry is to detect the
state-resolved H and D fragments from the HD photodissoci-
ation. If the g-u symmetry is conserved during the photodis-
sociation process, the H and D atoms should play equivalent
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roles. For the predissociation of HD into the channels H(2s) +
D(1s), H(2p) + D(1s), D(2s) + H(1s), and D(2p) 4+ H(1s),
one would expect that the H(2s) and H(2p) fragments have
the same populations as the D(2s) and D(2p) fragments,
respectively. On the other hand, if taking g-u interaction
into account, one would expect the opposite results; i.e., the
population of the H(2s) fragments is different from that of
the D(2s) fragments, and the same is true of the H(2p) and
D(2p) fragments. Furthermore, if the g-u-state mixing effect
due to the different masses is taken into consideration in the
calculation of potential energy curves, the D(2s/2p) + H(ls)
channels correlate adiabatically to two u states and one g
state 3po B’ 'S, 2pxC M, and GK 'E;'), whereas the
H(2s/2p) + D(1s) channels correlate adiabatically to one u
state and two g states 2po B 'S}, I1' 'M,, and EF ‘2;)
[2-7]. The dissociation limits for the D(2s/2p) + H(ls)
channels are about 22cm™' higher than the H(2s/2p) +
D(1s) channels because of the isotope effect. If the adiabatic
correlations are preserved (in this case the g-u symmetries are
totally broken near the dissociation limits), the photoexcita-
tion to the u states in the Franck-Condon region should pro-
duce channels correlating to D(2s) + H(1s), D(2p) + H(ls),
and H(2p) 4+ D(1s). The channel H(2s) + D(1s) would not
be observed.

There are many experimental and theoretical studies
available on the predissociation dynamics of H, and D,
[12-29]. For instance, the branching ratios, H(2s)/[H(2s) +
H2p)l(ag) and D(2s)/[D(2s) + (D(2p)](ap), have been
studied in great detail [18-29]. However, similar works on
HD are rare. Durup [16] calculated the ratios between the
H(2p)+ D(1s) and D(2p) + H(1s) channels in the predis-
sociation of HD and found that the former channel has more
proportion, and the ratios change rapidly with the available
energies (Ey,y,) in the threshold region. On the other hand,

©2018 American Physical Society
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FIG. 1. The action spectra of (a) H(2s, 2p), and (b) D(2s,2p)
atoms from the predissociation of the 4pmD’ T, (v = 1),
3prD 'ME(v =4), and 4poB”" 'S} (v =2) states of the HD
molecule. For the Q branches, some of the signals are due to
the dissociative ionization induced by the probe laser [26-29].
The threshold for the lower dissociation limit, H(2s) + D(ls), is
118664.8cm™' [12].

the 2s + ls channels have fewer isotope effects. In Durup’s
calculation, only the vibronic couplings due to the isotope
effect between the two states correlating to 1s + 2po were
considered, and the predissociation mechanisms were not
considered. The H(2p)/D(2p) branching ratios obtained in
Durup’s calculations are dependent only on the kinetic ener-
gies of the fragments. However, Durup’s results are yet to be
experimentally tested.

In addition to the product branching ratios among the
H(Q2s), H2p), D(2s), and D(2p) atoms, it should also be
interesting to study if the angular distributions and absorption
line profiles show dependences on the H and D fragments in
the HD photodissociations. We believe that photodissociation
of HD offers a rare opportunity to study both g-u symmetry
breaking and vibronic coupling in molecules. Experimental
measurements of the branching ratios oy, ap and the angular
distribution of the fragments H(2s, 2p) and D(2s,2p) can
provide deep insights into the g-u symmetry breaking in HD
as well as critical data for future theoretical calculations.

II. EXPERIMENTAL METHOD

The experimental setup consists of a tunable XUV laser
pump (~10 nJ/pulse) and an UV laser probe system (365 nm,
~1 mJ/pulse), and a typical molecular beam machine
equipped with a velocity map imaging component [26-29].
The tunable coherent XUV light was generated by four-
wave sum mixing in a pulsed Kr jet. The ap and oy were
determined by measuring the D(2s, 2p) or H(2s, 2p) signals
as a function of the time delay between the XUV pump
laser and the UV probe laser pulses under field-free condition
(delay-time curve). The extraction electric field for the DT
and H' ions was applied about 200 ns after the XUV laser
pulse. The branching ratios oy and ap can be determined
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FIG. 2. The delay-time curves employed to determine the
branching ratios H(2s)/[H(2s) + H(2p)](an) and D(2s)/[D(2s) +
D(2p)](ap) for the predissociation of HD.

using a simulation considering the lifetime of the 2s (0.14 s)
and 2p (1.6 ns) states, and the temporal pulse widths of the
pump and probe lasers (~6 ns) [26]. Note that the focus
length of the lens for the probe laser beam was 300 mm,
and the spot size at the focus was about 0.12 mm. The probe
laser flux was estimated to be ~2.7 x 10>’ photons/cm?/s. The
ionization cross section of the 2p state near the threshold
is about 1.4x 1077 cm? [30]. The ionization rate of the 2p
state is thus about 3.8x10'%/s. Therefore, the spontaneous
decay of the 2p states (6.2x 10%/s) could be neglected in the
detection [31].

The relative intensities (oy/op) between the H(2s,2p)
and the D(2s, 2p) channels were determined by comparing
their intensities in the fragment yield spectra. Employing
ay, ap, and oy/op values, the branching ratios among the
channels, H(2s) 4+ D(1s), HQ2p) + D(1s), D(2s) 4+ H(ls),
and D(2p) + H(ls), were determined. The purity of the HD
sample was better than 98%.
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FIG. 3. The delay-time curves employed to determine the

branching ratios D(2s)/[D(2s) + D(2p)] for the predissociated
states 4po B” 'S (v = 2) of D,.

III. RESULTS AND DISCUSSION

A. Branching ratios among fragments H(2s),
HQ2p), D(2s), and D(2p)

Figures 1(a) and 1(b) show the fragment H(2s,2p)
and D(2s, 2p) intensities as a function of excitation pho-
ton energies (H- and D-atom action spectra), respectively.
In the energy region of interest, there are three Ry-
dberg states, 4pw D' T, (v=1), 3pxD T, (v =4), and
4po B” 'S (v = 2). It is clear in Figs. 1(a) and 1(b) that the
spectra are almost identical if the scales of the y axis were
neglected. For most of the peaks, the H(2s, 2p) fragments
have intensities about two times larger than those of the
D(2s, 2p) fragments.

Figures 2 and 3 show the delay-time curves to measure oy
and op of HD, and ap of D,, respectively. Table I lists the
measured oy and ap of HD and the corresponding values of
H, and D, for a comparison [26,29]. The overall branching
ratios of the four channels are listed in Table II.

If the g-u symmetry is maintained in the predissociation of
HD, the oy and «p of HD should be equal, which is apparently
not true, as seen in Table 1. For example, for the R(0) and
R(1) transitions to 4 psr D’ 1l'I,j(v = 1), the oy of HD are 0.89
and 0.82, and are found to be appreciably larger than its ap,

TABLE I. Relative branching ratios, H(2s)/[H(2s)+
H2p)l(an) and D(2s)/[D(2s) + D2p)l(ap), for  the
predissociation of H,, D,, and HD. The uncertainties are 0.03.

H,* D,® HD

ay ap aH ap
4pr D' 'TIF v=1
R(0) 0.89 0.50
R(1) 0.82 0.56
3pnD 'TI} v=23 v=4 v=4
R(0) 0.78 0.81 0.58 0.65
R(1) 0.81 0.82 0.55 0.64
4poB" 'SF v=1 v=2 v=2
R(0) 0.88 0.67 0.68 0.76
R(1) 0.85 0.66 0.68 0.76

2The data of H, are from Ref. [26].
"The data of D, for the transitions to the 3pm D 1l'Ij(v = 4) states
are from Ref. [29].

TABLE II. Branching ratios of the channels H(2s) + D(1s),
H(2p) + D(1s), D(2s) + H(1s), and D(2p) + H(1s) for the predis-
sociation of HD.

Branching ratio

Assignment H(2s)? H2p)* D(2s)° D(Zp)b
4pr D' T (v =1)

R(0) 0.61 0.09 0.15 0.15
R(1) 0.62 0.14 0.13 0.11
3prD M (v=4)

R(0) 0.38 0.28 0.22 0.12
R(1) 0.37 0.30 0.22 0.12
4poB" 1 (v =2)

R(0) 0.45 0.21 0.26 0.08
R(1) 0.46 0.21 0.25 0.08
R(2) 0.44 0.22 0.24 0.10
P(1) 0.41 0.26 0.22 0.11

“The uncertainties of the branching ratios are 0.02 for H(2s) and
H(2p).
®The uncertainties of the branching ratios are 0.01 for D(2s) and
D(2p).

0.50 and 0.56, respectively, which indicate clearly that the g-u
symmetry breaks down in the predissociations.

It is seen in Table I that there are more 2s components
produced in the predissociation of H,/D,/HD. The reason
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FIG. 4. Expanded H(2s, 2p)- and D(2s, 2p)-atom action spec-
tra, (a) 4pm D' T, (v = 1), (bl), (b2) 3pw D 'TIF (v = 4), and (c1)-
(c4) 4po B" 'EF (v = 2).
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TABLE III. Line positions «,, linewidths I', Fano parameters g, branching ratios oy/op [H(2s,2p) + D(1s5)]/[D(2s,2p) + H(1s)],
and anisotropy parameters By and Bp for the predissociations of HD in the transitions of 4pm D’ M,(v=1), 3pnD ll'[ui(v =4), and

4poB" T (v =2) < X 'S (v=0).

wp (cm™1)
Assignment This work® AP A° rd q° oy/ op' But Bpt
4pr D' T (v =1)
R(0) 119952.8 0.3 2.85 2.00 2.00
R(1) 119950.1 0.6 4.00 1.14 1.16
3pnD ME(w =4)
R(0) 120254.6 -0.1 0.0 2.9 -25 1.94 2.00 2.00
R(1) 120241.0 -0.3 0.7 7.6 -11 1.94 1.42 1.43
P(2) 119987.6 -0.2 3.0 12 1.90
o) 120164.0 -1.3 -0.5
02) 120059.4 0.6 -0.4
003) 119900.8 0.0 04
4poB" T (v =2)
R(0) 120570.3 0.3 0.61 20 1.94 2.00 2.00
R(1) 120555.7 0.43 0.66 18 2.03 1.02 1.03
R(?2) 120489.5 0.88 0.70 28 1.94 0.86 0.88
P(1) 120443.7 0.23 0.60 27 2.03 0.10 0.14

“Line positions determined by nonlinear fitting with uncertainties of 0.2cm™".

>The difference between this work and Monfils [13].
“The difference between this work and Dickenson and Ubachs [15].

4With estimated uncertainties of 0.2 cm™!.

1

“With estimated uncertainties of 6 for the 3pz D 1l'Iu*(v = 4) state and of 10 for the 4po B” 'Z,j(v = 2) state.

fWith estimated uncertainties of 0.10.
gWith estimated uncertainties of 0.03.

for this is well understood [19-29] in the cases of H, and
D;. In the predissociation of the 3pw and 4po states, there
is a coupling in the Franck-Condon region between the
predissociated states with the 3po B’ 'S, state that corre-
lates with the 1s +2s channel. The 3po B’ 'S} state is
coupled with 2po B 'S} in the long range (~0.8 nm) that
correlates with 1s + 2p. However, the predissociation from
the 2po B 'S’ state is believed to be less important. In
the case of HD, the states 3po B’ 'S} and 2poB 'S} in
the Franck-Condon region correlate adiabatically with the
D(2s) + H(ls) and H(2p) + D(ls) channels, respectively
[5]. If the 3po B’ '¥;" and 2po B 'S states are still the main
dissociation channels in the predissociation of HD, as in the
case of Hy and D;, the D(2s) + H(1s) and H(2p) 4+ D(ls)
channels should dominate the predissociations, which is not
true as seen from Table II. This may indicate that the pairwise
interaction among the g-u states changes the final state dis-
tributions. The details of the coupling mechanism should be
studied in the future.

The overall branching ratios of the four channels, given
in Table II, may provide a deeper insight into the predisso-
ciation dynamics of HD. Note that there are generally more
H(2s) or H(2p) fragments produced than D(2s) or D(2p),
respectively, indicating that the g-u symmetry breaks down
in the predissociation. The theoretical calculations that in-
clude the coupling between the g and u states predicted the
relative ratios [H(2p) 4+ D(1s)]/[D(2p) + H(1s)] [denoted
as H2p)/D(2p)] to be 2.1, 1.6, and 1.4, for E,.; = 720,
1526, and 2332cm™! above the D(2p) + H(ls) limit, re-

spectively [16]. E,v.i’s for the R(0) and R(1) transitions
to 3pm D T (v =4) are ~1600cm™!, and the measured
H(2p)/D(2p) ratios are ~2.4, and the H(2s)/D(2s) ratios
are ~1.7. For the transition to 4po B" 'S (v = 2), Euail’s
for R(0) and R(1) transitions are ~1920 cm™', with measured
H(2p)/D(2p) ratios of ~2.6, and H(2s)/D(2s), ~1.8. It is
seen that the theoretical H(2p)/D(2 p) ratios are in semiquan-
titative agreement with the measurements.

It is interesting to note that the measured branching
ratios for the 4pm D' '} (v = 1) state are very different
from those of the 4po B” 'SF (v = 2)and 3pw D M1} (v = 4)
states. The H(2p)/D(2p) ratio for the R(0) transition to
4pr D' T (v = 1) is 0.60 with Eyyn ~ 1310cm ™!, whichis
in disagreement with the theoretical prediction. Furthermore,
the ratios H(2s)/D(2s) are ~4.1, much larger those found
for the 3pm D 'Tf(v=4) and 4poB 'S} (v =2) states.
The latter result is also in disagreement with the theoretical
prediction that the ratios H(2s)/D(2s) are not significantly
dependent on the available energies [16]. The values of oy are
larger than ap in the predissociation of 4p7 D' T (v = 1),
which is also in contrast with the results in the predissoci-
ation of 3pm D 'TIf (v = 4) and 4po B 'S (v = 2). There-
fore, it is seen that the branching ratios H(2p)/D(2p) and
H(2s)/D(2s) depend not only on the available energies as
predicted by the theoretical calculation [16] but also on the
couplings between the predissociated states and the disso-
ciative states. For the 4pm D’ 'TI} (v = 1) state, its predis-
sociation mechanism is different from those of 3pm D T
and 4poB” 'St as discussed by Glass-Maujean [18]. The

u -
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predissociation of the 3pz D 'TI" and 4po B” 'SF states oc-
curs mainly via direct coupling with the 3po B’ 'S states
that in turn couple with the 2poB 'S} state, while the
predissociation of the 4 pr D’ 1I'IMJF(U = 1) state occurs in two
different paths, coupling, respectively, with the 4po B” ' 2
and 3pm D 'TT states and the two states consequently cou-
pling with 3po B' 'S} and 2po B 'S, Therefore, to fully
account for our experimental data, all the g-u-state couplings
should be taken into account as well as vibronic and / uncou-
pling among the predissociated and dissociative states [5].

B. Beutler-Fano profiles

In contrast with the product branching ratios that have
strong g-u asymmetry, the predissociation line profiles and
the fragment angular distributions show no dependence
on the H and D fragments and thus maintain the g-u
symmetry.

The expanded fragment yield spectra are shown in Fig. 4.
The line profiles and hence the spectral parameters for the
H(2s,2p) and D(2s, 2 p) fragments are found to be identical;
that is, they are isotope independent. The line profiles are
asymmetric due to the state interference in the predissoci-
ations, which are referred to as Beutler-Fano profiles. The
predissociation of the 3pw D 'TT} state is mainly due to [
uncoupling with the 3po B’ 'S state [13-25]. The spectral
line profile is described by the Fano formula [32,33],

lq + 2(w — w)/T'T
o .

1+ (2(“’1:“)0))2

o(w) D

This formula is usually applied to the photoabsorption
spectrum, yet it can be still used if state-resolved and even
angle-resolved fragments are detected in the predissociation
[26-29]. In Eq. (1), g is the so-called Fano parameter, which
relates the relative transition intensities from the ground state
to 3pr D'} and from the ground state to 3po B’ 'S,
and the interaction strength between the 3po B’ 'S and
3pm D 'TI; states. wy is the resonance frequency. I" represents
the linewidth of the profile. There are mass scaling formulas of
g and T based on J - [ coupling, ¢ oc p and I" oc 1/u?, where
w is the reduced mass [14,15]. The values of w are 1/2, 2/3,
and 1 for H,, HD, and D, molecules, respectively.

The parameters obtained by fitting the measured spectra
using Eq. (1) are listed in Table III along with the relative
signal intensities oy /op. The observed line positions are in
agreement with the reported values [13—15]. For transitions
to 3pm D 'T} (v = 4), based on earlier data from our group
[27,29], it is known that I'(g) of R(0) for H,, HD, and D,
are 4.8 (-14.4), 2.9 (-25), and 1.2 (-40), and for R(1) are 13.3
(-10),7.6 (-11), and 3.38 (-22), respectively, where I" has unit
of cm~! and ¢ is unitless. The corresponding ratios among Hy,
HD, and D, are approximately in agreement with the theoret-
ical ratios 4:2.25:1 for I" and 3:4:6 for ¢, as mentioned above.

The resonance frequency g and the linewidth I are in-
dependent of the detected H and D fragments. This might
indicate that these parameters are mainly dependent on the
transitions in the Franck-Condon region. The g-u-state mix-
ings in the dissociation limit region would not affect the two
parameters.

(a)4pnD"'i(v=1)

FIG. 5. Velocity map images of the H(2s,2p) and D(2s,2p)
fragments from the predissociated states, (a) 4pr D’ I} (v = 1),
(b) 3pw D T (v =4), and (c) 4poB” 'S} (v = 2). The images
were taken under electric fields with the pump and the probe laser
pulses coincident in time. The polarization of the XUV laser was
along the up-down direction. The corresponding angular distribu-
tions can be found in Fig. 6.

It is interesting to note that although the P(2) and R(0)
transitions to the 3pm D 11'[;*(1; = 4) state reach the same
final rotational state, J = 1, the g values for P(2) and R(0)
transitions have opposite signs. This is due to the phase effect
in the two-state coupling, and could be explained by the
relationship derived using the Fano formula,

g[RUMN  _ J"+2
g[P(J"+2)]  J'+1’

2

or g[R(0)] : g[P(2)] = —2 [29], which is in agreement with
the measured ratio of —2.1.

For transitions to 4po B” ]2;[ , it is seen in Table III that
the linewidths of 4po B” 'S are much smaller than those
of 3pm D T} and depend only slightly on the rotational
quantum numbers, which indicate that the 4po B” 12; and
3po B’ 'S states are vibronically coupled [18]. For transi-
tion to 4pw D’ IH;, the linewidth is smaller than the reso-
lution of our instrument (0.15cm™"). This suggests that the
4pr D' 'TI state is weakly coupled to the dissociating con-
tinua, in agreement with the previous theoretical prediction
[18].
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FIG. 6. The angular distributions of the H(2s, 2p) and D(2s, 2p) fragments extracted from the Abel transforms of the corresponding
velocity map images shown in Fig. 5. The black dots in the figure are the experimental data, and the continuous curves are the nonlinear

least-squares fittings using Eq. (3).

C. Fragment angular distributions

The angular distributions of the photofragments H(2s, 2p)
and D(2s,2p) have been measured. Figure 5 shows the
velocity map images of the H and D fragments for tran-
sitions to the 4pmx D' T (v = 1), 3pn D M} (v = 4), and
4po B” 'St (v = 2) states. Figure 6 shows the corresponding
angular distributions extracted from the images. The angular
distributions of the fragments were fitted using the well-
known formula

f(6) x 1+ BPr(cosh). 3)

The B parameters are listed in Table III and are found
to be essentially the same for the H(2s, 2p) and D(2s,2p)
fragments. It may thus be concluded that the angular distri-
butions of the fragments depend only on the transitions in the
Franck-Condon region and not on the g-u-state mixing near
the dissociation limits.

The B values listed in Table III are in agreement with
a model assuming a transition to a predissociating state of
'Y+ symmetry, in which g8 =2, 1, 0.8, and O for the R(0),
R(1), R(2), and P(1) transitions, respectively [26-29,34]. The
measured angular distributions thus support the mechanism

that the predissociating states are likely to be the 3po B’ 'S F,

2poB'SF EF IE;, and GK 'E;{ states. The small differ-
ences between the predicted values from the model and the
experimental values may be due to the interference effect in
the predissociations [34].

IV. SUMMARY

We have studied the predissociation of HD and measured
the branching ratios among the channels D(2s) + H(ls),
D(2p) + H(ls), H(2s) + D(1s), and H(2p) + D(ls). The
results show that the population ratios H(2s)/D(2s) and
H(2p)/D(2p) are appreciably different from 1.0, which
illustrate strong g-u-state mixings near the dissociation limits.
On the other hand, the Beutler-Fano profiles and the angular
distribution of the fragments show no isotope dependence,
which indicates that these properties are not directly related to
the g-u-state mixing. To reproduce our present experimental
results, we suggest that future theoretical calculations should
take all the g-u-state mixings, [ uncouplings, and vibronic
interactions into consideration. Future calculations should
provide insights into the role of the g-u symmetry in HD
photodissociation.
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