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Angle-resolved line profiles in the predissociation of D2:
A summation of Fano and Lorentzian profiles
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Fano profiles usually refer to the line profiles due to the total photon absorption cross sections. In this work,
we measured the angle-resolved line profiles of the D(2s, 2p) fragments from the predissociation of D2 near the
second threshold using the D-atom Rydberg tagging time-of-flight method. The line profiles of the fragments
recoiling at the parallel and perpendicular directions to the polarization direction of the excitation laser were
found to be significantly different from each other, as well as with the Fano profiles of total absorption cross
sections. Based on the previous theoretical results, we found that the angle-resolved line profiles can be expressed
as a summation of Fano and Lorentzian profiles. Using the formula and the previously determined parameters
from the so-called β profiles, we calculated the angle-resolved line profiles, which are in good agreement with
the experimental data. Anisotropy parameters arising from the interferences between the continuum and discrete
states were found to play a role in the angle-resolved line profiles.
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I. INTRODUCTION

Fano resonance involves interaction between discrete and
continuum states and is ubiquitous in physics [1,2]. The
photoexcitation cross sections of the Fano resonance states
depend on the interaction strength between the discrete and
continuum states, as well as the relative values between
the transition dipole moments from the ground state to the
continuum state and to the discrete state. The absorption
cross sections as a function of excitation photon energies,
called as line profile, have asymmetric shapes and are named
as Fano or Beutler-Fano profile [3,4]. Fano profiles have
been studied using various experimental and theoretical tools
[5–13]. It should be emphasized that the Fano resonance is
a dynamic process with fragmentation of the parent atom
or molecule [1–17]. For example, autoionization processes
release free electrons [1]. However, most of the studies of
the Fano resonances focused on the total absorption cross
sections or the related dynamics, paying much less attention
to the differential cross sections as a function of the exci-
tation energies, or the angle-resolved line profiles [11–15].
The angle-resolved measurements pose great challenges to
experimentalists, because usually less than 0.1% of the total
fragments are collected in the angle-resolved experiments in
comparison with those measuring the total absorption cross
sections.

For photoexcitation processes, the polarization direction of
light defines a direction in space. The fragments recoiling at
different angles relative to the polarization direction of the
excitation laser may reveal different aspects of the excitation
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dynamics (henceforth, the recoil direction or angle refers to
the polarization direction of the excitation laser), for example,
the fragments recoiling at the angles of 0◦ and 90◦ mainly
reflect the dynamics of parallel and perpendicular transitions,
respectively. The angle-resolved line profiles, therefore, are
expected to be different for fragments recoiling at different
angles if electronic excited states of different symmetries
are involved. It is interesting to know if the angle-resolved
line profiles could still be described by the Fano formula of
total absorption cross sections or be predicted using some
parameters related to the Fano profiles and fragment angular
distributions.

We have previously reported a measurement of angle-
resolved line profiles of the H(2s, 2p) atoms from the
predissociation of H2 of the R(0) and R(1) transitions in
3pπD 1�+

u (υ = 4) ← X 1�+
g (υ ′′ = 0) [14]. The line profiles

of the H(2s, 2p) fragments recoiling at angles of 4◦ and 84◦
were measured. The Fano formula was found to provide good
fits to the two angle-resolved line profiles with two different
Fano q parameters. However, the determined Fano q parame-
ters from the fits could not be related to each other or to the
Fano parameters of the total absorption cross section, and their
relationships were difficult to understand.

About theoretical studies, an analytical expression of dif-
ferential cross sections as a function of excitation photon
energies was previously derived for the predissociation of
diatomic molecules using an approximate quantum treatment
[12,13]. According to this formula, the angle-resolved line
profiles cannot be separated into a product of two functions:
angular part and line profile without angular parameter. There-
fore, the line profiles of fragments may have different shapes
at different recoiling angles. A concise expression of angle-
resolved line profile should be derived based on the formula
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FIG. 1. Schematic diagram of the experimental machine and
principle.

of differential cross sections. Unfortunately, such a formula
has not been reported and tested with the experimental data.

On the other hand, a formula of anisotropy parameter along
the Fano profile, named as the β profile, was derived based
on the above-mentioned formula, and was found to be in
good agreement with the experimental data. The formula of
the β profile was used to extract Fano parameters with good
accuracies [13,15].

Here, we report a measurement of the angle-resolved
line profiles of the D(2s, 2p) fragments from the predisso-
ciation of D2 of the P(2) branch of 3pπD 1�+

u (υ = 4) ←
X 1�+

g (υ ′′ = 0). The line profiles of fragments at 0◦ and
90◦ were found to be significantly different. Moreover, both
profiles were nicely reproduced using an analytical formula
with parameters determined from the recently measured β

profiles [14,15]. The results in this work demonstrated that the
angle-resolved line profiles can be represented as a summation
of a Fano and a Lorentzian profile.

II. EXPERIMENTAL METHOD

Figure 1 shows a schematic diagram of our experimental
machine. The machine consists of a tunable extreme ul-
traviolet (XUV) pump laser (83.9–84.0 nm, ∼10 nJ/pulse),
a UV probe laser (∼365 nm, 1 mJ/pulse), and an H-atom
Rydberg tagging time-of-flight (TOF) component, which have
been described previously [14–21]. The XUV laser was
generated by resonance enhanced four-wave sum mixing
(2ω1 + ω2) in a pulsed Kr jet using two laser beams. The first
laser beam with frequency ω1 was generated by the frequency
tripling of a dye laser, and the 2ω1 was equal to the transition
frequency of the Krypton of 4p5 (2P1/2) 5p[1/2]0 ← (4p6) 1S0

(98855.1 cm–1). The second laser beam (ω2) was tuned from
494.5 to 495.5 nm. The two dye lasers were pumped by an
Nd-YAG laser (repetition rate 20 Hz). The probe UV laser
exciting the D(2s,2p) fragments to high Rydberg states of
D(nl, n ∼ 60) was from the frequency doubling of a third dye
laser pumped by the second Nd: YAG laser. The D(nl) atoms
flying along the molecular beam direction were detected with
a flight distance ∼53 cm between the laser molecular beam

crossing points and the detector, and the detection solid angle
was 1×10–3 sr. The D(nl) atoms were electric field ionized
between a metal mesh and the front of MCP plate with a
distance of ∼5 mm, and the D+ ions were detected with a
Z-stack microchannel detector. Note that the region between
the laser molecular beam crossing point and the metal mesh
was under field-free condition [21]. The TOF spectra of the
D(nl) atoms were recorded with a multichannel scaler. The
polarization of the XUV laser was controlled by rotating the
polarization angle of ω2 using a Frensel λ/2 rhomb. The
polarization direction of the XUV laser is the same as that
of ω2 [22].

Note that in our previous H2 experiments, the H(nl) atoms
were detected at the directions perpendicular to the plane
consisting of lasers and molecular beam [14]. Considering the
H2 molecular beam velocities, the H(2s, 2p) fragments were
recoiled at 40 and 840 in the center of mass coordinates.

III. THEORETICAL METHOD

For predissociation of diatomic molecules, the dissociation
differential cross sections can be written as [12,13]

σ (ε, θ ) = 1

4π

⎡
⎢⎢⎢⎣

q2 − 1

ε2 + 1
[1 + βresP2(cos θ )]σic

+ 2qε

ε2 + 1
[1 + βintP2(cos θ )]σic

+(σic + σnc)[1 + βcP2(cos θ )]

⎤
⎥⎥⎥⎦, (1a)

ε = 2(ω − ω0)

�
, (1b)

where θ is the recoil angle of the fragment. P2(cosθ ) is the
second order Legendre polynomial. ω0 is the resonance center
of the line profile, and � the linewidth. σic and σnc represent
the partial absorption cross sections due to the continuum
states interacting and noninteracting with the discrete state,
respectively. βres, βc, and βint are the fragment anisotropy pa-
rameters due to the resonance state, the continuum state, and
the interference between the discrete state and the continuum
state, respectively.

An integration of the spherical polar angles in Eq. (1a)
results in the Fano formula

σ (ε) = σic
(q + ε)2

1 + ε2
+ σnc

= (σic + σnc)

[
γ

(ε + q)2

1 + ε2
+ 1 − γ

]
, (2a)

γ = σic

σic + σnc
, (2b)

where q is the Fano parameter, and γ is the fraction of absorp-
tion cross section due to the interacting continuum relative to
that of the total continuum [1].

The angular distribution of the photofragments is usually
written as [23]

f (θ ) ∝ 1 + βP2(cos θ ). (3)

The anisotropy parameters β as a function of excitation
energies, β profile, can be represented as the following using
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FIG. 2. Two-dimensional pseudocolor contour diagram with the
Rydberg tagged D(2s,2p) atom TOF as the y axis and the XUV
excitation photon energies as the x axis. The D(2s, 2p) frag-
ments are from the predissociation of D2 of the P(2) branch of
3pπD 1�+

u (υ = 4) ← X 1�+
g (υ ′′ = 0). The D(2s, 2p) fragments re-

coiled from (a) parallel, and (b) perpendicular directions to the
polarization direction of XUV laser. TOF spectra along the cuts of
the red dashed lines are shown in Figs. 3(a) and 3(b), respectively.

Eq. (1a):

β = βres(q2 − 1)γ + 2qεβintγ + (ε2 + 1)βc

(ε + qγ )2 + (1 − γ )(1 + γ q2)
. (4)

If βres �= βint , Eq. (4) results in an asymmetric β profile.
The parameters βres, βc, βint, γ , and q in Eq. (4) can be
determined by fitting the experimentally measured β profile
[13,15].

The expression for angle-resolved line profile, Eq. (1a), can
be rewritten in the following form:

σ (ε, θ ) = σc(θ )

{
[ε + q′(θ )]2

ε2 + 1
+ A(θ )

ε2 + 1

}
, (5a)

q′(θ ) = γ q
[1 + βintP2(cos θ )]

[1 + βcP2(cos θ )]
, (5b)

A(θ ) = γ (q2 − 1)
1 + βresP2(cos θ )

1 + βcP2(cos θ )
− q′2 + 1, (5c)

σc(θ ) = σic + σnc

4π
[1 + βc(cos θ )]. (5d)

It is seen in Eq. (5a) that the angle-resolved line profile
can be represented as a summation of a Fano profile and a
Lorentzian curve. The parameter q′(θ ) in Eq. (5b) may be re-
garded as the modified Fano q parameter. The q′(θ ) values are
dependent on parameters q, γ , βc, βint, and θ . It is obvious that
the angle-resolved line profiles are dependent on the fragment
recoil angles.

IV. RESULTS

Figure 2 shows the two-dimensional (2D) pseudocolor
contour diagram with the TOF of the D(nl) atoms as the y axis

FIG. 3. TOF spectra of the Rydberg tagged D(2s, 2p) atoms
from the predissociation of D2 with excitation energy at 119062 cm–1

along the cuts of the red dashed lines in Fig. 2. The fragment recoil
directions were (a) parallel, and (b) perpendicular to the polarization
directions of the XUV laser. The integration bounds for determining
the angle-resolved line profiles are indicated in the figure.

and the XUV photon energies as the x axis. Note that the XUV
energies were scanned with a step of 0.15 cm–1. Figures 2(a)
and 2(b) show the diagrams with the fragments D(2s, 2p)
recoiling at parallel (0◦ ± 10) and perpendicular (90◦ ± 10)
directions, respectively. As we mentioned, the D(nl) atoms
were from the excitation of the D(2s, 2p) fragments from the
predissociation of the P(2) branch of 3pπD 1�+

u (υ = 4) ←
X 1�+

g (υ ′′ = 0). Figures 3(a) and 3(b) show the correspond-
ing TOF spectra along the red dashed lines in Figs. 2(a) and
2(b), respectively.

The excitation energy for the TOF spectra shown in
Figs. 3(a) and 3(b) is located near the bottom of the line
profiles (119062 cm–1). Note that the direct dissociations of
D2 in this energy region are parallel transitions [14–20]. For
this reason, there are some background signals in the TOF
spectra observed at 00 degree [Fig. 3(a)], however, not at 900

degree [Fig. 3(b)]. By integrating the signals of J ′′ = 2 in
the TOF spectra with proper limits, we obtained the angle-
and rotational-resolved line profiles, as show in Figs. 4(a) and
4(b).

It is interesting to see in Figs. 4(a) and 4(b) that the
angle-resolved line profile at the parallel direction differs sig-
nificantly from that at the perpendicular direction. The former
has a remarkable asymmetric shape, while the latter is almost
a symmetric profile or a Lorentzian. As shown in our previous
works on the predissociation of H2, good fits were possible for
the angle-resolved line profiles using the Fano formula [Eq.
(2a)] [14]. To examine the changes of the line shapes from
recoil angles at 0◦ to at 90◦, we determined their q values
formally in Eq. (2a) using nonlinear least squares method,
they are 9.5 and >30 for the line profiles shown in Figs. 4(a)
and 4(b), respectively. The q value for the total absorption
cross sections (with no angle-resolved) was previously de-
termined as 18.5 ± 0.8 [15,17]. Although the Fano formula
is formally good enough to characterize the angle-resolved
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FIG. 4. Recoil angle resolved line profiles of the frag-
ments D(2s,2p) from the predissociation of the P(2) branch in
3pπD 1�+

u (υ = 4) ← X 1�+
g (υ ′′ = 0) of D2, in which the frag-

ments recoiled at (a) parallel, and (b) perpendicular directions to the
polarization direction of the XUV laser. The spectra were obtained
by integrating the signals of J ′′ = 2 in the TOF spectra. The red dots
are the experimental data, and the blue continuous curves are the
calculations using Eq. (5a) with parameters listed in Table II.

line shape, the changes of q parameters with the recoil an-
gles are difficult to understand and would need a new way
to explain.

As we discussed, Eq. (5a) provides an analytical expres-
sion for the angle-resolved line profile. It is noted that the
parameters βres, βc, βint, q, and γ for the predissociation
of the P(2) branch of 3pπD 1�+

u (υ = 4) ← X 1�+
g (υ ′′ = 0)

have been determined in our previous work [15], and are
listed in Table I. Using these parameters, the parameters q′
and A in Eq. (5a) can be calculated. The angle-resolved line
profiles can thus be computed and are shown in Figs. 4(a)

and 4(b). It is seen in Figs. 4(a) and 4(b) that the cal-
culations are in excellent agreement with the experimental
data.

It would be interesting to know if Eq. (5a) could apply
to our previously measured data, angle-resolved line pro-
files of the H(2s, 2p) fragments from the predissociation of
H2 of the R(0) and R(1) transitions 3pπD 1�+

u (υ = 4) ←
X 1�+

g (υ ′′ = 0) [14]. Unfortunately, the parameters βc, βint,
and γ that are needed to calculate q′(θ ) and A(θ ) in
Eqs. (5b) and (5c) have not been determined for these transi-
tions. Note that the βc and βint are anisotropy parameters and
should only depend on the symmetric properties of the related
transitions. An analytical expression of γ shows that this
parameter also only depends on the initial and final rotational
angular momenta of the parent molecule and their projections
on the molecular axis [13]. Therefore, in the calculation of
the angle-resolved line profiles for H2, we assumed that βc,
βint , and γ are the same as those of D2 with the same type of
transitions, which we recently determined [15]. Based on this
assumption, we calculated angle-resolved line profiles, and
the results are shown in Fig. 5, which are in good agreement
with the experimental results.

V. DISCUSSION

The predissociation mechanism of H2 in the 3pπD 1�u
state is well known [3,14–20,24–35]. The H2 molecule disso-
ciates via two possible pathways: (a) direct dissociation via
the vibrational continuum of the 3pσB ′ 1�+

u state, and (b)
the molecule is firstly excited to the bound state 3pπD 1�u
and decays via the coupling with vibrational continuum of the
3pσB′ 1�+

u state.
Based on the predissociation mechanism of the 3pπD 1�u

state, it may conclude that the fragments measured at dif-
ferent recoil angles would correlate to different dissociation
pathways in some way. For fragments recoiling at the parallel
direction, a large percentage of the dissociations should oc-
cur via the direct dissociation or the pathway (a). However,
pathway (b) should also play a role, the two pathways in-
terfere and a typical Fano profile should appear, as shown in
Figs. 4(a), 5(a), and 5(b). For fragments recoiling at perpen-
dicular direction, the excitation intensities to the vibrational
continuum of the 3pσB′ 1�+

u state should be weak, and the
excitations should be mainly due to pathway (b). In this case,
the determining step of the predissociation is the excitation

TABLE I. Parameters in Eqs. (5b) and (5c) for calculating the angle-resolved line profiles of the predissociation of H2 and D2 in the
transitions 3pπD 1�+

u (υ = 4) ← X 1�+
g (υ ′′ = 0).

‘ Branch βres βc βint γ q � (cm–1) ω0 (cm–1)

D2
a P(2) 0.39 1.54 2.00 0.24 18.5(8) 1.45 119059.9

H2
b R(1) 1.12 1.67 1.84 0.71 −10.2(5) 10.7 121041.0

H2
b R(0) 1.95 1.75 2.00 0.88 −14.4(5) 4.50 121062.0

aParameters are from Ref. [15]. However, � was adjusted from 1.22 ± 0.15 to 1.45 ± 0.1 cm–1 to provide a better fit of the experimental data.
The larger line width may be due to the large scan step (0.15 cm–1) used in the present experiment.
bParameters βc, βint , and γ are assumed to be the same as those of D2 of the same transitions in Ref. [15]. Other parameters are from Ref. [14].
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FIG. 5. Recoil angle resolved line profiles of the fragments H(2s, 2p) from the predissociations of the R(0) and R(1) branches in
3pπD 1�+

u (υ = 4) ← X 1�+
g (υ ′′ = 0) of H2. The fragments recoiled at (a) and (b) 4◦, (c) and (d) 84◦ to the polarization directions of the

XUV laser. The rotational branches are indicated in the figures. The fluctuated black curves are the experimental data from Ref. [14], and the
smooth red curves are the calculations using Eq. (5a), where the parameters are from Table II.

to the bound state, the measured line profile should like a
Lorentzian, as shown by Figs. 4(b), 5(c), and 5(d).

An understanding about the shapes of the angle-resolved
profiles can also be gained by studying Eq. (5a). As we men-
tioned, Eq. (5a) consists of two parts, the first part like a Fano
profile, and the second part like a Lorentzian. To examine the
relative contributions of the two parts, we have calculated the
modified Fano parameters q′(θ ) in the first part and A(θ ) in
the second part as a function of angles θ for the P(2) branch
of 3pπD 1�+

u (υ = 4) ← X 1�+
g (υ ′′ = 0) using parameters

listed in Table I. The result is shown in Fig. 6. Table II lists the
parameters at parallel and perpendicular directions, including
the related parameters for H2.

As seen in Fig. 6 and Table II, when the recoil angles are
near 90◦, the values of the modified Fano parameters [q′(θ )]2

are small relative to the A(θ ), and the line profiles approach
Lorentzian. In contrast, the values of [q′(θ )]2 become rela-
tively large at 00, and the line profile approach Fano profile. It
is also noted that the parameters A(θ ) and q′(θ ) have extreme
values for fragments recoiling at 00 and 900. Therefore, the

profiles at 00 and 900 should not be very sensitive to the
angles.

It is also interesting to note that at the so-called magic
angle, θ = 54.7◦, the line profile has the same form as Eq. (2a)
except a constant. Therefore, if we measure the angle-resolved
line profiles at the magic angle, we could obtain the Fano
profiles of total absorption cross section and determine q, �,
and ω0. Furthermore, if we measure the TOF spectra at the
magic angle, we can obtain the rotationally resolved Fano
profiles by integrating the signals due to a specified rotational
state, which is otherwise difficult to measure, and few such
spectra have been reported.

There are seven parameters, βres, βc, βint, γ , q, �, and ω0,
in the expression for the angle-resolved line profile. Param-
eters q, � and ω0 are related to Fano profile, which can be
determined by measuring the total absorption cross sections
or the differential cross sections at the magic angle. βres can
be determined by tuning the excitation laser to the resonance
center. Having determined q, �, ω0, and βres, the other three
parameters, βc, βint, and γ could be determined using the

TABLE II. Parameters in Eq. (5a) for the calculation of angle-resolved line profiles in the predissociation of 3pπD 1�+
u (υ = 4)

← X 1�+
g (υ ′′ = 0)a.

D2
b H2

Parameter P(2), 0◦ P(2),90◦ R(0), 4◦ R(0),84◦ R(1), 4◦ R(1) 84◦

q′ 5.24 0.0 −13.82 −2.70 −7.70 −4.15
A 18.32 287.65 4.75 61.01 −0.19 158.10

aCalculated using Eqs. (5b) and (5c) with parameters listed in Table I.
bParameters as a function of angles can be found in Fig. 6.
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FIG. 6. Parameters q′(θ ) (dashed red line) and A(θ ) (solid blue
line) in Eq. (5a) for the P(2) branch in 3pπD 1�+

u (υ = 4) ←
X 1�+

g (υ ′′ = 0) of D2. Note that q′(θ ) and A(θ ) are associated
with the left and right y axes, respectively. Both quantities are
dimensionless.

angle-resolved line profiles at 00 and 900 or other angles with
reasonable signal-to-noise ratios. Such kind of experiments
are expected to be performed in the future. Note that βint is
an anisotropy parameter arising from the interference between
the discrete state and the continuum state [12,13,15]. As seen
in Eqs. (4), (5b), and (5c) and Table I, parameter βint plays
an essential role in determining the angle-resolved line profile
and β profile. It is noted that the parameters, βc, βres, βint, and
γ , could also been determined using the β profiles. The angle-

resolved line profiles and the β profiles, in fact, should provide
similar information about the photoexcitation dynamics, since
they are both derived from Eq. (1a). With all seven parameters
measured, we should gain deep insight into the interference
dynamics between the discrete and continuum states in the
photodissociation.

VI. SUMMARY

We have measured the angle-resolved line profiles
for the predissociation of D2 of the P(2) branch of
3pπD 1�+

u (υ = 4) ← X 1�+
g (υ ′′ = 0). The line profiles with

the fragments recoiling at perpendicular and parallel direc-
tions have different shapes, one is near Lorentzian shape and
the other has an asymmetric shape. Based on the previous
theoretical results [12,13], we found that the angle-resolved
line profiles can be expressed as a summation of Fano and
Lorentzian profiles. In combination with the previously re-
ported parameters from the β profiles [15], the angle-resolved
line profiles were calculated and are in good agreement with
the experimental data. In future, the angle-resolved line pro-
files in combination with the TOF spectra may be used to
obtain rotational-resolved Fano profiles. The extension of the
present method to autoionization processes may be possible
and should be studied in the future.
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