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Application of multichannel quantum defect theory to unveil quantum
interferences in dissociation of superexcited F2
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We report experimental measurements of a high-precision photoreaction spectroscopy in combination with the
velocity map imaging method. With such high-precision experimental measurements, we can “observe” detailed
photodissociation processes of a specific superexcited state of our choosing. Based on multichannel quantum
defect theory, an interesting quantum interference mechanism of dissociation of superexcited F2 into (F+ + F−)
ion pairs has been unveiled.
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Molecules can be excited into superexcited states by
ionizing radiation which in turn may ionize or dissociate these
superexcited states into various fragments. Such superexcited
molecules play important roles in radiation physics and
chemistry [1] as well as in various molecular processes which
are important in related scientific fields such as high-power
gas laser researches [2] and astrophysical studies [3]. High-
resolution xuv laser in combination with the velocity map
imaging method [4–7] provides us with a new tool to study
the very details of the spectroscopy and the dynamics of the
molecular superexcited states. Using this method, we have
measured the high-resolution photofragment yield spectra and
velocity map images for F− from the (F+ + F−) ion pair
as shown in Fig. 1. A full description of our experimental
apparatus can be found in Refs. [5–7]. Briefly, the coherent
xuv radiation was generated by using resonance-enhanced
four-wave sum mixing in a pulsed Kr jet. A Nd-YAG (20 Hz)
pumped two-dye laser system was used in the experiments.
The resolution of the xuv laser was around 0.1 cm−1. The
F2 gas sample was premixed with He (He, 96%; F2, 4%),
and the temperature of the supersonic-cooled F2 beam was
less than 10 K, which guarantees that the F2 molecules were in
rotational ground state. For theoretical aspects, several authors
[8] have successfully used the quantum defect theory (QDT) to
analyze the total photodissociation spectra of some molecules.
We have studied the high-precision total F− yield spectra in
the framework of QDT [9], as shown in Fig. 1.

Based on our calculations [9], in the experimental xuv
energy region (126 510–127 560 cm−1), F2 molecules are
mainly photoexcited into Rydberg series (F2

+ 2�3/2)npπu and
(F2

+ 2�1/2)npπu, which are superexcited states dissociating
into F+ and F− pairs via a dissociative state π3

uπ3
g σ 2

u (3�−
u )

with much larger electron-electron interaction matrix el-
ements 〈π4

uπ3
gnpπu| 1

r12
|π3

uπ3
g σ 2

u 〉. In Fig. 1(a), we display
the high-resolution total photofragment yield spectra for
F− ions together with the theoretical vibrational resolved
assignments [9]. Figure 1(b) shows the calculated intensities
which are in agreement with experimental observations [9].
Such an experimental method can be used to observe detailed
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photodissociation processes as illustrated by a schematic draw-
ing in Fig. 2. The F2 molecules are excited into superexcited
states (Rydberg states) mainly through 1�+

g → 1�+
u electric-

dipole transitions. Because of spin-orbit interactions within
the reaction zone, the Rydberg states have a non-negligible
3�−

u component. Through the interactions with the dissociative
state 3�−

u , the superexcited Rydberg states are dissociated. The
amplitude in 3�−

u evolves into two amplitudes in 3�−
u and 3�u

via nonadiabatic interactions (radial and rotational couplings)
[10] in a nonadiabatic coupling zone. Finally, dissociations
into (F+ + F−) ion pairs occur via quantum interferences
between the 3�−

u and 3�u states in the dissociation zone. For
the velocity images from the ion-pair production processes,
there are very interesting phenomena. More specifically, at the
resonance at about 127 150 cm−1, photoexcited F2 molecules
are dissociated into two kinds of ion pairs, F−(1S) and F+(3P2

and 3P0), in an almost isotropic manner; however at the nearby
resonance at about 127 156 cm−1, photoexcited F2 molecules
are dissociated into three kinds of ion pairs, F−(1S) and
F+(3P2,

3P1, and 3P0), in an anisotropic manner as shown in
Fig. 1. In the present article, we unveil general mechanisms
for such interesting photodissociation processes, which are
quantum interference phenomena in nature.

In photoabsorption processes, F2 molecules in the ground
state (core)π4

uπ4
g

1�+
g are excited into excited states consisting

of F2
+(core)π4

uπ3
g

2�g;1/2,3/2 and an excited molecular elec-
tron orbital, pπu or pσu. Note that the electronic ionization
threshold of F2 is split into I3/2 and I1/2 because of the
spin-orbit interactions. Therefore photoabsorption processes
involve not only singlet states but also triplet states analogous
to Ar photoabsorption processes [11]. Let us first focus on
photoexcitation processes from the F2 ground state, 1�+

g (Jo =
0+). Based on multichannel QDT [11–13], the superexcited
state wave functions (J = 1−) can be expressed as superpo-
sitions of eigenchannel wave functions ψα characterizing the
detailed dynamics in the reaction zone [11–15],

� =
∑

α

ψαAα, (1)

where the mixing coefficients Aα can be determined by elec-
tron asymptotic boundary conditions [11–15]. More specifi-
cally, the eigenchannel wave functions ψα represent detailed
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FIG. 1. (Color online) Photofragment yield spectra for F− with
velocity images in photodissociation processes into (F+ + F−) ion
pairs. The four pictures are velocity images; the left two pictures are
for the resonance at 127 150 cm−1 and the right two pictures are for
the resonance at 127 156 cm−1. For the upper two pictures, the laser
polarization is vertical as indicated on the right. Note that the lower
two pictures are magnified in order to be observed clearly with the
laser polarization perpendicular to the images.

dynamical characters of an excited electron (pπu or pσu) and
the molecular ionic core, π4

uπ3
g

2�g,3/2,1/2, within the reaction
zone (i.e., the molecular ion core region) denoted as Hund’s
Coupling Case (a) (i.e., 2S+1�	) [16] with (J = 1−). There
are eight eigenchannels: 1�+

u0, 3�+
u1, 3�−

u0+ , 3�−
u1, and 3
u1,

arising from pπu, and 1�u1, 3�u0, and 3�u1, arising from

FIG. 2. (Color online) Schematic illustration of detailed pro-
cesses of F2(X1�+

g ) + hν → F∗∗
2 → F+(3P2,1,0) + F−(1S0) ion-pair

productions. Note that the grey shaded area involves nonadiabatic
interactions among various potential curves in the nonadiabatic
coupling zone and for (F+ + F−) ion-pair productions the relevant
amplitudes in the 3�−

u and 3�u states appear after the nonadiabatic
coupling zone mainly owing to rotational couplings.

pσu. The eigenchannel wave functions ψα (J = 1−) as the
excited electron outside the reaction zone can also be expressed
as superpositions of ionization-channel wave functions �i ,
which are product-type wave functions of molecular ions and
an excited electron [11–15] with couplings denoted as Hund’s
Case (e) [i.e., 2Sc+1(�c)

	c
Jc(l,s)j ] [16],

ψα =
∑

i

Uiα�i =
∑

i

φiUiα(fi cos πµα − gi sin πµα), (2)

where fi and gi represent radial regular and irregular Coulomb
wave functions of the excited electron with the common
short-range phase shift πµα . The superposition coefficients
Uiα , which represent electronic and rotational interaction
dynamics, that is, a transformation from Hund’s Case (a)
to Hund’s Case (e) [17], form an orthogonal transformation
matrix. The general expression of Uiα can be found in the
Eq. (12) of Ref. [17]. Note that the transformation matrix U is
very crucial in determining the important mixing coefficients
Aα , as indicated in Eqs. (3) and (4) below. The φi is
a combined wave function of molecular ions [2�3/2(J+

c )
or 2�1/2(J+

c )] and the rotational wave function of excited
electrons [pπu or pσu]. There are eight ionization channels
with (J = 1−); that is,

2�3/2
(
Jπ

c = 3/2+)
(l = 1,s = 1/2)ju = 1/2,

2�3/2
(
Jπ

c = 3/2+)
(l = 1,s = 1/2)ju = 3/2,

2�3/2
(
Jπ

c = 5/2+)
(1,1/2)3/2,

2�1/2
(
Jπ

c = 1/2+)
(1,1/2)1/2,

2�1/2
(
Jπ

c = 1/2+)
(1,1/2)3/2,

2�1/2
(
Jπ

c = 3/2+)
(1,1/2)1/2,

2�1/2
(
Jπ

c = 3/2+)
(1,1/2)3/2, and

2�1/2
(
Jπ

c = 5/2+)
(1,1/2)3/2.

Therefore, the molecules F2 in the ground state 1�+
g (Jπ

o = 0+)
are excited by xuv photons into superexcited states form-
ing Rydberg series, (F2

+ 2�3/2)npπu and (F2
+ 2�1/2)npπu,

mainly through the 1�+
g → 1�+

u electric-dipole transition
mechanism, with the mixing coefficients Aα , which are deter-
mined by electron asymptotic boundary conditions [11–15],

N=8∑

α

Uiα sin π (νi,n + µα)Aα = 0, for all i. (3)

Therefore, the energy levels En of the Rydberg states are
determined by the following equations,

det |Uiα sin π (νi,n + µα)| = 0, (4a)

En = Ii − R

ν2
i,n

, for all i, (4b)

where Ii are the ionization potentials with the Rydberg
constant R. After determining the energy levels En (i.e.,
{νi,n; i = 1,2, . . . ,8}), the corresponding Aα can be calculated
by Eqs. (3) and (4) [11–15]. For the superexcited Rydberg
state [F2

+ 2�3/2(v′ = 2)]9pπu(Jπ = 1−) at 127 150 cm−1,
only two of the eight Aα are dominant, namely, A1�+

u0
≈ √

1/2
and A3�−

u0
≈ −√

1/2. Because of the electric-dipole selection
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rule from the ground state 1�+
g (Jπ

o = 0+) into the eigenchan-
nel 1�+

u0, the superexcited state, that is, the Rydberg state
[F2

+ 2�3/2(v′ = 2)]9pπu(Jπ = 1−) at 127 150 cm−1, will be
excited with the nonzero mixing coefficient A1�+

u0
≈ √

1/2.
Because of spin-orbit interactions within the reaction zone, the
superexcited Rydberg state [F2

+ 2�3/2(v′ = 2)]9pπu(Jπ =
1−) will have the nonzero mixing coefficient A3�−

u0+ ≈
−√

1/2, as shown in Fig. 2, which is a key reason for
dissociations into two kinds of ion pairs.

The mixing coefficient A3�−
u0+ is relevant to dissociations

into F+ and F− ion pairs because of the dissociative states of
the electron configuration π3

uπ3
g σ 2

u (3�−
u ) with much larger in-

teraction matrix elements 〈π4
uπ3

g npπu
3�−

u | 1
r12

|π3
uπ3

g σ 2
u

3�−
u 〉.

Through dissociation processes, the amplitudes with the
initial values as A3�−

u0+ within the reaction zone will evolve
into various amplitudes of dissociative states because of
nonadiabatic interactions [10] in the nonadiabatic coupling
zone (for relative small R) where nonadiabatic interactions
occur among various potential curves as indicated in the grey
shaded area in Fig. 2. Among them only two amplitudes,
D3�−

u0+ and D3�u0+ , are relevant to dissociations into ion pairs,

F−(1S) and F+(3P ). Note that the nonadiabatic interactions
represent the breakdown of the Born-Oppenheimer (adiabatic)
approximation and involve radial couplings and rotational
couplings. Especially, the rotational couplings will mix the
3�−

u and 3�u states and have the following expressions of
rotational-coupling potentials,

V Rot
ij (R)

= −(
2δλiλj+1

/
R2

){[(J − �i)(J + �i + 1)]1/2〈i|iLy |j 〉}
+ (

2δλiλj−1

/
R2

){[(J + �i)(J − �i + 1)]1/2〈i|iLy |j 〉}.
(5)

Here |i〉 and |j 〉 represent 3�−
u and 3�u states with the

rotational-coupling matrix element 〈i| iLy |j 〉. Since the inci-
dent xuv laser is linearly polarized, the polarization direction,
as indicated in the right side of the upper insert of Fig. 1,
will project the molecular axis during dissociations via
electric-dipole 1�+

g → 1�+
u transition. Because the molecular

rotation axis should be perpendicular to the molecular axis
connecting F+ and F−, angular distribution will then be almost
isotropic because molecular rotation averages [18] for the
sharp predissociation resonance at 127 150 cm−1 with longer
lifetime as shown in the upper-left insert of Fig. 1. Note that the
molecular rotation average should be finished before reaching
the dissociation zone. Furthermore, through the dissociative
state 3�−

u0+ into the dissociation zone, only two kinds of ion
pairs, that is, F−(1S0) + F+(3P0) and F−(1S0) + F+(3P2), will
be produced, since

|3�−
u0+〉 =

√
2/3|3P20〉 ⊗ |1S0〉 −

√
1/3|3P00〉 ⊗ |1S0〉, (6)

with the molecular axis as the quantization direction through-
out the present article. Similarly, through the dissociative
state 3�u0+ into the dissociation zone, only two kinds of ion
pairs, that is, F−(1S0) + F+(3P0) and F−(1S0) + F+(3P2), will
be produced, since

|3�u0+〉 =
√

1/3|3P20〉 ⊗ |1S0〉 +
√

2/3|3P00〉 ⊗ |1S0〉. (7)

Therefore, as shown in Fig. 2, the intensity of dissocia-
tion into F−(1S0) and F+(3P0) ion pairs through quantum
interference is

I3P0 = ∣∣√2/3D3�u0+ −
√

1/3D3�−
u0+

∣∣2
, (8)

while the intensity of dissociation into F−(1S0) and F+(3P2) ion
pairs through quantum interference is

I3P2 = ∣∣√1/3D3�u0+ +
√

2/3D3�−
u0+

∣∣2
. (9)

Thus, with D3�−
u0+ /D3�u0+ ≈ −0.6, the intensity ratio I3P0/I3P2

will be about 200 at the 127 150 cm−1 resonance with two
rings I3P0 and I3P2 , as shown in the lower-left insert of
Fig. 1.

Let us return to discuss the resonance at 127 156 cm−1,
as shown in the right insert in Fig. 1. The su-
perexcited Rydberg state [F2

+ 2�1/2(v′ = 1)]12pπu(Jπ =
1−) is also excited from the ground-state molecule
F2

1�+
g (Jπ

o = 0+) and is strongly perturbed by the Ryd-
berg state [F2

+ 2�3/2(v′ = 1)]15pσu(Jπ = 1−) as shown in
Fig. 1(a). Therefore, for the superexcited Rydberg state
[F2

+ 2�1/2(v′ = 1)]12pπu(Jπ = 1−), six out of the eight
mixing coefficients Aα are important according to Eqs. (3)
and (4), namely, A1�+

u0
≈ 0.5, A3�+

u1− ≈ 0.4, A3�−
u0+ ≈ −0.5,

A3�−
u1− ≈ 0.4, A1�u1 ≈ 0.3, and A3�−

u1
≈ −0.3. In addition to

nonzero A3�−
u0+ , there exists a nonzero A3�−

u1− , which is the
key reason for dissociations into three kinds of ion pairs.
Because of nonzero A1�+

u0
and A1�u1 , the superexcited Rydberg

state [F2
+ 2�1/2(v′ = 1)]12pπu(Jπ = 1−) is photoexcited via

not only 1�+
g → 1�+

u0 but also via 1�+
g → 1�u1 electric-

dipole mechanisms. Because of the strong perturbation by
the Rydberg state [F2

+ 2�3/2(v′ = 1)]15pσu(Jπ = 1−), in
contrast to the angular distribution of two rings only, it
is interesting to note that the angular distribution here is
anisotropic, which indicates that the rotation averages [18]
are small; that is, the lifetime of the dissociative state is short.
The detailed analysis of the angular distribution of the velocity
images in the whole experimental spectra has been carried out,
but is beyond the scope of the present article. With the nonzero
initial dissociation amplitude A3�−

u0+ within the reaction zone,
the amplitude evolves into two relevant amplitudes D3�−

u0+
and D3�u0+ because of nonadiabatic couplings [10] as shown
in Fig. (2). Therefore it produces the two kinds of ion
pairs, that is, F−(1S0) + F+(3P0) and F−(1S0) + F+(3P2), the
same as the resonance at 127 150 cm−1 with almost the
same ratio D3�−

u0+ /D3�u0+ (note that the sign is negative!).
Furthermore, with the nonzero initial dissociation amplitude
A3�−

u1− within the reaction zone, the amplitude evolves into
two relevant amplitudes D3�−

u1− and D3�−
u1

via the same
radial- and rotational-coupling mechanisms and the ratio
D3�−

u1− /D3�−
u1

should be almost the same with the negative

sign! Through the dissociative state 3�−
u1− into the dissociation

zone, only two kinds of ion pairs, that is, F−(1S0) + F+(3P1)
and F−(1S0) + F+(3P2), are produced, because

|3�−
u1−〉 = 1/2|3P21〉|1S0〉 − 1/2|3P11〉|1S0〉

− (1/2|3P2−1〉|1S0〉 + 1/2|3P1−1〉|1S0〉). (10)

031401-3
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Similarly, through the dissociative state 3�−
u1 into the disso-

ciation zone, only two kinds of ion pairs, that is, F−(1S0) +
F+(3P1) and F−(1S0) + F+(3P2), are produced, because

|3�−
u1〉 = 1/2|3P21〉|1S0〉 + 1/2|3P11〉|1S0〉

− (1/2|3P2−1〉|1S0〉 − 1/2|3P1−1〉|1S0〉). (11)

Therefore, the intensity of dissociation into F−(1S0) and
F+(3P1) ion pairs through quantum interference is

I3P1 = 1/2
∣∣D3�−

u1
− D3�−

u1−

∣∣2
, (12)

while the intensity of dissociation into F−(1S0) and F+(3P2) ion
pairs through quantum interference is

I3P2 = 1/2
∣∣D3�−

u1
+ D3�−

u1−

∣∣2
. (13)

With the negative ratio D3�−
u1− /D3�−

u1
, the intensity for the

ion pairs F−(1S0) + F+(3P1) should be larger than the in-
tensity for the ion pairs F−(1S0) + F+(3P2) through quan-
tum interference. Therefore the superexcited Rydberg state
[F2

+ 2�1/2(v′ = 1)]12pπu will dissociate into three kinds of
ion pairs with three rings, I3P0 (strong), I3P1 (medium), and
I3P2 (weak), as shown in the lower-right insert in Fig. 1.

We would like to conclude with the following comments.
Based on experimental measurements by high-precision pho-
toreaction spectroscopy in combination with the velocity map
imaging method, the detailed dissociation processes can be
“observed.” With such “observations,” it is then possible to
unveil the interesting quantum interference mechanisms of
dissociations into F−(1S0) + F+(3P0,1,2) ion pairs for superex-
cited F2 molecules within the framework of multichannel
QDT [8,9,11–15]. In the experimental xuv energy region
(126 510–127 560 cm−1), if the F2 molecules are pure

Rydberg states (F2
+ 2�3/2,1/2)npπu, they will then dissociate

into two kinds of ion pairs with two rings, I3P0 and I3P2 .
If the Rydberg states (F2

+ 2�3/2,1/2)npπu are perturbed by
(F2

+ 2�3/2,1/2)n′pσu states with the same vibrational state,
they will then dissociate into three kinds of ion pairs with
three rings, I3P0 , I3P1 , and I3P2 . The branch ratios of the rings
reflect various dissociation dynamics, which may vary a lot for
different superexcited states. For the two nearby resonances at
about 127 150 cm−1 (two rings) and 127 156 cm−1 (three
rings), although the mixing coefficients are very different,
with the similar amplitude ratio of −0.6 between D3�−

u
and

D3�u
, we have explained the observed velocity image branch

ratios of these two states. Such measurements also provide a
stringent test of accuracies with spectroscopic precision for
relevant molecular collision processes. More specifically, with
the physical parameters (Uiα , µα , D, etc.) whose accuracies
have been examined by such spectroscopic measurements,
one can precisely calculate cross sections and reaction rates
for the relevant molecular collision processes such as various
electron–molecular-ion collisions including ion-pair produc-
tion recombination, dissociative recombination [3,13], and
molecular-ion vibrational and rotational excitation processes.
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