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The cross sections for the formation of the metastable atomic hydrogen in the 2s state in photoexcitation of
H, and D, were measured as a function of the incident photon energy in the range of the doubly excited states
with their symmetries of the electronic states, ! ;" or 'T1,,, being resolved. It has turned out from the comparison
with the cross-section curves for other dissociation processes and the theoretical calculation [J. D. Bozek et al.,
J. Phys. B 39, 4871 (2006)] that the Q,'IT,(1) doubly excited state of H, dissociates into both H(2s) + H(2p)
and H(2p) + H(2p). The dissociation dynamics of this state has been discussed in terms of the nonadiabatic

transition during neutral dissociations.
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I. INTRODUCTION

Doubly excited states of molecules are short-lived reso-
nance states which decay through autoionizations and neutral
dissociations. Since the wave function of such molecular
resonance states cannot simply be described by the Born-
Oppenheimer products due to mixing between discrete and
continuum configurations [1,2], the dynamics of the formation
and decay of them has attracted many theoretical and ex-
perimental investigations, especially for molecular hydrogen
as summarized in review papers [3,4]. Figure 1 shows the
theoretical potential energy curves of the doubly excited states
of H, [5,6]. The dynamics, however, has not been fully
understood even in this simple molecule. For example, a peak
due to an optically forbidden doubly excited state of H, and
D; in the electron energy loss spectra tagged with the H(2p) or
D(2p) fragment formation measured by our group has not yet
been explained theoretically and the origin of the peak remains
an open question [8—11]. There also exists a disagreement in
the discussion on the dynamics of the neutral dissociation of
the lowest and second-lowest 'TI, states in the Q, series,
ie., the Q,'TI,(1) and Q,'T1,(2) states of Hp, which we
concern with in the present study. In the following, the previous
investigations on the dissociation dynamics of the Q,'IT, (1,
2) states are summarized.

The Q,'IT,(1) and Q, 'TI,(2) states, of which the main
configurations near the equilibrium internuclear distance in
the ground electronic state are (2pm,, 2s0,) and (2pm,, 3doy,),
respectively [6], are known to dissociate into H(2s) + H2p)
and H2p) + H(2p), respectively [4,12]. Misakian and Zorn
[13] measured the excitation function for the production of
fast H(2s) fragments (kinetic energy > 2 eV) in electron-H;
collisions and observed a threshold for the production of
the fast H(2s) fragments at the electron impact energy of
approximately 29 eV. From the energy conservation and the
measured angular distribution of the fast H(2s) fragments
at 41.5-eV incident electron energy, they concluded that the
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formation of the fast H(2s) atoms proceed via a 'TI,, state in
the O, series of the doubly excited states of H, [13]. The
theoretical calculations on the velocity distribution of H(2s)
fragments due to the 0,'T1,(1) state of H, [14] and on the
potential energy of the Q,'TI,(1) state at the internuclear
distance of 1.8 a.u. [15] were reasonably consistent with
the experimental results by Misakian and Zorn [13]. Thus, a
consensus that the precursor state of the fast H(2s) fragment is
the 0,'I1,,(1) state has been developed. Because the state was
also known as the main contributor to the cross section for the
H(2p) atom formation [16-19], the Q,'IT,(1) state has been
considered to dissociate into H(2s) + H(2p). However, this
conclusion needs to be re-examined since (i) the theoretical
potential energies and resonance widths of the doubly excited
states of H, by the recent calculation with large configuration
bases [6] differ from those by the former calculation [15]
and (ii) the velocity distributions of H(2s) fragments depend
on the electron impact energy [20], showing a possibility of
contributions from the neutral and ionic molecular states other
than the Q,'I1,(1) state in the electron collision experiment
by Misakian and Zorn. In the recent measurement of the cross
sections for the H(2s) atom formation in photoexcitation of H,
it was concluded that the contribution of the Q,'TT,(1) state
of H, was not so large [4,21] (see Fig. 3).

On the other hand, the Q, 'TI,(2) state was concluded to
dissociate into H(2 p) + H(2 p) because the excitation spectrum
of the simultaneous emission of two Lyman-a photons in
photoexcitation of H, [22] were well reproduced by the
calculated photoabsorption or photodissociation profiles due to
the 0,'T1,,(2) state [4,19]. However, the excitation spectrum
of Ref. [22] does not agree with the recent one by Odagiri
et al. [23], the latter of which is more reliable [23]. Odagiri
et al. [23] found that the precursor doubly excited state for the
formation of two H(2p) atoms is the Q,'II,(1) state, which
disagrees with the argument above.

To investigate the precursor doubly excited states resulting
in the formation of H(2s) fragments it is necessary to measure
the cross sections of the process as a function of excitation
energy rather than the electron impact energy as was previously
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FIG. 1. (Color online) The potential energy curves of the doubly
excited states of H, (Refs. [5,6], thick solid curves) and H, ™ (Ref. [7],
thin solid curves). The Franck-Condon region of H, is indicated
by the vertical lines. The origin of the potential energy is taken at
the lowest vibrational-rotational level in the ground electronic state
of Hz .

done [13,20]. As mentioned above, Glass-Maujean et al. [21]
measured cross sections for H(2s) formation in photoexci-
tation, oy, of Hy by using the detection technique based
on the collision-induced emission of the Lyman-a photons
[H(2s) + H, — H(1s) 4+ H, 4 Lyman-o photon] in a gas cell
filled with relatively high pressure. However, it required fitting
procedures to the experimental time-dependent Lyman-«
intensity curves for obtaining the cross sections [21], and, thus,
the number of measured points was small and the error bars
were relatively large. Recently, we have developed a method
to measure the cross sections for the H(2s) formation from
symmetry-resolved excited states formed in photoexcitation
of linear molecules [24]. The principle of measuring the
symmetry-resolved cross-section curves is as follows. Within
the dipole approximation, the angle differential cross section
for H(2s) formation is given by

oy, /dQ = (035/47)[1 4 B(3cos’ 6 — 1)/2], ey

where 6 is the angle of the fragment ejection with respect
to the electric field vector of the incident light and S is the
asymmetry parameter when the dissociations occur rapidly as
compared with the time scale of the molecular rotation (the
axial recoil approximation) [25]. For the ¥ — X transitions
B =2 and for the ¥ — TII transitions 8§ = —1. Hence, the
integral cross sections due to ¥ — X and ¥ — II transitions,
o5 and 0}, are obtained separately if the measurements are
done for the case of fragment ejection in parallel to the electric
field vector of the incident light (6 = 0°) and perpendicular
to it ( = 90°), respectively. In the present study this method
is applied to H, and D,. The formation and decay dynamics
of the doubly excited states of molecular hydrogen leading
to the formation of the metastable atomic hydrogen in the 2s
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state are investigated with their symmetries being resolved. A
discussion on the dynamics of neutral dissociations of the
doubly excited states of H, and D, is given with special
attention to those of the Q,' T, states.

II. EXPERIMENTAL

The experiments were carried out at the undulator beam line
28B of the photon factory, KEK. A linearly polarized pho-
ton beam from the variable-included-angle Monk-Gillieson
monochromator [26] was introduced into the gas cell filled
with molecular hydrogen. The metastable hydrogen atom in
the 2s state produced through photoexcitation of molecular
hydrogen was detected by the combination of a localized
electric field created by a stack of parallel plate electrodes
and a detector of photons that is composed of a microchannel
plate (MCP) coated with CsI and an MgF, window in front of
it. The 2s state of atomic hydrogen mixes with the 2 p state by
the Stark effect due to the electric field and the atom decays
to the ground state by emitting a Lyman-« photon, which was
detected by the photon detector. An angle-resolved detection
of the metastable hydrogen atoms was achieved by putting the
stack of parallel plate electrodes 100 mm away from the center
of the gas cell, as shown in Fig. 2. With the optimized strength
of the electric field (42 V cm™!) the metastable hydrogen
atoms having a kinetic energy of 0.01-10 eV decay within
approximately 2 mm of the leading edge of the plates. The
gas cell and the detector system were rotated around the beam
axis (X axis in Fig. 2) to change the angle of detection, 6,,
as shown in Figs. 2(a) and 2(b), where the detection system
is placed in parallel [6; = 0°; Fig. 2(a)] with the electric field
vector of the incident light (Z axis in Fig. 2) and perpendicular
to it [6; = 90°; Fig. 2(b)]. In principle, integral cross sections
for the formation of the metastable atomic hydrogen due to the
¥ — ¥ and ¥ — II transitions, o,- and o,,, can be obtained
from the counting rates of the metastable hydrogen atoms
measured at the parallel and perpendicular detector orientation,
Nos(68; = 0°) and Ny, (6; = 90°), respectively, by normalizing
them for the number density of the target molecule and flux
of the incident photon as described by Eq. (6) of our previous
paper [24]. However, a correction was necessary to eliminate
the small contamination from the other symmetry originating
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FIG. 2. (Color online) The gas cell and the detector for the
metastable hydrogen atoms in the 2s state; (a) “parallel” orientation
(6; = 0°) and (b) “perpendicular” orientation (6; = 90°). The space-
fixed X and Z axes are parallel to the propagation direction and
the electric field vector of the linearly polarized incident light,
respectively.
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from the geometry of the detector, finite angular resolution,
and finite collision volume. These effects were evaluated
by a numerical simulation and the following relations were
obtained: Nos(0; = 0°) o 8.71 x 0> + 9.08 x 1072 x o)!
and Noy(6y = 90°) o 625x 1072 x of + 470 x o}l
The contaminations are generally small but in N,(6; = 0°)
it was not negligible, because the relation 02)2 (E) < ozlg(E )
was obtained for the present incident photon energy E, as is
shown in the next section. The cross sections were put on the
absolute scale by normalizing the sum of the Gz)i (E)and azrxl (E)
cross sections for H, to those obtained by Glass-Maujean
et al. [21] (see the next section). The flux of the incident
photons was monitored at the exit of the gas cell by using
an Au plate of which sensitivity was measured, prior to the
experiments, by using an NIST-calibrated silicon photodiode
(model AXUV-100G, IRD Inc., Saskatoon, Canada).

On the gas cell another photon detector that is composed
of an MgF, window and an MCP (not shown in Fig. 2) was
mounted for detection of Lyman-« photons produced near the
collision region, i.e., the Lyman-o photons from short-lived
H(2p) or D(2p) atoms produced in photoexcitation. Cross
sections for the H(2p)/D(2p) formation differential with
respect to the solid angle of the emitted photons, do,,/d<2,
were obtained as a function of E from counting rates of the
photon detector normalized for the number density of the
target molecule and flux of the incident photon. Anisotropy
of the photon emission was found to be low and thus the
dos,/dS2 differential cross sections as a function of E give the
integral cross sections 0, (E) in a relative scale. The 03, (E)
cross sections were put on the absolute scale by normalizing
them to the theoretical cross sections [12,27] (see the next
section). The measurements of the 0,(E) and one of the crz;
and ;! cross sections were done simultaneously. There is also
a retarding type electron energy-analyzer on the other side of
the gas cell (also not shown in Fig. 2). Using this electron
detector, we measured the photoelectron angular distribution
(PAD) for obtaining the Stokes parameter S; of the linear
polarization and the tilt angle X of the polarization ellipse [28]
of the incident light. Through the measurement of the PAD we
checked the alignment of the apparatus against the incident
light beam. The polarization degree of the incident light was
approximately 0.94 by measuring the PAD from He at the
50-eV incident photon energy. The electron detector was also
operated as a detector for ions with thermal energy by changing
voltages applied to electrodes inside. The photoion yield from
He and Ne were measured as a function of the wavelength of
incident light by using this ion detector, and these yield curves
were utilized for the wavelength calibration of the incident
light. The bandpass of the incident light was approximately
1.5 x 1072 nm at 27.2 nm (energy width of approximately
25 meV at a 45.6-eV incident photon energy). Measurements
were done at the pressure of the gas cell below 0.12 Pa where
the counting rates of the metastable hydrogen atoms and the
Lyman-o photons were proportional to the pressure. Further
details of the experiments were described previously [24].

It is important to discuss a contribution from the reaction
of H3p) — H(2s)+Balmer-o photon in the H(2s) atom
signals. The cross sections for the emission of Balmer-o
fluorescence [H(3s,3p,3d) — H(n = 2) 4+ Balmer-« photon]
in photoexcitation of Hj, opae, Were measured previously
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and they reached a maximum value of approximately 5.5 x
1073 Mb around the incident photon energy of 36-38 eV
[29] (1 Mb =1 x 10" cm?). As is shown below, the 0225
and 021;[ cross sections for H, at this energy range were
approximately 7 x 1073 and 6-8 x 1072 Mb, respectively,
the former of which is comparable to the maximum of the
OBale Cross sections. However, evidence of H(3p) — H(2s)
fluorescence was hardly found in the decay curve analysis
for the time-resolved detections of the Balmer-« fluorescence
in the range of the doubly excited states [30], and, thus, the
contribution of the above transition would be small even in the
05 cross sections.

III. RESULTS AND DISCUSSION

The metastable H(2s) atoms are formed in the photoexcita-
tion of H; through the following processes:

H, + hv — H3* — H(2s) + H(n) 2)
— H3* — H(Q2s) + H' + e~ 3)
— H(2s) +H" +¢™. 4)

They are neutral dissociations [process (2)] and autoioniza-
tions [process (3)] of the doubly excited states of H, (H}*) and
direct-dissociative photoionizations [process (4)]. Because the
final state of processes (3) and (4) are the same, the cross
sections due to these processes must be added coherently. As
mentioned below, the ionic states contributing to processes
(3) and (4) are the H,* (2s0,) and Ho™ (3po,) states [12].
From the potential energy curves in Fig. 1, the doubly excited
states involved in process (3) can probably be the Q4 states
or higher states since they must have higher energy than the
final ionic states. Thus, the contribution from process (3) in
2s-atom formation is expected to be smaller than those from
processes (2) and (4) since photoexcitation to such high energy
states would be less probable.

Sum of the symmetry-resolved cross sections, o= (E) +
ozl;l(E), gives symmetry-unresolved cross sections, oo4(E),
since the dipole selection rule allows only '¥F and 'II,
as the excited state symmetries in the photoexcitation of
molecular hydrogen from its ground electronic state (! Z;).
In Fig. 3, the present o,,(E) curve of H, are shown together
with that obtained by Glass-Maujean et al. [21]. The present
data are normalized to the previous one [21] so the sum
of the squared residuals between the two data sets in the
range 36-38 eV is a minimum. Gross features of the two
cross-section curves are similar but the peak lies around
35.6 eV in the present cross sections while it lies around
37 eV in the previous ones [21]. It is noted that the present
measurements contain no fitting procedure that is involved in
the previous study to obtain each data point in Fig. 3 [21]
(see Sec. I) and, thus, the shape of the present cross-section
curve seems to be more reliable. The structure of the previous
cross-section curve [21] was attributed to neutral dissociation
of the O, 12;(2), 0, 'T,(1,4, and 5), and Q3 'T1,(1) doubly
excited states of H, and the dissociative photoionization to
H,%(2s0,) + e based on the semiclassical calculation [4]
as shown in Fig. 3. The semiclassical cross sections due to
the neutral dissociations in Fig. 3 were obtained from the
Franck-Condon (FC) factors between the ground electronic
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FIG. 3. The symmetry-unresolved cross sections for the 2s-atom
formation of H,; (open diamonds) present data; (solid diamonds)
data of Ref. [21]. The present data were normalized to the data of
Ref. [21] in the range 36-38 eV (see text). Solid curve represents the
theoretical fit [4] to the experimental data of Ref. [21] and dashed
curves represent the various contributions to the solid curve.

state and the doubly excited states of H, multiplied by constant
factors while the semiclassical cross sections due to the
dissociative photoionization in Fig. 3 was obtained from the
FC factors between the ground state of H, and the (2s0,)
state of Hy™ combined with the Born approximation for the
ionization multiplied by a constant factor [4]. The physical
meanings of the constant factors, which were practically used
as fitting parameters, are the electric dipole moment squared
and branching ratio of the 2s-atom formation. Thus, they
were approximated as energy independent in the semiclassical
model [4]. Although the semiclassical cross section does
not fit the present data, a better fit could be obtained if a
suitable parameter set is used. For a more detailed discussion,
however, we compared our symmetry-resolved cross-section
curves with a full quantum-mechanical calculation as follows.

Figure 4 shows the symmetry-resolved cross sections for
the formation of the metastable atomic hydrogen in the 2s
state, 05 (E) and 0)!(E), in photoexcitation of H, and Ds.
The vertical scales were put on the absolute scale through
the normalization in Fig. 3. It has turned out that for both
H, and D, 02)2 (E) are much smaller than ozl;l(E ), revealing
dominant contributions of the !+ — 111, transitions in the
metastable 2s-atom formation. A large isotope effect is seen
in the O'ZI;I(E) curve below 46 eV [see Fig. 4(b)], while a
relatively small difference is seen between the 02)2 (E) curves
of the two isotopes [see Fig. 4(a)]. The tendency of the smaller
cross sections for D, than those for H; is understandable by
taking into account that a longer time period is needed for
molecular dissociations in D, and, thus, fewer molecules in
doubly excited states of D, decay through neutral dissociation
escaping from autoionizations than in H,. Therefore, the
isotope effect in the 0'21;1 cross sections show the contributions
from neutral dissociations [process (2)] of the I, doubly
excited states up to 46 eV. From the theoretical potential energy
curves of Fig. 1 neutral dissociations above approximately
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FIG. 4. (Color online) The symmetry-resolved cross sections for
the 2s-atom formation in photoexcitation of H, and D,; (a) the cross
sections for the ! =+ symmetry and (b) the cross sections for the 'T1,,
symmetry [(open and solid squares) H,; (open and solid circles) D,].

40 eV are likely to proceed via the Q3 and Q4 doubly excited
states.

On the other hand, almost no isotope effect appears in the
range above 46 eV for both 02 (E) and 0,!(E). Around this
energy the direct-dissociative photoionizations (DPI) leading
to the metastable 2s-atom formation, whose thresholds are
above 38 eV [12,27], dominate the cross sections since
photoexcitation to doubly excited states lying in such a high
energy range would be less probable (see Fig. 1). Two ionic
states correlating to the dissociation limit of H(2s) + H™ are
known: the Hy™ (2s0,) and H,™ (3po,) states [12]. Thus,
the DPI included in the azzs(E ) curve are the (2s0,)(¢0,) and
(3po.)(e0,) channels while those included in the 021;' (E)curve
are the (2s0,)(em,) and (3po,)(em,) channels, where (¢0y ;)
and (em, ,) indicate the ionized electrons. The X:IT ratios at
50 eV were obtained to be 0.14 for H, and 0.17 for D,.

The cross sections in the energy range below 46 eV
are dominated by the neutral dissociation of the '=;" and
T, doubly excited states of H, and D, (see comparisons
between the experimental and theoretical cross sections in
Fig. 5). Referring to the Barat-Lichten (BL) rule to correlate
diabatically between the molecular states and separated atoms
limits, only the Q; 'Z (1) and Q;, 'I1,(1) doubly excited
states are responsible for the 2s-atom formation [12]. In
Fig. 5, we compared the present experimental data with the
theoretical photodissociation cross sections for the 2s-atom
formation obtained by solving the time-dependent Schrodinger
equation [12,27]. It is noted that the theory calculated the
populations that remained in the doubly excited states without
being autoionized for the photodissociation cross sections and
the dissociation products were determined following to the BL
correlation rule [12,19]. Thus, they took account of the neutral
dissociation of the Q;' .7 (1) and Q5 'TT,(1) doubly excited
states [process (2)] and the DPI to the 250, and 3po, states
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FIG. 5. (Color online) The symmetry-resolved cross sections for
the formation of metastable atomic hydrogen in the 2s state; (a) > for
H,, (b) 0,! for Hy, (c) o5 for D,, and (d) o,! for D, (the present data
are the same as those in Fig. 4). The theoretical cross sections for the
2s-atom formation due to the @y ' = (1), Q5 'T1,(1), and DPI[12,27]
multiplied by the factors indicated are shown by thin solid curves and
sum of them are shown by thick solid curves (see text). The differences
between the experimental and normalized theoretical cross sections
are shown by open triangles. The theoretical photodissociation
cross sections due to the Q, 'TI,(2) state normalized to the open
triangles are shown by the dotted curve in (b). The differences between
the open triangles and the dotted curve are represented by the solid
curve with dots in (b).

of the hydrogen molecular ion [process (4)] in the theoretical
calculation for the 2s-atom formation [12,19,27]: the lower
energy humps of the theoretical curves in Figs. 5(a)-5(d)
originate from the neutral dissociations of the doubly excited
states and the higher ones are due to the DPI. Individual
components of the theoretical cross sections were multiplied
by the factors indicated in Fig. 5 and summed so they (thick
solid curves in Fig. 5) agree well with the present experimental
ones in the range 30-32 eV and 46-50 eV. Despite the
normalization, the relation 0,1 (E) > o,-(E) is reproduced
in the theoretical results for both H, and D,. The onset around
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30 eV in the experimental IT cross sections in Figs. 5(b) and
5(d) are also reproduced well in the theoretical cross-section
curves leading to the conclusion that the Q, 'IT,(1) doubly
excited state contributes largely in the 2s-atom formation for
both H, and D,. Note that the photodissociation cross sections
due to the second lowest 'IT, state in the Q, series, the
0, 'T,(2) state, are expected to rise above 32 eV [12,27]
(see also the absorption profile shown in Fig. 2(b) of Ref. [4]),
and, thus, the onset around 30 eV cannot be attributed to the
0, 'T1,(2) state. As seen in Fig. 5 the theoretical cross sections
do not reproduce the experimental ones in the range 32—46 eV.
Differences between them are attributed to contributions from
the higher doubly excited states and are indicated by open
triangles in Fig. 5. It is clear that the doubly excited states
other than those connected to the dissociation limit of H(2s) +
H(n¢) by the BL correlation rule also contribute largely to the
experimental cross sections.

Figures 6(b) and 6(c) show the photodissociation cross
sections for the 2p-atom formation, o3,, measured in the
present study. The present 0,,(E) curves of H, and D, were
normalized to the theoretical ones [12,27] in the range of the
DPI (48-50 eV). Note that the experimental cross-section ratio
between H, and D, is maintained in the normalization. The
solid circles in the figures are the 0,,(E) curves of H, and D,
which were measured and then normalized to the theoretical
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FIG. 6. (Color online) (a) The cross sections for the formation of
two H(2p) atoms [23] (see text). [(b) and (c)] The cross sections for
the H(2p)/D(2p) atom formation in photoexcitation of H, (b) and
D, (c); (solid triangles) present results; (solid circles) the previous
experimental results [31]; (solid curves) the theoretical results
[12,27]. The photodissociation cross sections due to the Q, 'IT, (1)
doubly excited state of H, calculated through solving the time-
dependent Schrodinger equation (Refs. [12,27], dot-dashed curve)
and with the semiclassical approximation (Ref. [23], dashed curve)
are also shown in (a).
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cross sections by Machacek et al. [31]. The two experimental
data agreed well with each other and also agree fairly well with
the theoretical curves. The theory includes contributions from
the 0 'SF(2), 01 ', (1), Q2! T (1-6), and 0y 'T1,(1-7)
doubly excited states and the 2pm,, 3do,, and 3dm, ionic
channels [12], all of which correlate to the states including the
2 p-atom at the separated atoms limits by the BL rule [12,27].
Among them, the Q, 'TT,(1) state is the main contributor to
the 02,(E) [19,27].

In Fig. 6(a) we show our previous experimental results
of the coincidence detection of two Lyman-a photons in
photoexcitation of H, [23]. It is the cross section for the
formation of two H(2p) atoms differential with respect to
each solid angle for the two Lyman-« photons from them as a
function of E. Although the recent investigations revealed the
remarkable angular correlation of the two Lyman-« photons
[32-35], the angular correlation pattern does not seem to
change quite so much with the incident photon energy since
one 'T1, state dominantly contributes to the formation of two
H(2p) atoms, as mentioned below. Thus, Fig. 6(a) shows
the integral cross sections for the formation of two H(2p)
atoms against E, 022,(E), in a relative scale. Odagiri et al.
[23] attributed the main peak in Fig. 6(a) to the neutral
dissociation of the Q, 'IT,(1) state of H, based on the
semiclassical calculation of 07,,,(E), of which the result is
shown in Fig. 6(a) by the dashed curve. The photodissociation
cross section due to the Q, 'TT,(1) state was calculated in
a more sophisticated way [12,27] and the result is shown
by the dot-dashed curve in Fig. 6(a), which supports the
conclusion by Odagiri et al. [23]. Hence, it is concluded that
the precursor doubly excited states for the photodissociation
into H2p) + H(2p) is the O, T1,(1) doubly excited state
of Hz.

In summary, in the three cross sections above, i.e., the
azl;l(E), 02,(E), and 052, (E) cross sections, we found a large
contributions of the 0, 'T1, (1) doubly excited state which is
the lowest 'TI, state in the Q, series. Thus, it has turned out
that the Q, 'T1,(1) doubly excited state of H, dissociates into
both of H(2p) + H(2p) and H(2s) + H(n = 2), which is clear
evidence of the coupling between the dissociation channels.
Such coupling was not taken into account in the theory [12,27].

Many avoided crossings have been found between the
potential energy curves of the doubly excited states [6,36],
where nonadiabatic transitions between states can occur
depending on the coupling strength and velocity of the relative
motion of two nuclei at the avoided crossing [37]. It is, thus,
possible that the doubly excited states which are not connected
to the H(2s) 4+ H(n{) dissociation limit by the BL correlation
rule also contribute to the 2s-atom formation. One such doubly
excited state would be the Q, 'TT,(2) state that correlates to
H(2p) + H(2 p) following the BL correlation rule. Sanchez and
Martin [6] reported an avoided crossing between the potential
energy curves of the Q, 'TT,(1) and Q, 'I1,(2) states at the
internuclear separation of approximately 5 a.u. In Fig. 5(b)
the dotted curve shows the theoretical photodissociation cross
section via the Q, 'T1,(2) state [12,27] with its absolute value
being normalized to the difference curve represented by the
open triangles. The onset around 32 eV in the difference curve
in Fig. 5(b) agrees well with the theoretical photodissociation
curve due to the O, 'T1,(2) state. Thus, the Q, 'TI,(2) state
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TABLE L. Oscillator strengths (x 107*) in the range 30-50 eV for
the formation of the metastable atomic hydrogen in the 2s state in
photoexcitation of H, and D,.

H, D,
o'z 1.1 0.5
Difference (A) 4.6 3.9
z DPI 32 34
Sum 8.9 7.7
Qzl Hu(l) 21 14
T2 20 —
Difference (A) Q. @
Others 12 12
I1 DPI 24 21
Sum 77 47

seems to contribute largely to the 021;1 cross sections of Hp.

It is remarkable that the Q, 'IT,(2) state gives a contribution
comparable with the O, T1,,(1) state in the 021;[ cross sections
of H,. The difference between the open triangles and the dotted
curve in Fig. 5(b) is shown by the solid curve with dots. On the
other hand, the difference curve of D, in Fig. 5(d) rises around
35 eV, indicating the contribution due to the Q, 'T1,(2) state is
not so large in the 0! cross sections of D,. Origins of the rests
of the cross sections, i.e., the cross sections represented by the
solid curve with dots in Fig. 5(b) for H, and those represented
by the open triangles in Fig. 5(d) for D are not clear at present.
The oscillator strengths of each component contributing to the
2s-atom formation were obtained by integrating the theoretical
curves and difference curves in Fig. 5 in the range of 30-50 eV
and the results are summarized in Table 1.

Table I shows that the isotope effect that appears in the
o, cross sections stems mostly from the neutral dissociation
of the 0, T1,(1, 2) states. As mentioned above, substitution
to the heavier isotopes results in smaller dissociation yield
due to the competition between the neutral dissociation
and autoionization. In the course of the discussion on the
dissociation dynamics mentioned above, it is expected that
the probability of forming the 2s atom also changes with
the isotopic substitution due to the difference in transition
probabilities between two dissociation channels at the avoided
crossing mentioned above: the dissociation in D, proceeds
more adiabatically than in H, because the velocity of the
relative motion of the two nuclei is smaller for D,. The
latter factor would be a primary cause for the large isotope
effect seen in the Q, 'T1,(2) component since the theoretical
photodissociation cross section via the Q» 'T1,(2) state of
D, does not differ quite so much from the corresponding
cross section for H, [12,27]. Note that the transitions at
the avoided crossings were not taken into account in the
theory while the competitions between neutral dissociations
and autoionizations were evaluated [12,27]. The present
conclusion that the Q, T1,(2) state of H, is likely to result
in the 2s-atom formation as compared with the same state of
D, leads to the adiabatic and diabatic correlations as shown
in Fig. 7. It is expected that, since dissociations in H, proceed

053401-6



FORMATION OF METASTABLE ATOMIC HYDROGEN IN . ..

Qo' (2) » H(2p)+H(2p)
Q,'II,,(1) /_\ H(2s)+H(2p)

FIG. 7. The adiabatic (solid lines) and diabatic (dotted lines)
correlations of the Q, 'IT,(1, 2) states derived from the present
experimental results (see text).

more diabatically than in D», H, [Q> 'T1,(2)] is more likely
to resultin 2s 4+ 2p than D, [Q» 'T1,(2)] and H, [Q5 'T1,,(1)]
is more likely to result in 2p + 2p than D, [Q>» 'T1,,(1)]. The
correlations shown in Fig. 7 are not consistent with the BL
correlations but are consistent with the correlations adopted
by Glass-Maujean and coworkers [4,21,30]. It should be noted
that the nonadiabatic transition during the dissociation of the
0, ', (1) state proposed in the present study would not
affect the framework of the angular correlation theory of our
group [32] since the transition takes place between the states
with the same electronic symmetry.

The ratios of the cross sections, R(E) = 0y(E)/02,(E),
for H, and D, are shown in Fig. 8 together with those for Hj
in the previous experimental [21] and theoretical [19] studies.
The previous ratio R(E) has its maximum around 37 eV while
the peak energy in the present one for H, is lower by at least
1 eV. The broad peak in the theoretical ratio R(E) in the
range 30-36 eV seems to originate from the contribution from
the O, 'T1,(1) state of H, in the o, cross section since the
theory includes the Q» 'TT, (1) state in the 2s-atom formation
around this energy with the negligible contribution of the
[ 1E;r(l) state [see Figs. 5(a) and 5(b)] while it includes
the 01 '£(2), 01 'L, (1), Q2 'EF(1-6), and Q5 'T1,(1-7)
states for the 2 p-atom formation around this energy [12,19,27].
The theoretical peak ranging from 30 to 36 eV is seen in the

0 T T T T T T T T T T T T T T T T T T T T T T T 1
26 28 30 32 34 36 38 40 42 44 46 48 50
Incident photon energy (eV)

FIG. 8. (Color online) The cross-section ratio R = 02,/02p;
(up-triangles) present results for Hy; (down-triangles) present results
for D,; (open and solid circles) previous experimental results for
H, [21]; (solid curve) theoretical result for H, [19]. The theoretical
photodissociation cross sections due to the Q, 'T1,(1) and Q, 'T1,,(2)
doubly excited states are also shown in the upper part of the figure
with their maxima being normalized; (dashed curves) those for H,;
(dot-dashed curves) those for D,.
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experimental ratio for D,, indicating the dominant contribution
from the Q, IT1,(1) state in the oo, cross sections for D,. On
the other hand, the peak in the present R(E) curve for H;
is similar in shape to the photodissociation profile due to the
0> 'T1,(2) state rather than that due to the Q, 'IT,(1) state,
which may support the discussion above, suggesting the large
contribution of the Q, 'T1,(2) state in the 0! cross section for
H,. Interestingly, the large isotope effect seen in the present
R(E) curves for H, and D, lies in the range 30-40 eV which
is almost identical to the energy range of the photodissociation
profiles of the Q, ', (1) and Q, 'T1,(2) states as shown in
the upper part of Fig. 8.

IV. CONCLUSION

We have measured the cross sections for the formation of
metastable atomic hydrogen in the 2s state in photoexcitation
of H, and D, in the range of the doubly excited states, with the
symmetry of the electronic states, ' ;7 or 'T1,,, being selected.
For both H, and D, the cross sections for the I, symmetry,
0,1, were much larger than those for the 'S symmetry,
o5-. The precursor doubly excited states contributing to the
formation of the metastable hydrogen were discussed with the
help of the best available theory [12,27]. It has been found that
the lowest Q, 'TI,, doubly excited state, the O, T1,,(1) state,
makes a large contribution in the o, cross sections for both
H, and D,. However, the theory did not reproduce the cross
sections in the range of 32-46 eV, which is probably due to
higher doubly excited states in the Q», O3, and Q4 series. What
is missing in the theory would be nonadiabatic transitions
between the doubly excited states during dissociations. We
found large contributions of the Q, 'IT,(1) state to the
2 p-atom formation and the two 2 p-atoms formation as well as
the 2s-atom formation. This finding would be evidence of the
nonadiabatic transition between two dissociation pathways
into H(2s) + H(n = 2) and H(2 p) + H(2p). The nonadiabatic
transition between the Q, 'TI,(1) and Q, 'IT,(2) states has
been discussed and the adiabatic and diabatic correlations for
these doubly excited states are as shown in Fig. 7. It is noted
that the o> cross sections in the range 31-46 eV and o] cross
sections in the range 36—41 eV remain unrevealed.
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