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Competing decay-channel fluorescence, dissociation, and ionization in superexcited levels of H,
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The absolute cross sections for the competing decay-channel fluorescence, dissociation, and ionization of
photoexcited long-lived superexcited H, molecular levels have been measured from the ionization threshold of
H, up to the H(1s) + H(n = 3) dissociation limit. The total and partial natural widths of these levels have been
determined. Good agreement is found with first principles calculations carried out with the multichannel quantum
defect theory for excited levels of 'T1;, symmetry, which represent 70% of the levels studied experimentally. The
calculations reproduce the balance between the competing decay processes as well as its substantial evolution

from level to level.
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I. INTRODUCTION

Molecular hydrogen H; is the most abundant molecule in
the universe. With the advent of satellite-borne spectrometry
its detection in astrophysical environments has become fea-
sible. vuv emission spectra of H, are now known from the
atmospheres of large planets [1] as well as from interstellar
clouds [2]. Their interpretation requires detailed knowledge of
both the spectroscopy and the decay dynamics. Hj is a unique
molecular system because it is the only molecule known to
fluoresce when it is excited above the ionization and the
dissociation thresholds [3].

In this paper we report detailed quantitative fluorescence,
dissociation, and ionization yields for those superexcited
molecular levels of H, which fluoresce. The experimental
data presented here have been obtained at BESSY II in a
synchrotron radiation experiment that has produced decay
yields that are an order of magnitude more accurate than those
measured previously [4]. The fact that we measure absolute
absorption cross sections allows us to determine partial
decay widths of superexcited levels even though the widths
determined here are orders of magnitude smaller than the
spectral resolution of the exciting photons. The experimental
data are interpreted with the help of multichannel quantum
defect theory (MQDT), which accounts simultaneously for
the spectroscopic and the dynamical aspects of all 67 observed
fluorescing ! TT;, levels. The analogous theoretical treatment of
the 12 observed fluorescing superexcited levels that have 'TT;"
and 12; symmetry is deferred. Thirteen observed fluoresence
lines remain unassigned at this time. A preliminary account of
this work has been published previously [5].

II. EXPERIMENT

The experimental setup has been described in detail in
previous publications [6-9]. The vuv photons coming from
the undulator beam line U125/2-10m-NIM of BESSY II were
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dispersed by a 10-m normal-incidence monochromator
equipped with a 4800-line/mm grating giving a spectral reso-
lution of 0.0010 nm at first order [10] (this value represents the
convolution of the apparatus function with the Doppler width
at room temperature). For comparison, the data presented
in our preliminary communication [5] were obtained with a
1200-line/mm grating giving a resolution of 0.0012 nm at third
order. The linearity of the monochromator’s energy scale has
been significantly improved by the Heydemann correction of
the quadrature error of the angular encoder system that is used
as feedback for the closed-loop drive of the monochromator
[11]. The influence of the quadrature error on the spectroscopic
data could be reduced below the vibrational and electronic
noise level of the system. The uncertainty of the energies of the
measured spectra has thus been improved significantly since
the earlier publications [5-9,12], and it is typically £1.0 to
+1.5cm™!. These numbers were obtained by comparison with
published H, absorption spectra recorded on photographic
plates [13-15]. The differences with respect to the recent
Fourier transform measurements of Dickenson et al. [16] are
somewhat smaller (<1 cm™!). The absorption and ionization
excitation spectra were recorded at room temperature with a
gas pressure of 20 mTorr, for a wavelength range extending
from 81.0 to 74.0 nm, simultaneously with the Lyman-«
fluorescence radiation from the H(n = 2) atomic fragments
and the visible molecular fluorescence.

In order to eliminate any polarization effects, the L, fluores-
cence emitted from the H(n = 2) fragments was detected by a
microchannel plate (Hamamatsu F1552-01 Inconel) mounted
at the magic angle with respect to the electric vector of
the synchrotron radiation. A MgF, window placed in front
of the detector was used to prevent charged particles from
arriving on it. This window also absorbed the Lg fluorescence
originating from H(n = 3) fragments as well as molecular
fluorescence toward the X state which occurs below the MgF,
cutoff. Further, the detector is not sensitive to visible and
infrared radiation, so all molecular fluorescence is eliminated,
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FIG. 1. (Color online) Selected potential energy curves for H,
illustrating various photon emission pathways relevant in the present
experiments. Double arrows correspond to the range of the accessible
fluorescence window; see the text for details.

including the fluorescence terminating in the ground-state
dissociation continuum. Photoions were collected by applying
a voltage of 10 V to one of the two electrodes in the target cell.

The molecular fluorescence was detected in the wavelength
range 350 nm < A < 700 nm, which corresponds to the sen-
sitivity window of the photomultiplier (Photonics XP2258).
The molecular fluorescence occurs predominantly in the vuv
(A &~ 100 nm) since transitions toward the ground state are
favored by the v? frequency factor. Emission to the EF ‘2;

and GK ! 2; states is also present. Depending on the vibronic
levels involved in the transition, this emission may range from
the infrared (not detected) to the visible spectral region where
it is detected.

Figure 1 illustrates schematically which kinds of transitions
will be observed within the detection window. Solid horizontal
lines indicate examples of vibronic levels belonging to the
3pa D, 4pn D', and 5pm D" states, respectively, which are
excited by photoabsorption. Emission transitions from these
upper levels corresponding to their classical turning points
are indicated by dashed vertical lines that start from the
emitting level. Vertical lines ending in an arrow represent
transitions to the X ground state, which is not shown. The
double-headed arrows represent the detection window and
are placed corresponding to the energy of the upper level.
The lower levels of these transitions belong to the gerade
manifold of states and are depicted by horizontal dashed lines.
It may be seen, for example, that the 4pm D’,v =3 level
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will preferentially emit toward the GK and EF (inner and
outer wells) levels, but only the 4psr D’ — E F emissions can
actually be detected. The emission from the 4pw D’,v = 10
level is more complicated: the direct emission toward the GK
vibronic levels can be observed, whereas the emission toward
E F goes undetected. In addition cascade emission from G K
tothe B ' T} state is also detected. Note that L, emission (also
indicated in Fig. 1) originating from predissociated H(n = 2)
fragments is always outside the visible detection window.

The intensities of the absorption spectrum have been
calibrated directly, based on the known gas pressure and
the absorption path length. As a check, certain points have
been recorded without gas at the beginning and at the end
of the scanning procedure. The sources of uncertainty of
the absolute cross-section measurements are the following:
(i) the error of the pressure measurement (1%), (ii) the error
of the temperature measurement (1%), (iii) the error of the
determination of the effective path length, estimated by a
calculation to be less than 5%, and (iv) the error of the
determination of the detection efficiency of the transmitted
light (1%). All these uncertainties add up to a total error of
6%, which has to be added to the statistical error due to the
noise at each recorded point.

Both the L, detection efficiency and the ion detection
efficiency depend on the geometry and the detectors used, but
they are independent of the wavelength of the exciting photon.
We determined the L, detection efficiency by comparing
absorption and dissociation structures in the spectrum for lines
that do not appear in the other channels so that it is certain that
the dissociation yield is 100%. This is the case, for example,
for the D 'TT X 12; R(1) transitions. The uncertainty of the
dissociation yield thus obtained is estimated to be 5%, which
has to be added to the error due to the noise at each recorded
point. The ion detection efficiency was obtained from the
comparison of the absorption and ionization structures of the
spectrum at wavelengths where it is known that the ionization
yield is 100%. The calibration uncertainty is again estimated
to be 5%.

In principle, the efficiency of fluorescence detection may
vary greatly from one level to another, for example, depending
on the presence or absence of detectable cascade emission,
as discussed. Therefore, the fluorescence signal cannot be
calibrated in a universal fashion. This signal merely serves
as proof that fluorescence occurs. The determination of
the absolute cross section for molecular photoemission is
therefore carried out indirectly as follows. We know that in
the spectral range between 80.4 and 74.8 nm there are three
decay channels available for the excited molecule, namely,
ionization, dissociation into H + H(n = 2), and fluorescence.
Having calibrated two of these as discussed and knowing the
absolute absorption cross section, we can get the third, the
fluorescence cross section, by subtraction.

Figure 2 displays a section of the spectrum illustrating this
procedure. Figures 2(a), 2(b), and 2(c) show the absorption,
ionization, and dissociation cross sections, respectively, and
Fig. 2(d) shows the molecular fluorescence cross section
obtained by subtraction. Figure 2(e) displays the directly
observed molecular emission which, as explained, is not
on an absolute scale. Nevertheless, the comparison between
Figs. 2(d) and 2(e) is gratifyingly good, showing that our data
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FIG. 2. (Color online) A section of the excitation spectra of
H, above the ionization threshold. The spectra in (a)—(d) are
on an absolute scale. (a) Photoabsorption, (b) photoionization,
(c) photodissociation, (d) molecular fluorescence cross section
obtained by subtraction, and (e) molecular fluorescence excitation
spectrum recorded with a visible-sensitive detector.

are internally consistent and therefore that the cross-section
calibrations are quantitatively meaningful. The comparison of
Figs. 2(d) and 2(e) indicates further that the signal-to-noise
ratio of the directly detected fluorescence signal is high,
permitting the observation of weak emission lines that are
not visible in Fig. 2(d).

III. THEORETICAL APPROACH

A. Clamped-nuclei quantum defects

The theoretical multichannel quantum defect approach used
here has been discussed in numerous previous publications
[17-19] and in particular in our preceding papers [5,12].
Briefly, we use quantum defect theory in its simplest form by
disregarding channel interactions between singly excited and
doubly (core) excited Rydberg channels. This means that we
assume that the manifold of ' T, excited states of H, represent
a single unperturbed npmr Rydberg series converging to the
X*2%¥ ground state of H,™. We have extracted the quan-
tum defects from highly accurate theoretical clamped-nuclei
(Born-Oppenheimer) potential energy curves [20,21]. Specifi-
cally, we have used the familiar one-channel Rydberg equation,

1
2[” - //ann(R)]z '

written here in atomic energy units, in order to extract
the quantum defects for 'II, symmetry. U,p=(R) is the

Unpn(R) = U+(R) - (1)
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clamped-nuclei curve for the npsr Rydberg state, and U (R)
is the corresponding curve for the ion ground state, X+ 22;.
Note that the quantum defects determined in this way are
functions of the internuclear distance R as well as of the
energy because of the dependence on n appearing in Eq. (1).
It is the R dependence that mediates the coupling between the
electronic and the nuclear degrees of freedom. Details can be
found in Ref. [12]. The set of clamped-nuclei quantum defect
curves defined by Eq. (1) for different values of n is converted
into an energy-dependent polynomial of the form

(e, R) = (R + [e(RIV(R)
1 .
+ LRI (R) + %mpﬁ“ﬁ%m, ®)

where €(R) = U,,»(R) — UT(R) is the binding energy of the
Rydberg electron in the field of the core with the nuclei kept
fixed at a distance R. The last term in Eq. (2) corresponds
to the “specific” mass effect (mass polarization term) arising
from the cross term H3/ = —(m/4M)VV; in the molecular
Hamiltonian (where m is the electron mass and M is the
nuclear reduced mass). The required energy-normalized dipole
transition moments are extracted from the available ab initio
dipole transition moments from Refs. [20] and [21] in a fashion
similar to what has just been described for the quantum defects.

B. Frame transformation

The frame transformation method has been implemented
using well-documented MQDT technology [18,19,22]. In the
case of the Q(N) spectral lines and when hyperfine effects
are neglected, the upper states are of pure 'TT;, symmetry, and
therefore there are no rotational channel couplings, with the
result that only the vibrational frame transformation has to be
applied. This is done by evaluating integrals of the type

,N.d
N e = / Xorn+ (R PR Xy (RVAR - (3)

where N* = N1 in the present case. 1), with index g =
0 —2, are the quantum defect functions of Eq. (2), and
Xvtn+(R) are the vibrational eigenfunctions of H,* in the
vibration-rotation level v, N of the electronic ground state.
The superscript N (= N* = Nt in the present situation)
refers to the total angular momentum of the molecule exclusive
of spins, while d refers to Kronig’s symmetry label designating
levels that have total parity —(—1)".

The energy-dependent vibronic quantum defect matrix is
expressed in terms of the vibrational integrals, Eq. (3), as

(1,N.,d)

(N.d) _ . (O,N,d) -
M’u*N*,v*'N*’(E) - Mu*N*,qu/N*' + GMU+N+,U+/N+’
1-2 ,(2.N.d)
+3eulnd (4)

where again N* = N*' = N and where the reference energy
€(E) is taken as the mean of the channel energies for each pair
of coupled channels,

E=Epyr iy (E)=3I(E—Efy)+(E—Ef, ).

®)

The mass-polarization term involving u*Pe¢ific in Eq. (2) is
assumed to be included with M(O’N‘d) (see Ref. [12]).

’
vt N+ vt N+
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The vibronic quantum defect matrix Mffzﬁiw, N+,(E) of
Eq. (4) thus evaluated must, in the next step, be converted
into vibronic matrices S and C, defined such that the vibronic
reaction matrix K is given by K = SC™! . These matrices
are defined as S = Usinmu, U™ (with sin replaced by cos
or tan in the cases of C and K, respectively) [23], where
U is the eigenvector matrix of K and p, are the associated
eigenquantum defects. The conversion is carried out by
employing the procedures described in Refs. [22] and [24].

C. Bound levels

The vibronic level energies are calculated using the well-
known MQDT quantization condition

Z[cos (wv;)Sjk + sin (wv;)Cix 1B = 0
k

for each channel j. v;(E) = [-2(E — E)]~"/* are the chan-
nel effective quantum numbers, and By are the channel mixing
coefficients. The indices j and k run over all vibrational
channels vt N specified above. Once an energy E = E,, has
been found such that Eq. (6) is satisfied for all j, the level
energy, taken relative to the ionization potential and in wave
number units, becomes

(6)

R,
[vor—ons—o(En)]"

where Ry, is the mass-corrected Rydberg constant and E,
is the level energy, in joules. Note that the use of the mass-
corrected Rydberg constant instead of R, is equivalent to
including the term —(m /2M )V12 of the molecular Hamiltonian,
which, in the standard approach, is part of the adiabatic
correction [23].

[(E, — E$=0’N+:0)/hc] = - @)

D. Discrete line intensities

An analogous procedure is applied to the clamped-nuclei
transition dipole moments. These are used to calculate energy-
dependent channel transition moments d(e,R) with coeffi-
cients d(R) analogous to the quantum defect coefficients
u@ of Eq. (2) (see Ref. [12] for details). Vibronic channel
dipole transition matrix elements are then evaluated involving
the vibrational wave function y,,”(R) of the ground-state
initial level. They have the form

(g.N.d)
arld,

= / Xorn+(R) dO(R) xy yv(RYAR,  (8)

where the superscript d (not to be confused with the dipole
transition amplitude) refers to the upper-state Kronig sym-
metry and x, v (R) is the vibrational wave function in the
ground-state initial level, which has Kronig symmetry c.
We have N = N = N+ here since we are dealing with Q

transitions. The quantities dﬁ’ll\y;dz,, N 4= 0 — 2, evaluated
with the help of Eq. (8), are used to construct a set of
energy-dependent vibronic transition moments in analogy with
Eq. (4),

d(N’d)

"o
vENT VN

(1,N,d)
vENT '

(2,N,d)
vFN+ W' N’

€))

_ O.N.d) - 172
(E)=d 7y Téd v +3€d
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where the reference energy €(E) is taken as

&=+ (E) = [(E — Efiyo)l. (10)

The effective transition moment to a bound Rydberg level # is
given by the following superposition of channel amplitudes:
Dy = 5 Yo EDB(ED. an
k
where B are the channel mixing coefficients obtained by
solving Eq. (6) and, again, k stands for the ionization channels
vt N+ and k" stands for v’ N". NV is the overall normalization
factor of the bound-state wave function; see, e.g., Ref. [12] for
detailed discussion and expressions. The transition moment
D,, for each particular spectral line is finally converted into an
upper-state emission probability by means of the relation
2

4 me® S (E,—Eyy\ |Da
An*)U//N// = - — PE— —
3 h 2Rhc aop
E,—E v\ |D,|?
=2142x 1010 (N ) |2 I
2Rhc ay

(12)

Here « is the fine-structure constant. The transition energy
E, — E v is in joules, and the transition moment D, is in
meters. The ratios in the brackets (---) and | - - - | correspond,
respectively, to the transition energy and to the dipole transition
moment, in atomic units.

E. Ionization continuum

Unlike in Ref. [12], we also account for the ionization
channels that are open. The quantization condition for an open
channel j reads [18]

3 leos(w7,)Sji — sin(wt,)Cii]BY” = 0,
k

13)

where 77, is an open-channel ionization eigenphase and p
is a solution index. Equation (13) replaces Eq. (6) for each
line j of the linear algebraic system, Eq. (6), corresponding
to an open channel. In total, there are as many eigenphases
7T, p =1,...,Np as there are open channels, and there is a

set of channel mixing coefficients B,ip ) corresponding to each
eigenphase wt,.

The normalization of the continuum wave function is
different from that applied to the bound levels. One defines
open-channel amplitudes T; , that form an Np x Np matrix
T. These matrix elements are given by [18]

Tip = D _Aeosl=mt,(E)Cx — sin[—7,(E))S;} B (E)
k
(ke P+ Q; j.p€P),

where Q denotes the N closed channels and P denotes the Np
open channels. This expression resembles Eq. (13) except for
a sign change and the fact that cos(—m ,,) and sin(—m 7,,) have
been interchanged. A further difference is that, in practice, at
this stage the eigenphases 7 7, have already been determined

along with the channel mixing coefficients B,Ep ) (with the

(14)

exception of an overall normalization factor for B,E” )). The
matrix elements 7} , can thus be calculated for each column

062511-4



COMPETING DECAY-CHANNEL FLUORESCENCE . ..

p to within an overall factor. The matrix T can be shown
to be orthogonal (see, e.g., [18]). It becomes unitary if it is
normalized according to

> Th,=1 as)
jepP
for each p. This condition fixes the overall normalization of the
N coefficients B,Ep ) for each p by means of Eq. (14), and thus,
it is the continuum analogue of the normalization factor N
appearing in Eq. (11). The matrix T is known to coincide with
eigenvector matrix of the open-channel (“physical”) electron-
ion scattering matrix [18].
The total photoionization intensity that is of interest here
is expressed in terms of a set of real dipole amplitudes, which
replace Eq. (11):

N
D,(E)=)_"d, (E)B(E). (16)
k=1

The total ionization cross section is then proportional to
Np
[D(E) =) [D,(E). (17)
p=1

The total photoionization cross section becomes, finally,
o(E) = 3m’a(E — Eo) [D(E)]%, (18)

where, again, o denotes the fine-structure constant. Here D>
has dimension [E~'L?], so that (E — Ey)D? has dimension
[L?]. Therefore, if, for instance, the dipole operator implicit
in Eq. (8) has been written in bohr units, the cross section will
be in units of aj.

F. Dissociation continuum

The inclusion of dissociation channels into the MQDT
framework has been described in previous papers [18,25,26].
Here we are concerned with very narrow line profiles so that
the approach described in those papers may be simplified since
we are able to neglect the interference between ionization and
dissociation processes. We proceed as follows. Our treatment
of dissociation is based on the realization that the dissociating
state in the present problem is the 2pm C state and, as such,
is simultaneously the lowest member of the pm ionization
channel (which we are considering here) and therefore plays
a double role. This implies that the nonadiabatic coupling
leading to vibrational autoionization of the npm manifold
above threshold is the same as that causing predissociation
by the 2pm C state. Therefore, the vibronic quantum defect
matrix elements /J,EJ]Z;Q vy (E) of Eq. (4) contain all the
information required to evaluate the predissociation widths in
addition to the autoionization widths.

We exploit this circumstance by choosing specifically
adapted vibrational basis sets for solving Eq. (6). This is
illustrated by Fig. 3. Considering a specific value of the total
energy E, we evaluate the vibrational wave functions x,+ and
energies E,+ by using a “large” vibrational basis, chosen such
that it corresponds to electronically bound Rydberg channels
only. This is achieved by omitting the channels with low v+,
up to vl;topen, which would be open at the energy E (see
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FIG. 3. (Color online) Molecular (solid lines) and ion (dashed
line) potential energy curves with vibronic levels [black horizonal
solid lines and dark gray (blue online) horizontal dotted lines] and
vibrational ionization thresholds [light gray (red online) horizontal
dotted lines], illustrating the discretization of the dissociation contin-
uum through application of a fixed boundary condition at R = R.. E
[medium gray (green online) horizontal solid line] is the total energy
under consideration. Rydberg levels with n > 3 are not shown, for
clarity.

Fig. 3). The basis is taken as vg'rsmlosed <ot K where

+ .7t +
Vlaree ~ 3 Vjggpouna @0 where v ouma cOrresponds to the

last bound vibrational level of the ion core. The vibrational
wave functions with v* > v, reach out to R =R,
(cf. Fig. 3). A common boundary condition b = —x'/x is
imposed on all x,+(R) at R = R.. With a large basis, the
bound ion target vibrational levels (v© < v\ ..q) Temain
at their correct energies, but the level spectrum E,+ now
extends beyond the bound range into the H;’ vibrational
continuum where the energies depend on the particular
boundary condition b used. Similarly, solving Eq. (6) yields
the Rydberg levels corresponding to n > 3 with v < v o1
near their correct energies, but in addition, a set of fictitious
Rydberg levels with n = 2,0 > v . is obtained, which
represents the discretized 2pm C state vibrational continuum,
as illustrated in Fig. 3 (see also Ref. [25]).

When the boundary condition b at R = R, is varied, these
levels may be tuned through the position of a bound Rydberg
level with n > 3,0" < v, (e.g., the level 3prD,v =9
situated near E in Fig. 3). Vibronic interaction leads to an
avoided crossing characterized by a closest approach 2V.
From this, the predissociation width Iy may be extracted using

29 <

Fermi’s “golden rule”:

+
Ula:ge ’

V2
y=2r—-. 19
d NG (19)
Here AE™! is the density of levels withn = 2,0 > v\ .
An example of an avoided crossing permitting the deter-
mination of V is illustrated in Fig. 4 and concerns the
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FIG. 4. (Color online) Level energies as functions of the boundary
condition b applied to the vibrational wave functions at R = R,.. The
anticrossing between a physical level (D'IT;,v = 15,N = 1 level,
flat portions of the curves) and a fictitious continuum level (C! I,
steep portions of the curves) permits extraction of the predissociation

width (see text for details).

DT, ,v=15N =1 level. AE, in turn, is evaluated by
using the phase-amplitude Milne approach as implemented
in Ref. [27]. This approach permits the evaluation of the phase
@(R,) of the vibrational wave function, x (R) &~ «(R) sin ¢(R),
associated with the potential of the 2pm C dissociating state,
accumulated between R = 0 and R = R,. This may be done
for arbitrary energy E, which is, in the present case, the energy
at which the avoided crossing occurs. By calculating the accu-
mulated phase for two energies separated by an infinitesimal
increment, the rate of change of the accumulated phase may
be obtained. The level density AE~! is the inverse of this
quantity.

G. Numerical details

The vibration-rotation wave functions y,+y+ have been
evaluated in the adiabatic approximation using the ion ground-
state potential energy curve of Wind [28] and the adiabatic cor-
rection terms of Bishop and Wetmore [29]. The corresponding
ion levels Ej} y+ are those of Wolniewicz and Orlikowski
[30], evaluated including the nonadiabatic and relativistic
interactions in addition to the adiabatic corrections. These
ion level energies do not include the hyperfine interactions,
but their accuracy is largely sufficient in the present context.
We used the theoretical ionization potential 124 417.491 cm™!
of Wolniewicz [31], which agrees with the most recent
experimental value [32]. The vibronic matrices S and C
were evaluated with variable basis sizes, as explained in
Sec. IIIF, with N* =1, 2, 3, or 4, whereby the vibrational
wave functions were integrated from R = 0.3 out to R,
with R, &~ 10-12 a.u. or 25 a.u. in certain cases. Typical
values are vg'rsmlosed = (0-3, Uﬂ;stbound =12, and vltrge = 50.
The ground-state vibrational wave function x, n+(R) was
evaluated with the potential energy curve of Wolniewicz [33].
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IV. RESULTS

A. Observed spectra

We have observed 92 fluorescence lines originating from
levels above the ionization threshold up the H + H(n = 3)
dissociation threshold (Tables I-III). Of these, 52 had been
observed previously in 1977 and/or 1980 [34,35]. Eleven
lines listed in these older publications have not been found
in the present work. We suspect that these were artifacts
arising from the background noise, which was larger in the
earlier work. At the time, they were either left unassigned
or attributed to high-n Rydberg levels. The large majority
(67) of the present 92 fluorescence lines turns out to consist
of Q(N) transitions with N ranging from 1 to 4 (Table I),
corresponding to upper levels of 'TT; symmetry. Eleven lines
are R or P lines corresponding to excitation of 'TI; upper
levels (Table II). A single fluorescence transition corresponds
to = upper-state symmetry (7po,v = 2,N = 2) (Table II).
Among the 67 Q transitions giving rise to fluorescence,
32 belong to the 3pmw D-X band system, 18 belong to the
4pm D’-X band system, and 14 belong to the 5Spx D”-X band
system. Only two lines are part of the corresponding Rydberg
band system with n = 6, and a single transition belongs to
n = 7. The R and P transitions are part of the 4psr D’-X and
Spw D”-X band systems. Thirteen fluorescence lines are as
yet unassigned; they are listed in Table III. However, their
presence is corroborated by the fact that they have also been
observed in the photodissociation spectrum. We suspect that
they might correspond to fluorescence from the 4 f (I = 3)
Rydberg complexes. These are, indeed, known [36] to give
rise to an infrared emission spectrum, but the observations
of Ref. [36] did not extend to the range above the ionization
potential.

B. Line frequencies, intensities, and Franck-Condon factors

The frequencies and intensities of the Q(N) transitions
have already been discussed in a previous publication [12]. As
discussed in Sec. II, the present measurements are significantly
more precise and correspond to an uncertainty of about
1 cm™!' as compared to 6 cm™' in our previous work.
Simultaneously, the absolute intensity measurements have
been improved. Figure 5 is a histogram summarizing the
agreement between the present measurements of the 67 Q(N)
(N = 1-4) line frequencies and their calculation from first
principles by MQDT. It may be seen that the present frequency
measurements are beginning to approach the accuracy of the
traditional spectrographic measurements, which are known
to be better than a fraction of a wave number unit [13].
The histogram further confirms the fact that the ab initio
MQDT calculations are globally correct to &1 cm™!. Figure 6
compares the measured and calculated Einstein A coefficients
for most of the Q(N) lines that give rise to fluorescence.
Figure 7 is a histogram analogous to Fig. 5, which displays
the observed to calculated ratios for the A coefficients. It
is satisfying to see that this histogram peaks, indeed, very
closely to 1, showing basic agreement between experiment
and theory. The half-width of 17% is to be compared to
the 10%-20% experimental relative uncertainty. It confirms
the quality of the MQDT intensities. All these results are
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TABLE I. Q(N) transitions in ground-state absorption of H, giving rise to molecular fluorescence. v/c is the observed transition energy,
given in cm™'. Eg — Ecq is the difference of observed and calculated level energies, given in cm™!. A is the emission probability, given
in 100 s~!. Y¢» Ya» and y; are fluorescence, dissociation, and ionization yields, respectively, given in %. I'f, T'y, and I'; are the fluorescence,
dissociation, and ionization widths (full width at half maximum), respectively, given in cm™'. Numbers in square brackets denote powers of 10.

State v N v/e Eobs — Ecal A A 123 Yd Vi Iy Lq ¥ 123 Yd Vi
(obs) (calc) (obs) (obs) (obs) (calc) (calc) (calc) (calc) (calc) (calc)
D 7 1 125759.8 —-0.6 24.0+£25 2325 7843 24+4 1.6+£0.2 1.70[-3] 2.1[—4] 5.53[-6] 89 11 0.3
2 125601.1 -0.9 21.74+£23 2220 7744 2142 1.0+£0.3 1.71[-3] 2.1[-4] 1.85[-6] 89 11 0.1
3 125365.1 0.4 223+13 2091 80+4 17+£2 1.5+£0.2 1.71[-3] 2.0[—4] 1.84[-8] 89 11 0.0
4 125053.6 0.6 28+4 24.15 65+11 17+£2 16+2 1.68[—3] 1.9[—4] 4.44[-4] 73 8.3 19.1
8 1 1271289 -0.9 13.5+£1.5 1337 7243 2743 2.0+0.3 1.68[—3] 2.6[—4] 2.26[-6] 87 13 0.1
2 126964.2 —-1.3 145+15 1332 80+2 1742 20+0.3 1.67[-3] 2.6[—4] 1.99[-5] 85 14 1.0
3 126719.7 0.3 125+1.1 1325 81+£6 18+2 23+04 1.65[-3] 2.6[—4] 1.60[—-5] 86 13 0.8
9 1 1283772 —0.6 8.3+0.6 8.61 7849 2143 1.0+£0.2 1.69[-3] 2.7[—4] 2.59[-6] 86 14 0.1
2 128207.0 —0.8 8.6+1.0 8.85 7845 2243 0.7+£0.3 1.70[-3] 2.6[—4] 4.18[-6] 86 13 0.2
3 127953.6 0.5 82+1.1 874 8245 1941 2.1+£1.2 1.70[-3] 2.6[—4] 2.21[-6] 87 13 0.1
10 1 1295019 —-0.8 6.4+0.8 5.84 76+8 21+3 1.7+£0.4 1.50[-3] 3.1[—4] 3.70[—6] 83 17 0.2
2 1293258 -1.0 6.4+0.7 5.80 7548 18+2 524+0.6 1.60[—3] 3.0[—4] 1.44[-5] 83 16 0.7
3 129064.7 1.6 69+1.3 520 68+7 2343 87+£0.7 1.60[-3] 3.0[—4] 2.06[—4] 76 14 9.8
11 1 130498.7 -0.9 49408 495 7149 24+4 4.84+0.8 1.64[-3] 3.1[-4] 8.51[-6] 84 16 0.4
2 130316.8 -0.7 5.01 1.66[—3] 2.9[—4] 2.65[-5] 84 14 1.3
3 130045.4 0.7 6.1+0.7 483 74+11 2243 4.6+4.6 1.64[-3] 2.8[—4] 1.05[-5] 85 15 0.5
12 1 131364.6 —-1.2 3.8+04 3.14 76+4 20+2 3.5+£0.8 1.65[-3] 3.1[-4] 6.40[-5] 8l 15 32
2 1311758 —-1.3 2484+0.3 3.06 6719 3446 442 1.67[-3] 2.8[—4] 2.62[-5] 85 14 1.3
3 130895.1 0.7 3.02 1.71[-3] 2.7[—4] 4.94[-5] 84 13 24
13 1 132093.2 -0.5 1.84+0.2 1.57 80+8 2042 1.1+£0.7 1.63[-3] 2.7[—-4] 4.37[-7] 86 14 0.0
2 1318975 -0.5 1.40 1.62[-3] 2.7[-4] 1.06[-5] 85 14 0.6
3 131606.4 0.3 0.6+0.2 0.65 1.61[-3] 2.6[—4] 1.10[-5] 86 14 0.6
14 1 1326735 0.9 1.9+0.2 1.58 6743 16+£2 18+2 1.60[—3] 2.3[—4] 4.90[—4] 69 10 21.1
2 1324703 -0.7 1.77+0.2 .36 70+7 1742 18+6 1.57[-3] 2.6[—4] 1.60[—4] 79 13 8.1
3 1321673 0.7 1.7£0.5 131 84+17 1445 3+3 1.49[-3] 2.2[—4] 8.32[-5] 83 12 4.6
15 1 133100.2 1.0 1.24+0.1 095 84+10 19+2 1.4+0.6 1.33[-3] 1.6[—4] 2.35[-5] 88 11 1.5
2 132888.8 -1.0 1.48+£0.2 0.82 68+18 2143 3+3 1.38[-3] 2.3[—4] 9.10[—6] 85 14 0.6
3 132573.6 0.6 0.71 1.46[—3] 1.4[—4] 2.71[-6] 91 9.0 0.2
16 1 133366.1 1.9 0.31£0.04 035 95+25 4+4 4+4 1.24[-3] 7.5[-5] 1.77[-6] 94 5.7 0.1
2 133145.1 —0.1 0.25 1.16[—3] 1.5[—4] 4.29[-6] 88 11 0.3
3 132811.8 0.9 24403 209 7817 17+7 6+1 1.03[-3] 7.9[-5] 2.50[-5] 91 6.9 2.2
17 1 133468.3 0.0 0.15+0.04 0.09 89+31 6+6 6+6 6.33[—4] 3.3[-5] 1.01[-9] 95 4.9 0.0
D’ 4 1 1258334 -0.8 151+£15 1560 85+2 6+1 11£1 7.68[—4] 1.8[—6] 1.02[—4] 88 0.2 12
2 125690.6 -0.8 156+£1.0 1633 80+4 10+1 11+1 7.62[—4] 1.8[-6] 6.07[-5] 92 0.2 7
3 125476.2 —1.8 21.6+£2.5 17.81 4045 5.1£03 59+4  748[—4] 1.8[-6] 1.42[-3] 35 0.1 65
4 125197.1 -0.9 17.60 7.53[—4] 5.4[-5] 1.19[-4] 81 5.9 13
5 1 1275421 —1.3 169+1.8 1698 7943 7+1 13£2 7.15[—-4] 3.9[-7] 8.67[-5] 89 0.0 11
3 1271755 1.7 13.94+£2.0 19.18 11&£5 7+4 91+14 7.36[—4] 39[-7] 9.93[-3] 69 0.0 93
6 1 129139.6 —-0.8 10.0+£1.1 1220 28+3 1+1 71+7 7.36[—4] 1.3[—-6] 7.55[-3] 89 00 91
2 128986.4 —-0.4 10.5+0.7 12,12 11+3 1.2+04 8948 7.36[—4] 1.3[—6] 6.86[—3] 10 00 90
3 1287584 1.5 10.1£0.7 12.03 12+2 1.84+£03 86+8 7.35[—4] 1.3[-6] 6.11[-3] 11 0.0 89
7 1 130621.2 —1.1 6.2+0.7 7.22 75 0+1 94+10 7.36[—4] 2.6[—8] 1.62[-2] 4.3 0.0 96
2 130462.0 —-1.2 72409 7.29 6+6 2+4 103+12  7.34[—4] 2.6[—8] 1.45[-2] 438 00 95
3 1302254 0.5 74+1.6 735 13£10 20+2 87+17 7.33[—4] 2.6[-8] 1.29[-2] 5.4 00 95
8 1 1319864 —1.4 5.0+£0.3 541 13+£2 0+1 89+6 6.73[-4] 5.0[—-6] 8.27[-3] 7.5 0.1 92
2 1318224 -0.9 5.6+0.9 529 55+3 04+£0.7 4143 7.21[—4] 5.0[—6] 5.33[—-4] 57 04 42
3 1315764 0.6 49405 5.87 74+6 1141 21+4 7.29[—4] 5.0[—6] 4.08[—4] 64 04 36
9 1 1332384 —1.8 3.1+£04 3.16 26+£5 3+0 71+£8 7.05[-4] 1.9[-6] 2.56[-3] 22 0.1 78
2 133068.7 —1.4 3.1+04 320 2147 32+06 7548 7.03[—4] 19[-6] 2.05[-3] 26 0.1 74
3 132819.2 0.7 1.3+£0.3 1.08 65+17 8§+2 25+3 5.06[—4] 19[-6] 3.59[—4] 58 02 41
D" 2 1 1243823 —-0.8 4.0+0.2 4.02 19+17 1.0£1.7 97+2 331[—4] 34[-9] 1.27[-2] 25 00 97
3 1 1263179 —1.3 13.2+1.6 1237 5343 08+£0.1 46+4 3.35[—4] 22[-7] 6.59[-3] 4.8 00 95
2 126181.2 -1.0 125+14 1293 21+4 28+03 76+8 3.88[—4] 2.8[—-7] 1.91[-3] 17 0.0 83
3 125976.7 —-04 11.9+£13 13.09 12+4 20+£03 8949 3.88[—4] 3.0[—7] 2.68[—3] 13 0.0 87
4 1 1281418 2.7 8.3+0.9 9.94 2242 29+04 7948 3.85[—4] 1.6[—7] 4.84[-3] 74 00 93
2 127999.9 -1.9 9.0+£1.0 9.23 2244 26+03 76+9 3.76[—4] 1.6[-7] 1.89[-3] 17 0.0 83
3 127787.1 —0.6 73+£09 10.72 6+5 0.34+0.1 9411 3.77[-4] 1.4[-7] 1.36[-2] 2.7 00 97
5 1 1298532 1.5 5.7+£0.6 740 1245 04+£0.1 88+10 3.81[—4] 1.4[-8] 1.42[-2] 2.6 00 97
2 129700.9 2.4 75+1.2 7.29 8+5 0.1+£0.1 91+14 3.81[—4] 19[-8] 1.24[-2] 3.0 00 97
31294803 —1.1 6.2+0.7 7.06 9+5 03+0.1 92+10 3.79[-4] 3.1[-8] 9.18[-3] 4.0 00 96
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TABLE 1. (Cotninued.)

State v N v/e Eobs — Ecalc A A vr Vd Vi Ly W] T vr Vd Vi
(obs) (calc) (obs) (obs) (obs) (calc) (calc) (calc) (calc) (calc) (calc)

6 1 131443.1 0.0 47+£0.5 5.57 1147 0.6+£06 92+10 3.76[—4] 8.7[-9] 4.40[-2] 038 0.0 99

2 131285.6 —-3.7 5.51 3.771—4] 4.4[-8] 0.03792 1.0 0.0 99

3 131058.2 —-1.0 543 3.771—-4] 8.3[—8] 3.28[-2] 1.1 0.0 99

7 1 132920.8 0.3 6.8+0.7 395 10+9 1.24+02 89+9 3.771-4] 2.0[-7] 5.25[-2] 0.7 0.0 99

6pr 2 1 125645.1 -0.7 104+1.1 11.28 4947 19+2 40+£5 1.82[—4] 1.1(-10) 6.74[-2] 0.3 0.0 100

3 1 1275937 0.5 25403 365 11+£5 1+1 91+11 245[-4] 1.3[-9] 3.49[-2] 0.7 0.0 99

Tpr 3 1 128366.6 1.1 32+04 3.64 1+5 0+0 98+12 1.34[—4] 2.5[-8] 2.02[-2] 0.7 0.0 929

collected in Table I. The theoretical evaluation of the Einstein
A coefficients has been carried out not only for the transitions
with v/ =0 but also for all bound levels (v’ > 0). This
enables the upper-state lifetimes and the relative band strengths
S =0 = Ay =0/ ), Av, to be calculated.

C. General discussion of partial yields

We determined the yields yr, 4, and y;, which corre-
spond to photoinduced fluorescence, photodissociation, and
photoionization, respectively, on the basis of the absolute line
intensities measured in absorption /,s and in the three different
decay channels, /¢, Iy, and I;, according to

vr = 1y/las, (20)
with similar expressions for y,; and y;. Figure 8 displays the
photoionization, photodissociation, and fluorescence yields for
the 3pw D, 4pm D', and 5pr D" 'T1; levels with N = 1,2, and
3 along with the previously measured values [4,37]. Note that
the present measurements are more precise and complete. We
see that fluorescence dominates for n = 3 (D state) and is still
present for n = 4 and 5 (D’ and D" states). Photodissociation
is significant (*15%—-20%) for n = 3 but is absent for n = 4
and 5. Photoionization is dominant for n = 5. For n = 4, it
varies substantially as function of the vibrational quantum
number and of the rotational quantum number N, whereas for
n = 3, ionization is a minor channel. Note, in any case, that
the global trends do not significantly depend on the rotational
quantum number.

By using the partial widths calculated for ionization, I';,
for dissociation, I'y, and for fluorescence, I' ;, which will be
discussed in more detail in the following Secs. IV D, IV E, and
IVF we can evaluate the corresponding theoretical yields y
from expressions of the type, for instance,

L'y

I Y @1
i+Tg+Ty

vr
The values obtained in this way are displayed in Fig. 8 as well
as in Table I. The agreement between experiment and theory is
remarkable considering the variety of different situations that
occur.

D. Fluorescence yields and widths

The natural widths corresponding to fluorescence have been
determined from the experiment by dividing the measured A
coefficients for absorption from v” = 0 by the corresponding
relative band strengths. The band strengths have been obtained
from the calculations (cf. Sec. IVB), and in that sense,
the natural fluorescence widths obtained here are not purely
experimental. The experimental ionization and dissociation
widths, in turn, are obtained from the fluorescence widths
combined with the various experimental yields. These values
are displayed in Figures 9, 10, and 11.

With regard to the 6pr Q(1) transitions (v = 2 — 6), we
can say the following: these transitions are clearly seen in the
fluorescence excitation cross section obtained by subtraction,
whereas only the lines corresponding to v =2 and 3 are
directly observed in the molecular fluorescence signal. This

TABLE II. R(0), R(1), R(2), and P(2) transitions in ground-state absorption of H, giving rise to
molecular fluorescence. v/c is the transition energy, in cm™'. A is the emission probability, in 10°
s™'. y7, va» and y; are fluorescence, dissociation, and ionization yields, respectively, given in %.

State v Transition v/c(obs) A(obs) yr(obs) y4(obs) y; (obs)
4pr D’ 5 R(0) 127 666.3 6.7+0.9 8+6 6+1 86+ 10
R(1) 127639.4 6.3+0.6 13+4 T1+£7 15+2
6 R(1) 129 198.6 8.5+0.9 14+5 78+ 8 8+1
9 R(0) 133357.0 32403 2+6 46 L5 61+7
R(1) 133301.4 2.9+0.3 3+7 74+£8 24+3
Sprn D" 2 R(1) 124493.7 5.24+0.5 24+4 45+0.5 T1+£7
R(2) 124422.0 3.84+04 11£5 10+ 1 8249
3 R(0) 126442.2 5.44+04 1245 2.1+04 86+ 14
R(1) 126426.4 34+04 20+ 6 12+1 73+£8
P(2) 126 087.4 19.1+34 349 2.6+04 93+12
5 R(1) 129924.5 6.24+0.7 12+4 5+1 72+8
Tpo 2 R(1) 126302.5 9.5+ 1.1 33+6 3.7+04 66+ 8
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TABLE III. Unassigned transitions in ground-state absorption of
H, giving rise to molecular fluorescence. v/c is the transition energy,
incm™'. V¢, Va» and y; are fluorescence, dissociation, and ionization
yields, respectively, given in %.

v/c(obs) v (obs) y4(0bs) ¥, (obs)
125499.0 26 +30 82+9 441
126362.6 17+11 39+5 33421
127320.6

127692.7

128 160.9 1+6 10£2 89+ 13
129834.9 10+5 234+04 83+ 16
129921.7 20£5 265 64+11
130294.9

131170.4 20+£5 941 72+8
131590.9

132483.7

132591.5

133168.1

may be due to an insufficient sensitivity of the visible
fluorescence detection related to the spectral range where
the higher v levels emit. We note, nevertheless, that the
corresponding fluorescence yields are calculated to amount
to less than 1%.

The autoionization width of the 7pm,v =3 Q(1) line is
calculated to be 2x 1072 cm™!, which implies a fluorescence
yield of 0.7%, in agreement with the observed value 1% +1%.
Together with the 7po,v =2 R(1) line, to be discussed in
Sec. IV G, this value is the highest principal quantum number
for which molecular fluorescence has been observed so far.

20

15

occurrences

-6 4 2 0 2 4
-1
Eobs-EMQDT (em™)

FIG. 5. (Color online) Histogram illustrating the overall compari-
son between measured and calculated Q (/) absorption line positions.
Hatched (red online) bars show the present measurements. The curve
is the Gaussian that fits the histogram. Black cross-hatched bars show
spectrographic measurements [ 13—15] normalized to fit the maximum
of the curve.
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FIG. 6. (Color online) Measured (solid squares, in blue online)
and calculated (open squares connected by lines) Einstein A coef-
ficients for the 3pm D, 4p D', and S5pr D" 'T1; ,N = 1 — 3 levels,

plotted as functions of the vibrational quantum number v.

E. Photoionization cross sections, yields, and widths

Figure 12 represents the photoionization spectrum, calcu-
lated by neglecting the other two decay channels. Strictly
speaking, this spectrum represents the theoretical photoab-
sorption spectrum, broadened by interaction with the open
ionization continua, but unaffected by the dissociation and
fluorescence processes. A logarithmic intensity scale has
been used in Fig. 12 in order to show all the resonances.
Interestingly, a relatively small number of lines is seen to
exceed the background formed by the rather regular high-n
Rydberg structures by four to six orders of magnitude. With
the overall intensity distribution being relatively smooth,
this means that these strong ionization peaks correspond to
exceedingly small widths (see below). It turns out that these
are precisely the transitions to upper levels that are long-lived
enough to be able to fluoresce. Note, incidentally, that the
apparent profile asymmetry of the resonances seen in Fig. 12
is drastically enhanced by the logarithmic ordinate scale.

20+
N
15+
8
= 101
=)
3
8 N
54
0 T § T T
0.0 0.5 1.0 1.5 2.0
Aobs / AMQDT

FIG. 7. (Color online) Histogram illustrating the overall com-
parison between measured and calculated absorption line intensities
(Einstein A coefficients). The three outliers probably correspond to
blended lines. The curve is the Gaussian that fits the histogram.
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FIG. 8. (Color online) Comparison between measured and calcu-
lated yield values for the 3pr D, 4prm D', and Sp D" 'TI; levels,
plotted as functions of the excited-state vibrational quantum number
v. Triangles (green online, dashed lines) refer to fluorescence, squares
(blue online, solid lines) refer to dissociation, and circles (red
online, dotted lines) refer to ionization, respectively. Open symbols
connected by lines are calculated values, whereas solid symbols
are measured values. Previously measured values [4,37] are also
indicated and, for better visibility, slightly offset to the right on the
abscissa scale.

Figure 13 compares the experimental fluorescence exci-
tation spectrum (upper graph) with the calculated ionization
spectrum from Fig. 12 plotted on a linear intensity scale. The
similarity between the two spectra is, indeed, striking. This
result may seem surprising at first glance, but it is readily
understood when one considers the relationship between the
cross-section profile maximum o, and the integrated line
intensity Igisc. For a Lorentzian line shape this reads

2
Omax = ——= Jdisc > (22)

40
showing that very narrow (i.e., long-lived) resonances are
strongly enhanced in the unconvoluted theoretical spectrum.
The theoretical photoionization spectrum has been used to
determine the partial ionization widths of the excited levels
included in Table I. We turn now to their detailed discussion.

As already stated, the calculated ionization widths of the
fluorescing 3pz D 'T1; v levels are very small; they lie in the
range 1077 to 107 cm~!. This arises because autoionization
can occur only through vibrational interaction with Av =7
or larger. The fluctuations of the widths are due to very
weak local perturbations with higher Rydberg levels which
autoionize more rapidly. Autoionization of the 4pm D’ IH;
vibrational levels is possible via Av > 3 processes and is
therefore expected to be more rapid. The corresponding
autoionization widths are, indeed, found to be about two orders
of magnitude larger as compared to the 3pmw D state levels.
The local perturbations are also stronger. For example, the
4prnD',v =5,N = 2levelis mixed with 10pm,v = 2,N = 2.
This latter level is strongly autoionized, with a corresponding
partial width of the order of 0.1 cm~!. The effective width
of the perturbed 4pm D’ level is then too large to allow the
fluorescence to be detected, as is, indeed, experimentally
confirmed. Autoionization of the 5pm D” vibrational levels

PHYSICAL REVIEW A 82, 062511 (2010)
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FIG. 9. (Color online) Measured and calculated partial widths for
the 3pm D 'T1;; levels plotted as functions of v. The symbols have
the same meanings as in Fig. 8.

can occur with Av > 2. The autoionization widths calculated
for these levels are of the order of 1072 cm™!, with the result
that ionization is now the dominant decay channel.
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FIG. 10. (Color online) Measured and calculated partial widths
for the 4 pr D’ 'T1;, levels plotted as functions of v. The symbols have
the same meanings as in Fig. 8. Note the logarithmic ordinate scale.
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FIG. 11. (Color online) Measured and calculated partial widths
for the 5pm D” 'T1; levels plotted as functions of v. The symbols
have the same meanings as in Fig. 8. Note the logarithmic ordinate
scale.

F. Predissociation yields and widths

The dissociation widths of the 'IT; levels have been
evaluated theoretically, as described in Sec. IIIF, for the
vibrational levels of the 3pm D, 4pm D’, and 5pm D" states.
They were found to range between 4x10™*and 1 x 1073 cm™!
for the D state, and they are calculated to be at least two
orders of magnitude smaller for the D’ and D” states. The
calculations thus reproduce the experimental observation that
dissociation is negligible for the D’ and D" states. Recall
that the dissociation involves the 2p7 C 'TT;, continuum. The
vibronic coupling between n = 2, on the one hand, and n'=3,
4, and 5, on the other hand, decreases rapidly with »’, as
had already been noted by Wolniewicz [38]. The comparison
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FIG. 12. Photoionization cross section calculated for Q(1) transi-
tions plotted on a logarithmic scale. The dissociation and fluorescence
decay channels have not been taken into account in this calculation.
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FIG. 13. (Color online) Upper traces (green online): experimental
fluorescence excited spectrum plotted on a linear scale (arbitrary
units). Lower traces: theoretical photoionization cross sections
calculated for the Q(1), Q(2), and Q(3) transitions [in black, light
gray (red), and dark gray (blue), respectively] plotted on a linear scale
(in units of 10713 cm?).

between measured and calculated widths (see, in particular,
Figs. 10 and 11) is seen to be quite good despite the fact that
the various decay widths vary by many orders of magnitude.
The yields resulting from the calculations of the various partial
widths are included in Fig. 8 where they are compared with
the experimental values.

G. Competition between decay processes
in R(0), R(1), and P(2) transitions

As stated in Sec. IV A, molecular fluorescence competing
with dissociation and ionization has been observed for 12
R(0), R(1), and P(2) lines. The experimental results are
listed in Table II. Their systematic study by theory is
deferred to a future presentation, but, in fact, some values
already exist in the literature [25,39]. In particular, the
4p7tD/ll_[;',v =5,N =1 and 2 levels have been treated
theoretically [39]. We excite these levels through the R(0)
and R(1) transitions, and we have observed fluorescence.
We have thus determined the fluorescence, dissociation, and
ionization yields, but since in the theoretical calculation of
Ref. [39] fluorescence has not been included, we limit our
discussion here to the ionization and dissociation processes.
Our measured value for the yield I'; /(I'; + T'y), viz., 17.6%
+ 0.7% for excitation via the R(1) line, compares very well
with the calculation (17%). The same is true for excitation
via the R(0) line (93.7% =+ 1.2% versus 93%). However,
the calculated widths are too large by a factor of about 3
or 4 in order to allow for the fluorescence, which is observed
to contribute 13% to the total yield in the R(1) line and
8% in the R(0) line. This discrepancy remains unexplained at
this stage.

The R(0) and R(1) transitions corresponding to excita-
tion of 5pr D" 'TIH,v = 2,N = 1 and 2 from X 1E;,v =0,
N = 0 and 1, respectively, are not resolved in our absorption
spectrum. However, their dynamics can be evaluated sepa-
rately owing to the fact that only the upper level of the R(1)
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line fluoresces. The corresponding R(2) line is also seen in
fluorescence, as are the R(1) lines corresponding to v = 3 and
5. The fluorescence yield for the R(1) transition leading to
7po,v = 2,N = 2is astonishingly high; it has been measured
to correspond to 33% =+ 7%. This is the only excited level of
H, situated above the ionization potential of predominant ! ¥
symmetry, which is known to fluoresce [35].

Owing to its intrinsic weakness, predissociation of the
upper levels of the Q(N) transitions belonging the 4pmx D’-
X and SpmD”-X band systems is difficult to measure.
This is not the case for the corresponding R(N) transitions
whose dissociation yields amount to about 70%—80% in the
4pr D'-X band system and to 5%-15% in the 5pn D"-X
band system, respectively. The upper states of these latter
examples have ¢ Kronig symmetry and hence correspond
to multichannel situations with a larger number of channels
involved and increased possibilities for local perturbations
between quasibound levels. For example, the 4 pr ~ manifold
(d Kronig symmetry) can directly predissociate only to
the 2pm~C dissociation continuum, whereas for the 4pm™
manifold the 3po* B’ dissociation continuum is also avail-
able and actually largely dominates. The indirect process
involves the interfering channels 3pz™* or 4po™t [40].
Identical mechanisms are active in the predissociation of
the 5pm* manifold but are less efficient because of the
larger change of the principal quantum number n (i.e., larger
electronic energy gap) required by the process.

V. CONCLUSION

In this paper we have presented detailed evidence for slow
decay processes active in numerous superexcited molecular
levels of Hy. These processes take place typically on the sub-us
scale but are slower than 1 ns. Due to our absolute absorption
and partial decay cross-section measurements, we have been

PHYSICAL REVIEW A 82, 062511 (2010)

in a position to characterize these slow processes in detail,
despite the fact that the corresponding natural widths of the
excited states studied here are orders of magnitude smaller than
our experimental spectral resolution. The theoretical approach
implemented in this work fully accounts for the observed
dynamics and includes autoionization, predissociation, and
spontaneous photon emission. While our theoretical approach
as such is not new and has been shown previously to be
a powerful tool for the description of many aspects of the
internal dynamics of molecular hydrogen (see, e.g., various
papers collected in Ref. [19]), it has been applied here in
an unprecedented systematic way. It appears that MQDT is
capable of describing the various very weak couplings quite
accurately, involving both vibronic interaction and radiative
decay.

The observation and characterization of spontaneous pho-
ton emission in a large number of superexcited levels consti-
tutes a remarkable exception in the field of molecular physics
in general. It will be interesting to explore the question of to
what extent the slow dynamics studied in the present work may
have implications for the physics of the interstellar medium
and of planetary atmospheres.
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