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The direct photodissociation of D2 at excitation energies above 14.76 eV occurs via two channels,
Dð2sÞ þ Dð1sÞ and Dð2pÞ þ Dð1sÞ. The branching ratios between the two have been measured from the
dissociation threshold to 3200 cm−1 above it, and it is found that they show cosine oscillations as a function of
the fragment wave vector magnitudes. The oscillation is due to an interference effect and can be simulated
using the phase difference between the wave functions of the two channels, analogous to Young’s double-slit
experiment. By fitting the measured branching ratios, we have determined the depths and widths of the
effective spherical potential wells related to the two channels, which are in agreement with the effective
depths and widths of the ab initio interaction potentials. The results of this Letter illustrate the importance of
the relative phase between the fragments in controlling the branching ratios of the photodissociation channels.
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Interference between indistinguishable pathways can lead
to many interesting phenomena [1,2]. A classic example is
Young’s double-slit experiment with light, where the inter-
ference pattern on the viewing screen arises from the phase
difference between the wave functions of the two pathways.
Similar interference is also observed for matter wave, e.g.,
with atoms [3]. In molecular photodissociation and reaction
dynamics, different channels leading to the same products
may display observable quantum interference effects, such
as variations of the photofragment spin-orbit state distribu-
tions with excitation photon energies, as well as reaction
cross-section resonances with reactant translational colli-
sion energies [4–9]. However, interference effects arising
clearly from the phase differences between the recoil frag-
ments have rarely been observed in photodissociation, yet
such effects could prove invaluable as they provide a novel
insight into the quantum nature of the photodissociation
process. The phase of the channel wave function plays a key
role in multichannel quantum defect theory (MQDT).
Jungen and his collaborators have developed and applied
MQDT to the hydrogenmolecule, which contributes greatly
to our understanding about the Rydberg spectra, photo-
dissociation and ionization of H2, D2, and HD [10–14].
The photodissociation of D2 in the threshold region

(14.76 eV) produces two channels, Dð1sÞ þ Dð2sÞ and
Dð1sÞ þ Dð2pÞ, which correlate mainly to the 3pσB01Σþ

u

and 2pσB1Σþ
u states [12–19], respectively. The wave

functions of these two channels have different phase shifts
relative to the free spherical waves. Extreme ultraviolet
(XUV) photons can excite the ground state to the vibra-
tional continua associated with the 3pσB01Σþ

u and
2pσB1Σþ

u electronic states [15–18]. By tuning the excita-
tion photon energies, the kinetic energies of the fragments
are modified, thus resulting in a variation of the phase
differences between the two channels. Oscillations of

branching ratios between the two channels with excitation
photon energies were predicted theoretically in 1987 [15].
In 1988, the branching ratios for H2 were measured at seven
excitation energies, using the Hð2s; 2pÞ Lyman-α fluores-
cence method [16]. However, cosine oscillations of branch-
ing ratios have not yet been observed experimentally.
In this Letter we report an experimental determination

of the fragment branching ratios between the channels
Dð2pÞ þ Dð1sÞ andDð2sÞ þ Dð1sÞ in the direct dissociation
of D2. An oscillatory dependence with excitation energies is
observed, and its physics can be understood using a simple
model assuming effective spherical potential wells as proxies
for the ab initio potential energy curves (PECs).
The experimental setup consists of a tunable XUV laser

pump, a UV laser probe system (364 nm), and a typical
molecular beam machine equipped with a velocity map
imaging component, as described elsewhere [20–22]. The
tunable coherent XUV light was produced by resonance-
enhanced four-wave sum mixing in a pulsed Kr jet. The
branching ratio Dð2sÞ=½Dð2sÞ þ Dð2pÞ� was determined
by measuring the Dð2s; 2pÞ signals as a function of the
time delay between the XUV pump and the UV probe laser
pulses under field-free conditions (delay-time curve). The
electric field to extract the Dþ ions was applied about
200 ns after the XUV laser pulse. Because there is a large
lifetime difference between the Dð2sÞ (0.14 s) and Dð2pÞ
(1.6 ns) states, the branching ratio can be determined using
a simulation considering this difference and the pulse time
widths of the pump and probe lasers (∼6 ns).
Figure 1 shows a typical example of how the delay-

time curve samples the branching ratio. It is noted that
predissociations also occur above the threshold, as
shown by the strong peaks in Fig. 2(a) in the Dð2s; 2pÞ
fragment yield spectra. The measured branching ratios
Dð2sÞ=½Dð2sÞ þ Dð2pÞ�, shown in Fig. 2(b), are for the
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direct dissociations. Previously reported theoretical branch-
ing ratios [15] are also included in Fig. 2(b) for comparison.
The theoretical calculations were carried out for the
s-waves, J0 ¼ 0. Pure s-waves cannot be generated exper-
imentally, because the transitions Pð1Þ (J0 ¼ 0 ← J00 ¼ 1)
and Rð1Þ (J0 ¼ 2 ← J00 ¼ 1) are excited simultaneously and
cannot be discriminated. Our experimental data that arise
mainly from the Rð0Þ (J0 ¼ 1 ← J00 ¼ 0) transitions corre-
spond to the p-waves. The supersonic D2 molecular beam
consists of the rotational levels J00 ¼ 0, 1, 2, and 3, with
approximate population ratios of 0.53∶0.30∶0.13∶0.03,
respectively, determined chiefly by nuclear spin statistics
(ortho∶para ¼ 2∶1). For the first eight points shown in
Fig. 2(b), the branching ratios correspond to pure Rð0Þ
transitions, as transitions starting from the J00 > 0 rotational
states were excluded. This was done from combined mea-
surements of the delay-time curves and the velocity map
images (VMIs) of the Dð2s; 2pÞ fragments under electric
field and field-free conditions, respectively. The VMIs were
used to determine the relative contributions of J00 ¼ 0 to
higher rotational states. Further details can be found in the
Supplemental Material [23]. Regarding the branching ratios
for the higher excitation energies in Fig. 2(b), unfortunately
the resolution of theVMIswas not goodenough to resolve the
rotational states. In such cases, themeasured branching ratios
were mainly determined from J00 ¼ 0 and 1, whose energy
difference is 60 cm−1. The branching ratio is mainly deter-
mined from the kinetic energies of the fragments [15]. For
fragments with kinetic energies 283 cm−1 above the thresh-
old [the ninth point in Fig. 2(b)], J00 ¼ 1 has only a small
effect on the branching ratios. For instance, for the eighth
point with a kinetic energy of 223 cm−1, the effect of J00 > 0
states on the branching ratio is only þ0.04 (see [23]). It is
therefore assumed, in the following discussion, that our
measured branching ratios are those of the Rð0Þ transitions.
Figure 3 shows the branching ratios as a function of

the wave vector magnitude k of the fragments in the

center-of-mass coordinate. k ¼ ffiffiffiffiffiffiffiffiffiffi
2μEt

p
=ℏ, where Et is

the translational energy of the fragments in the center-
of-mass coordinate, μ is the reduced mass of D2, and ℏ is
the reduced Planck constant. Figures 3(a) and 3(b) display
the experimental branching ratios and the theoretical results
of the s-wave [15], respectively. It is seen that the branching
ratios as a function of the wave vector magnitudes are
similar to a cosine function.
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FIG. 1. Fragment Dð2s; 2pÞ intensities as a function of the time
delay between the XUV pump and the UV probe laser pulses
under field-free conditions. The XUV pump laser is set at
119 689.0 cm−1, or 659.3 cm−1 above the Dð1sÞ þ Dð2sÞ dis-
sociation threshold.
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FIG. 2. (a) The Dð2s; 2pÞ fragment yield spectrum from the
photodissociation of D2. (b) The branching ratios Dð2sÞ=½Dð2sÞ þ
Dð2pÞ� from the direct dissociations of D2. The photon energies for
the measured branching ratios are set at the flat region of the
fragment yield spectrum. The experimental results are for the Rð0Þ
transitions (p-wave), and the theoretical results are for the Pð1Þ
transitions (s-wave) [15]. The threshold for the production of
Dð1sÞ þ Dð2sÞ is 119 029.7 cm−1 [19].
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FIG. 3. (a) Experimental and (b) theoretical Dð2sÞ=½Dð2sÞ þ
Dð2pÞ� branching ratios [15]. The corresponding fits to determine
the widths and depths of the effective spherical potential wells are
also shown. Near the threshold region the oscillations are out of
phase between the theory (s-wave) and experiment (p-wave).
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Direct photodissociation of D2 involves excitation from
the ground state to the vibrational continua of the
3pσB01Σþ

u and 2pσB1Σþ
u electronic states. We use the

partial wave method to describe the vibrational continuum
[2]. In our discussion, we assume that the coupling between
the electronic angular momentum and the nuclear rotational
angular momentum is weak; therefore, only a p-wave
(l ¼ 1) is possible for a photodissociation starting from
J00 ¼ 0, whereby the continuum wave function is

Ψl ¼ ð2lþ 1ÞPlðcos θÞRlðrÞil expðiδlÞ; ð1Þ

where δl is the phase shift of the lth wave relative to the free
spherical wave, Plðcos θÞ is the Legendre polynomial
describing the angular properties of the wave function,
and RlðrÞ is the radial wave function [2]. As we mentioned
earlier, two potential energy curves of the 3pσB01Σþ

u and
2pσB1Σþ

u states correlate to the Dð2sÞ þ Dð1sÞ and
Dð2pÞ þ Dð1sÞ channels, respectively. The total wave
functions should then be a combination of the two nuclear

vibrational continua associated with these electronic states.
The two resulting mixed wave functions are orthogonal [9];
one of them has a larger mixing coefficient for 3pσB01Σþ

u ,
denoted as ~Ψ2s, and the other has a larger mixing coefficient
for 2pσB1Σþ

u , denoted as ~Ψ2p, expressible as

~Ψ2s ¼ c2s expðiδ1ð2sÞÞ½P1ðcos θÞR1ð2sÞðrÞ�j3pσi
þ c2p expðiδ1ð2pÞÞ½P1ðcos θÞR1ð2pÞðrÞ�j2pσi ð2aÞ

~Ψ2p ¼ −c2p expðiδ1ð2sÞÞ½P1ðcos θÞR1ð2sÞðrÞ�j3pσi
þ c2s expðiδ1ð2pÞÞ½P1ðcos θÞR1ð2pÞðrÞ�j2pσi ð2bÞ

c2p and c2s are the mixing coefficients that can be
determined by solving the close-coupled Schrödinger
equation [15] or, alternatively, using MQDT [10–14].
The excitation cross section from the ground state of D2

(jgi) to ~Ψ2s is proportional to

jhgjdj ~Ψ2sij2 ¼ jc2pj2hgjd2pjP1ðcos θÞR1ð2pÞðrÞi2 þ jc2sj2hgjd2sjP1ðcos θÞR1ð2sÞðrÞi2
þ 2 cosðδ1ð2sÞ − δ1ð2pÞÞc2pc2shgjd2pjP1ðcos θÞR1ð2pÞðrÞihgjd2sjP1ðcos θÞR1ð2sÞðrÞi

¼ jc2pj2 ~d22p þ jc2sj2 ~d22s þ 2 cosðδ1ð2sÞ − δ1ð2pÞÞc2pc2s ~d2p ~d2s; ð3aÞ

where d2s and d2p are the electronic transition dipole
moments, and ~d22s and ~d22p are the transition intensities from
the ground electronic state to the 3pσB01Σþ

u and 2pσB1Σþ
u

states, respectively. The excitation to ~Ψ2p state is

jhgjdj ~Ψ2pij2 ¼ jc2sj2 ~d22p þ jc2pj2 ~d22s
− 2 cosðδ1ð2sÞ − δ1ð2pÞÞc2pc2s ~d2p ~d2s: ð3bÞ

Both ~Ψ2p and ~Ψ2s contain the probabilities for the
production of the Dð2sÞ þ Dð1sÞ channel, so the total
cross section to observe this channel is proportional to

~σ2s ¼ c22sjhgjd2sj ~Ψ2sij2 þ c22pjhgjd2pj ~Ψ2pij2

¼ ~Aþ ~B cosðδ1ð2sÞ − δ1ð2pÞÞ; ð4aÞ

~A ¼ c22s½c22s ~d22s þ c22p ~d
2
2p� þ c22p½c22s ~d22p þ c22p ~d

2
2s�; ð4bÞ

~B ¼ 2c2pc2s ~d2p ~d2s½c22s − c22p�: ð4cÞ

As can be seen in Eqs. (4b) and (4c), ~A and ~B are related
to the mixing coefficients and transition intensities.
Similarly,

TABLE I. Widths ~a and depths ~U of the effective spherical potential wells corresponding to the potential energy curves of the
2pσB1Σþ

u and 3pσB01Σþ
u states. The parameters ~rA and ~rB describe the cosine oscillation of the Dð2sÞ=½ðDð2sÞ þ Dð2pÞ� branching

ratios in the direct photodissociation of D2.

~a (2pσ) (atomic units) − ~U (2pσ) (103 cm−1) ~a (3pσ) (atomic units) − ~U (3pσ) (103 cm−1) ~rA
a ~rB

a

Theoryb 6.46 30.6 1.81 12.0
Theoryc 6.4� 0.4 33� 2 1.7� 0.4 11� 3 0.79� 0.01 0.13� 0.01
Experimentd 6.4� 0:4 33� 5 1.6� 0.4 12� 4 0.76� 0.01 0.11� 0.01
aSee Eq. (6).
bCalculated from the ab initio PECs [24] using Eqs. (10a) and (10b).
cFrom a fit of the theoretical results using the s-wave wave function [15].
dFrom a fit of the measured branching ratios using the p-wave wave function.
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~σ2p ¼ ~A0 − ~B cosðδ1ð2sÞ − δ1ð2pÞÞ; ð5aÞ

~A0 ¼ c22p½c22s ~d22s þ c22p ~d
2
2p� þ c22s½c22s ~d22p þ c22p ~d

2
2s�: ð5bÞ

The total cross section for the two channels is propor-
tional to ~d22p þ ~d22s, as derived from Eqs. (4b) and (5b),
which we assume to be a constant [15]. The branching
ratio, Dð2sÞ=½Dð2sÞ þ Dð2pÞ�, is represented by

~σ2s
~σ2s þ ~σ2B

¼
~A

~Aþ ~A0 þ
~B

~Aþ ~A0 cosðδ1ð2sÞ − δ1ð2pÞÞ

¼ ~rA þ ~rB cosðδ1ð2sÞ − δ1ð2pÞÞ; ð6Þ
where ~rA is the branching ratio when the two scattering
functions are out of phase (π=2), and ~rB may be regarded as
the modulation depth of the branching ratio as a function of
the phase.
Although the phase difference in Eq. (6) can be

calculated exactly [10–15], we emphasize the main physics
here with an effective potential model that may be regarded
in essence an application of MQDT [10,11]. In this model,
the diatomic interaction potentials are assumed to be
spherical potential wells, characterized by depth − ~U and
width ~a. For the p-wave, the phase shift relative to a free
spherical wave can be derived using standard quantum
mechanical formalism [2],

δ1 ¼ −k ~aþ cot−1
�
1

~ak
− k

~aτ2
þ k cot τ ~a

τ

�
; ð7aÞ

where τ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2uðEt þ ~U0Þ

q
=ℏ. In our case, τ ≫ k. If

~ak ≫ 1, we have

δ1 ≈ −k ~aþ cot−1
�
k cot τ ~a

τ

�
: ð7bÞ

For the case we study, the wave vectors of the two
channels are nearly equal, so the phase difference between
them becomes

δ1ð2pÞ − δ1ð2sÞ ≈ −kð ~a2p − ~a2sÞ þ cot−1
�
k cot τ2p ~a2p

τ2p

�

− cot−1
�
k cot τ2s ~a2s

τ2s

�
: ð8Þ

The calculations show in the above equation that the first
term is dominant [23]. Therefore, the phase difference is
determined mainly by the wave vector k, which provides a
theoretical explanation for the experimental result, namely,
that the branching ratio is a cosine function of the wave
vector [15].
Using Eqs. (6) and (7b), we fitted the measured branch-

ing ratios employing the nonlinear least-squares method.
The result is shown in Fig. 3(a). It is seen that the fit

reproduces quite well the experimental results. The branch-
ing ratios in the lower and higher values of the wave vectors
were not included in the fit, but the extension of the curves
to the low-k values describes the trend of the experimental
results very well. From the fit, the ~U and ~a values of the two
spherical potential wells are obtained, and are listed in
Table I, along with the parameters ~rA and ~rB in Eq. (6).
In addition to the fit of the experimental branching ratios

for the Rð0Þ transitions, we also fitted the theoretical
branching ratios of the Pð1Þ transitions (s-wave). The
expression for the phase shift of an s-wave is [2]

δ0 ¼ −k ~aþ arctan

�
k tan τ ~a

τ

�
ð9Þ

The fitted curve is shown in Fig. 3(b). For k > 2.0, the
fitted curve agrees well with the theoretical calculations.
The determined ~a and ~U values are nearly the same as those
resulting from the measured branching ratios. Notice that
the branching ratio oscillations of the s- and p-waves are
out of phase in the threshold region.
For a comparison of the effective spherical potential wells

extracted from the experimental data, with those of the
ab initio PECs, we assume that the effective width ~a and
depth ~U for a theoretical PEC [UðrÞ] can be approximated by

~a ¼
R
∞
0 rUðrÞr2drR
∞
0 UðrÞr2dr ; ð10aÞ

− ~U ¼
R∞
0 4πUðrÞr2dr
ð4=3Þπ ~a3 : ð10bÞ

The starting point of the effective potential r ¼ 0 in
the above corresponds to an internuclear distance of
R ¼ 1.0 a:u:, where the potential is very large. The results
are listed in Table I. It is seen that the parameters of the
effective potential wells extracted from the fit of the
experimental data are in good agreement with those
resulting from the ab initio PECs [24]. For example, the
widths ~a of the 2pσB1Σþ

u and 3pσB01Σþ
u states, resulting

from the fits, are 6:4� 0:4 and 1:6� 0:4 a.u., vs. the values
of 6.46 and 1.81 a.u. derived from the ab initio PECs. The
large width of the 2pσB1Σþ

u state relative to that of the
3pσB01Σþ

u state is because the former includes some ion-
pair state character and, hence, has a much longer equi-
librium bond length than typical covalent bonds [25,26].
Figure 4 shows the PECs of the 2pσB1Σþ

u and 3pσB01Σþ
u

states, the corresponding effective spherical potential wells,
and the scattering wave functions calculated using the
effective spherical potential wells. It is clearly seen that the
effective potentials can satisfactorily describe the main
properties of the PECs. For kinetic energies (wave vectors)
of Et ¼ 902 cm−1 (k ¼ 3.87 a:u:) and Et ¼ 656 cm−1
ðk ¼ 3.30 a:u:Þ, the wave functions for the 2pσB1Σþ

u
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and 3pσB01Σþ
u states are in phase and out of phase,

respectively, which results in observed maximum
(0.94� 0.02) and minimum (0.68� 0.02) values for the
Dð2sÞ=½Dð2sÞ þ Dð2pÞ� branching ratios.
In summary, the branching ratios between the channels

Dð2sÞ þ Dð1sÞ and Dð2pÞ þ Dð1sÞ in the direct photo-
dissociation of D2 have been measured and are found to be
described by a cosine function of the fragment wave vectors.
The oscillation is understood to arise from the phase
differences between the wave functions of the two dissoci-
ation channels, which confirms a previous theoretical
prediction [15]. The parameters of the effective spherical
potentials were determined by fitting the measured branch-
ing ratios. The results obtained in this Letter demonstrate
clearly that the relative phase between the fragments of the
two photodissociation channels significantly modulates the
corresponding branching ratio. The presently introduced
delay-time-curve technique to measure the branching ratio
Dð2sÞ=½Dð2sÞ þ Dð2pÞ� can be applied to study the photo-
dissociation dynamics of other molecules.
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