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The anisotropy parameters (f) of photofragments near a Fano resonance vary with the excitation energies. We
call the curve describing such a relationship the g profile. In this Rapid Communication, we report measurements
of the 8 profiles for the H(2/) and D(2/) fragments along six Fano resonances in the predissociation of H, and D,
near the second dissociation threshold. In contrast to a previous theoretical prediction, the measured 8 profiles
are found to be asymmetric. An analytical expression of the B profile was derived based on the Fano formula
and was used to fit the measured g profiles. The 8 profiles are found to be more sensitive than the Fano profiles
to the Fano g parameters, as well as to the intensity ratios between the interacting and noninteracting continuum
states. The g values due to the resonance state, the continuum state, and the interference between the resonance
and the continuum states in the Fano resonance were also determined. The g profile should not only provide
us with a tool to measure the parameters characterizing the Fano resonance, but also help gain further physical

insight into the Fano resonances.
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Introduction. Resonance involving a discrete state embed-
ded in a continuum is ubiquitous in physics [1-3]. Such
a discrete-continuum interaction is often called a Fano res-
onance. For photoexcitation to such mixed discrete and
continuum states, the absorption cross sections as a function
of excitation photon energies would display an asymmetric
line profile due to the interference between the two types
of states. The asymmetric profile is usually referred to as
the Fano profile or Beutler-Fano profile [3,4]. Fano profiles
provide information about the coupling strength between the
discrete and continuum states, as well as about the relative
optical transition intensities to the bound and to the continuum
states. Fano profiles are thus crucial for the understanding of
the excitation spectra in atomic and molecular systems as well
as in solid state physics [1-6].

The physics underlying the Fano profiles has been attract-
ing a great number of experimental and theoretical studies
[7-10]. Most of them have focused on the spectral properties
of the profiles. The decay dynamics along the Fano profiles,
however, have not been paid much attention, for example, the
angular distributions of the photofragments.

The variation of the fragment angular distributions across
a Fano resonance in molecular photodissociation is very in-
teresting because the angular distributions are sensitive to the
photoexcitation dynamics and the details of the state mixing
[5,11-18]. In this Rapid Communication, the spotlight is on
the angular distributions of the H(2/) and D(2/) fragments
along the Fano resonances of H, and D; in the second thresh-
old region. This choice takes advantage of the fact that the

*Corresponding author: ymo@mail.tsinghua.edu.cn

2469-9926/2020/102(5)/050803(6)

050803-1

predissociations in this energy region have been studied in
great detail both theoretically and experimentally and can
be simplified as one isolated resonance interacting with only
one continuum [19-36]. Those resonances are also known as
Feshbach resonances.

Here, we report measurements of the fragment anisotropy
parameters as a function of excitation energies across six Fano
resonances in the predissociation of H, and D,. We plotted
the results and refer to the curves as g profiles. Our 8 profiles
are found to be asymmetric and sensitive to the parameters
characterizing the Fano profiles. The g profiles may thus
provide us with a tool to study the Fano resonances.

Experiment. Our experimental setup consists of a tunable
XUV laser pump (83.7-84.2 nm, ~10 nJ/pulse), a UV laser
probe system (365 nm, 1 mJ/pulse), and a typical velocity map
imaging apparatus [14,32-36]. The XUV laser was generated
by resonance-enhanced four-wave sum mixing (2w; + w>)
in a pulsed Kr jet using two laser beams. The first laser
beam with frequency w; was generated by the frequency
tripling of a dye laser, and the 2w; was equal to the transition
frequency of the krypton of 4p’ (2P1/2 V5pl1/2]p < (4p°) 'Sy
(98 855.1 cm™1). The second laser beam (w;) was tuned from
487 to 502 nm. The two dye lasers were pumped by an
Nd:YAG laser (repetition rate 20 Hz). The probe UV laser
ionizing the H(2!) or D(2/) fragments was from the frequency
doubling of a third dye laser pumped by the second Nd: YAG
laser.

Angular distribution. The angular distribution of the
photofragments can be determined from the velocity map
images and are fitted using the well-known formula [37]

f(0) o 1 + BPy(cos b)), (D
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FIG. 1. The anisotropy parameters 8 of the D(2/) fragments as a
function of excitation photon energies, called § profiles, for the pre-
dissociation of D, in the rotational branches of (a) R(0), R(1), R(2),
and (b) P(2) of the 3pnD T, (v = 4) <= X '£} (v = 0) transition.
The corresponding normalized D(2/) fragment yield spectra from
Ref. [33] are also shown. For the B profiles, the solid dots denote
the experimental data, whereas the continuous lines result from the
fits using Eq. (5). See Table I for the fitting parameters. Using the
index numbers in (b) along the g profiles, the velocity map images
and the corresponding angular distributions can be found in Fig. 3.

where 6 is the angle between the recoil velocity vector and the
polarization direction of the dissociation laser, and P>(cos8)
is the second-order Legendre polynomial. g is the so-called
anisotropy parameter. For direct photodissociation, 8 has a
limiting value of 2 or —1, corresponding to a parallel or a
perpendicular transition, respectively. For a predissociation
occurring right at the resonance center of the Fano profile,
B may be calculated using theoretical models under the as-
sumption of a definite final angular momentum of the parent
molecule [11,17,32].

Experimental results. We have measured the rotationally
resolved angular distributions along the Fano profiles for
the R(0), R(1), R(2), and P(2) branches of the vibrational
bands 3p7D ', (v=4) <« X 12;(1) =0) of D,, and for
the R(1) and P(1) branches of the 4poB" X (v =1) «
X 12;(1) = 0) transition of H,. The corresponding S pro-
files are shown in Figs. 1 and 2, respectively. To observe
the relationships between the Fano and the g profiles, the
corresponding D(2/) and H(2!) fragment yield spectra pub-
lished previously are also shown in Figs. 1 and 2, respectively
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FIG. 2. See caption of Fig. 1. The 8 profiles for the predissoci-
ation of H, in the rotational branches of (a) R(1) and (b) P(1), of
the 4poB"Sf (v = 1) < X 'T/ (v = 0) transition. The normalized
H(2!l) fragment yield spectra are taken from Ref. [32].

[32,33]. Figure 3 shows examples of the rotationally resolved
velocity map images and the angular distributions of the
D(21) fragments along the Fano profiles of the P(2) branch of
the 3pmD T, (v =4) <« X 12;(1) = 0) transition. The cor-
responding measurements for other transitions can be found
in the Supplemental Material [38].

The B profiles shown in Figs. 1 and 2 are all asymmetric
with respect to the minima of the 8 values, which is in contrast
with a previous theoretical prediction [13]. This asymmetry
can be reproduced by an analytical expression derived from
the Fano formula.

B-profile formula. The asymmetric Fano profile can be
described by the so-called Fano formula [3,6],

2
2 —
o) =, AT 2w —w)

142 r
where ¢ is the Fano parameter, ¢ the reduced energy, w, the
resonance center, and I" the linewidth of the line profile. o;,
and o, represent the partial absorption cross sections due to
the continuum states interacting and noninteracting with the
discrete state, respectively. The total absorption cross section
can be decomposed into three parts [1,3,9,11-13],

. @

21 2
q oi + qe
g2 +1 e2+1
= Otes + Oint + O, (3)

o(e) = Oic + (Tic + One)
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FIG. 3. Rotationally resolved velocity map images (left panel), and the corresponding angular distributions (right panel), of the D(2/)
fragments in the P(2) branch of the 3pr D! [Ifv=4)«X ! E;r (v” = 0) transition from the predissociation of D,. In the images (left panel),
there are three rings due to the transitions starting from the initial angular momenta of J” = 0, 1, and 2, respectively. The angular distributions
(right panel) are for J” = 2, i.e., the outer rings in the images. In the panels of fragment angular distributions, the dots are the experimental
data and the continuous lines are the fits using Eq. (1). The determined § values are used to plot the § profile in Fig. 1(b).

where o5, O, and o, represent the partial absorp-
tion cross sections due to the discrete state, interfer-
ence between the discrete and continuum states, and
the continuum state, respectively. The Fano formula is

q2

e2+1

1
O’(S,@)ZE

where B is the fragment anisotropy parameter due to the
dissociation of the discrete (resonance) state, 8. is due to the
continuum state, and S, is due to the interference between
the discrete state and the continuum state. An integration of
the spherical angles in Eq. (4) results in Eq. (2), as required.
Rewriting Eq. (4) in the form of Eq. (1), we obtain

— IBres(q2 - 1)}/ + 2‘]8/31111)/ + (‘92 + I)IBL

B

(e+qy’+ 10 —y)1+yq?)

o )
r= Oic +O—nc’

where y is the fraction of the absorption cross section of the
interacting continuum relative to that of the total continuum.
If Bies # Bint, Eq. (5) results in an asymmetric 8 profile. In
the case of Bres = Bints Eq. (5) yields a symmetric profile
published earlier, which was derived based on a combination
of the Fano formula and a perturbative quantum treatment of
diatomic predissociation [11-13].

Assuming that there is no coupling between the rotational
angular momenta of the fragments and the orbital angular

1
[1 + BresP2(cos 0)]oj. +

very general and can be derived using various for-
malisms [3,6,11]. For the differential cross sections of the
photofragments, the above equation can be rewritten as
[11-13]

2ge
g2 +1

[1 + BintP2(cos 0)]ojc

~

4)

+ (Gic + anc)[l + ,BCPZ(COSG)]

(

momenta of the fragments, the y in Eq. (5) was shown to be

[13]
2
) . ()

where J; represents the rotational angular momentum of the
ground state, and J, stands for the excited continuum state in-
teracting with the discrete state. €2; and €2, are the projections
of J; and J, on the diatomic molecular axis, respectively.

It is interesting to note that Eq. (4) predicts that the angle-
resolved line profiles should not have the exact Fano line
shapes, even though they can still be fitted approximately with
the Fano formula. In this case, the g parameters are dependent
on 0, which is found to be true in the predissociation of H,
[14].

q parameter. We have fitted the measured $ profiles shown
in Figs. 1 and 2 to Eq. (5) by using the nonlinear least-squares
method. The fitting parameters are listed in Table I. In the fits,
the reduced energies ¢ were calculated using the published

1
[€2;] —

Je
[oX

Ji

=2J.+ 1
y=Q2J. + )( o

€2
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TABLE I. Parameters in the § profiles [Eq. (5)] and in the Fano profiles [Eq. (2)], as determined from fitting the experimental data. The

numbers in parentheses are the uncertainties of the last digits.

B profile

Fano profile®

Branch Bres Be Bint 14 q

Theory y?* q r wo

D:[3pmD ', (v = 4) < X '=f (v = 0)]

RO0) 1972 17501)  2002)  088(1)  —33.84) 1.0 —40(10)  1.16(15) 119238.8(3)

R(1) 1.30(2) 1.67(1) 1.84(2) 0.71(1) —17.0(1) 0.67 —22(6) 3.38(15) 129231.0(3)

R(2) 1.07(2) 1.66(1) 2.0003) 0.44(2) —12.7(2) 0.60 —12(3) 6.54(15) 119189.9(3)

PQ2) 0.39(2) 1.54(2) 2.00(6) 0.24(2) 18.5(8) 0.40 18(3) 1.22(15) 119059.8(3)
Hy[4poB"Ef (v =1) < X'Ef (v =0)]

R(1) 1081y 157(1)  174(1)  0.62(1) 20.03) 0.67 30(12)¢ 0.67(3)¢ 118975.1(5)

P(1) 0.33(2) 1.79(3) 2.00(7) 0.29(2) 22.6(12) 0.33 30(12)¢ 0.67(3)° 118826.5(5)

#Calculated using Eq. (6).
YFrom Refs. [32,33]. The units of " and e are in cm~!.
“Improved results derived from the spectra in Ref. [32].

resonance centers (wg) and linewidths (I") that are also listed
in Table I [32,33].

It is seen that the fitted curves reproduce the asymmetric
line shapes of the g profiles. The g parameters determined
from fitting the B profiles are in good agreement with those
from fitting the Fano profiles [24,28,32,33], yet, the former
have much smaller uncertainties. The larger uncertainties of
the g parameters obtained from fitting the Fano profiles arise
mainly from three reasons. First, for |g| values larger than
10, the line shapes are not very sensitive to ¢ [39]. Second,
different transitions may overlap (see Fig. 1). Third, it is
usually assumed that background signals are zero [0, = 0 in
Eq. (2)]. By fitting the 8 profiles with the rotationally resolved
anisotropy parameters, these drawbacks can be overcome.
Therefore, fitting the B profiles may provide a more accurate
method to determine the Fano g parameters than by fitting the
Fano profiles themselves.

It is interesting to find that the B profiles are much broader
than those of the corresponding Fano profiles, as seen in
Figs. 1 and 2. The following facts may provide some reasons
for this: (a) The linewidth of the Fano profile is determined
by the squares of the interaction strength between the discrete
and the continuum state [3,5], however, (b) the 8 parameter
is determined by the electronic symmetry of the continuum
state, as well as by the mixing ratio between the continuum
and the discrete states [11]. Obviously, more detailed studies
are needed to understand the widths of the g profiles. It is also
worth noting that similar phenomena have been found in the
rovibrational autoionization of H, as reported in a previous
theoretical study [40].

The predissociation mechanism of D, in the 3pz D 'II,
states is well known [19-31], which is due to the rotational-
electronic (J - 1) coupling between the 3p7D'TT} and the
3pcB ‘E; states. Based on this model, it is easy to derive
the following ratios [24,33]: g[R(0)] : g[R(1)] : g[R(2)] =1:
1/2:1/3,and g[R(0)] : g[P(2)] = —2. As seen in Table I, the
q values of D, obtained by fitting the 8 profiles approximately
reproduce the above relationships, which supports the validity
of Eq. (5).

For the predissociation of H, in the 4poB” £ (v’ = 1)
state, the dissociation mechanism involves the vibronic cou-

pling between the 4poB’ X and the 3poB''T} states
[24,27]. The g values are thus not expected to display a de-
pendency on the rotational branches, which is supported by
the measured values (see Table I).

yparameter. As seen in Table I, the y parameters for
H,, determined from the fitting, are in good agreement with
those calculated using Eq. (6). Conversely, for D, the deter-
mined y parameters are only in qualitative agreement with
the calculations. As we mentioned, the predissociation of the
4poB" TF(v' = 1) state is due to vibronic coupling, and that
of the 3pr D 'TI} state is due to rotational-electronic cou-
pling. However, the y parameters as calculated by Eq. (6) are
not dependent on the predissociation mechanisms [13]. Our
experimental results may suggest that future theoretical cal-
culations of the y parameters should take the predissociation
mechanism into consideration.

The y parameters are difficult to measure. As we described
above, in the fitting of the Fano profiles, it usually assumes
that the background signals are zero, that is, y = 1. To the
best of our knowledge, few experiments have reported the y
parameters even though they are important to characterize the
theoretical calculations [30]. The g profile thus provides us
with a valuable tool to measure the y parameters, which in
turn might be instrumental to test the validity of theoretical
models dealing with discrete-continuum state interactions.

Anisotropy parameter. The anisotropy parameters Bint, Bres,
and B, were also determined and are shown in Table I. The B
values at the line centers are in good agreement with previous
measurements [32,33]. The S, values are consistent with par-
allel transitions. The Bi,; values are almost 2, in agreement
with the theoretical predictions [11]. It is seen in Table I that
Bc < Bint, and this is what leads to asymmetric 8 profiles, as
mentioned above.

It is also interesting to point out that the observed minima
of the B profiles are neither at the energy positions of the reso-
nance centers (w = wg or ¢ = 0) nor are they at the minima of
the Fano profiles (w = wy — qI' /2 or ¢ = —¢q). If we assume
Bc = Bint, Which is approximately true in our measured transi-
tions, the minimum of the g profile is at ® = wy — yqI' /2 or
& = —ygq, as can be derived from Eq. (5) [13]. Because y is a
positive fraction number, the minimum of the 8 profile is thus
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located somewhere between the peak of the Fano resonance
and the minimum of the Fano profile, which agrees with the
measured results shown in Figs. 1 and 2.

Summary. We have measured the anisotropy parameters
of the photofragments H(2/) and D(2/) along six Fano
resonances in the photodissociation of H,/D, near the sec-
ond dissociation threshold. We refer to them as 8 profiles.
All the B profiles are found to be asymmetric and in-
clude contributions from the resonance state, the continuum
state, as well as from the interference between the con-
tinuum and resonance states. The B-profile method should
not only provide us with a sensitive and accurate method

to obtain the Fano ¢ parameters, and the ratio of cross
sections between the interacting and noninteracting con-
tinua, but also different physical insights into the Fano
resonances.
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