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Linear polarization fractions of Fulcher-a fluorescence in electron collisions with H,
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We apply the molecular convergent close-coupling method to the calculation of linear polarization fractions

for Fulcher-band fluorescence following electron-impact excitation of the H, d *I1, state. The results exhibit the
opposite threshold behavior compared to the only previous calculations [Meneses, Brescansin, Lee, Michelin,
Machado, and Csanak, Phys. Rev. A 52, 404 (1995)], but are in agreement with the most recent measurements
for the Q(1), R(1), and Q(3) transitions [Maseberg, Bartschat, and Gay, Phys. Rev. Lett. 111, 253201 (2013)].
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Measurements of collisionally induced fluorescence can
reveal features of the collision dynamics not probed in stan-
dard scattering experiments, and hence provide some of the
most sensitive tests of quantum-mechanical scattering theo-
ries. With the considerable progress made in computational
methods over the past few decades, it is now commonplace to
see outstanding agreement between measured and calculated
Stokes parameters for scattering on atomic targets. However,
in the case of molecular targets, both measurements and cal-
culations of Stokes parameters are rare, and previous studies
have not shown satisfactory agreement between theory and
experiment.

For low-temperature hydrogen plasmas, the H, Fulcher-«
d3M, » a 32;) band is of particular interest in optical emis-
sion spectroscopy as a diagnostic tool [1], and has therefore
attracted much attention from both theorists and experimen-
talists. The most recent measurements are due to Maseberg
et al. [2], who measured the linear and circular polarization
fractions of Fulcher-o fluorescence following spin-polarized
electron collisions with ortho-H,. The novel aspect of these
results is the behavior of the linear polarization fraction,
which reaches negative values at near-threshold energies, in
contrast to the only previous calculations [3], which predicted
the opposite near-threshold behavior for the Q(1) transition.

In this Letter, we apply the molecular convergent close-
coupling (MCCC) method [4] to the calculation of rovi-
brationally resolved cross sections for the electron-impact
X 'Sf — d°1, transition, and subsequently calculate the lin-
ear polarization fractions P, for the Fulcher-o fluorescence.
The MCCC method has previously been shown to accurately
solve the e~ -Hj electronic scattering problem in Refs. [5,6]. It
has since been extended with the adiabatic-nuclei approxima-
tion to produce a comprehensive set of vibrationally resolved
electronic excitation cross sections for H, and its isotopo-

is its capacity to run large-scale, fully quantum-mechanical
calculations, which are accurate over the entire range of pro-
jectile energies.

The Fulcher-« transitions measured by Maseberg et al. [2],
which we consider here, are Q(1), R(1), and Q(3). These
notations are defined in Table I. The vibrational level v is the
same in both the d *TI, and a 32; states, and the labeling of
rotational levels is according to Hund’s case (b) [9]. Following
the method outlined by Maseberg et al. [2], we reevaluated
the coefficients and noticed some printing mistakes in their
Egs. (4) and (5). While these do not change the qualitative
predictions, the corrected equations for obtaining the linear
polarization fraction for these transitions are

o) P = 1 0.061 Ay (1) ’ 0
4+ 0.020 A0 (1)
0.178 A20(2)

RO P = 0059 A @)’ @
T 140107 A5(3)
where
As(1) = vV2(01 — ap) /o (N = 1), )

Ax(2) = /10/7(202 — 01 — 0¢)/0 (N = 2), (5)
Axn(3) = /1/3(503 — 301 — 209) /o (N =3).  (6)

Here, oy, are the cross sections for excitation of the ro-
tational sublevel my, in the rotational level Ny, and o (Ny)

TABLE 1. Definitions of the notation for radiative transitions.

logues [7,8]. The distinctive feature of the MCCC method Notation Transition
O(N) d’TL, (v, N) > a £} (v, N)
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is the total cross section for final rotational level Ny. Both
are summed over initial rotational levels and sublevels in the
X 12; state assuming a Boltzmann distribution at 300 K to
allow comparison with the experimental data of Maseberg
etal [2]:

Ume [nfvaf <_nivi] = E PN; O'n/v/meNj.,n,v;N[mN‘. P (7)

N,-mN/.

o (Np)nsvp <—nv;] = Z Omy, 0Ny <=nivil,  (8)

my,

where py, are the Boltzmann weights, vy is the vibrational
level in the electronic state ny (d 311,), and v; is the vibrational
level in the electronic state n; (X 1Z;f). Note that here vy
corresponds to v in Table I.

In Hund’s case (b) [9], the spin-averaged integral rovi-
bronic excitation cross section resolved in rotational sublevels
is

Unf U/N/me JniviNimy;
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where g is the projectile linear momentum, C are the standard
Clebsch-Gordan coefficients, L is the projectile partial-wave
orbital angular momentum, s; is the initial target elec-
tronic spin, S is the total (projectile plus target) spin, J is
the total angular momentum excluding spin, and F7S are
the laboratory-frame partial-wave scattering amplitudes. For
S —> I electronic transitions, F7S has the following form:
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Here A; are the body-frame projections of the projectile
angular momenta, Ay is the body-frame projection of the
electronic-state orbital angular momentum, and F S are the
body-frame partial-wave vibronic scattering amplitudes ob-
tained from adiabatic-nuclei MCCC calculations [7]. In this
Letter we consider scattering on ortho-H, (nuclear spin
I = 1), which has only odd N in the X 12; state. Assuming
the nuclear spin is unchanged during the collision, the restric-
tion of I = 1 allows us to associate odd Ny in the d 311, state
with the d 3T, branch and even N; with the d *IT; branch.
Figure 1 exhibits the MCCC P, fractions for the Q(1),
R(1), and Q(3) branches. We have performed calculations for
excitation of the vy = 0 and 2 vibrational levels in the d 31,
state, finding essentially no difference between the two for the
Q(1) and R(1) transitions, and only a small difference at low
energies for the Q(3) transition. Since the measurements of
Maseberg et al. [2] include only v, = 2 for R(1) and Q(3),
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FIG. 1. Linear polarization fraction for the Q(1), R(1), and Q(3)
branches in the Fulcher-o band, following electron collisions with
ortho-H, (X ]2;' ). Comparisons are made with the measurements of
Maseberg et al. [2], McConkey et al. [10], Baltayan and Nedelec
[11], and Cahill et al. [12], and the calculations of Meneses et al. [3].

we do not present our vy = 0 results for these transitions
for clarity. It is worth noting that the d *I1,, vibrational lev-
els considered here are not affected by predissociation into
the a32: continuum [13]. The MCCC results reproduce the
near-threshold behavior seen in the Q(1) measurements of
Maseberg et al. [2], in contrast to the calculations of Mene-
ses et al. [3] that predicted the opposite threshold behavior.
Quantitatively, the MCCC results are somewhat lower than
the measurements of Maseberg et al. [2] above 16 eV, with
the exception of one point at 26.5 eV, where the measured P,
fraction for vy = 2 drops slightly below the MCCC line. At
higher energies, the present results appear to converge to the
distorted-wave results, and are in agreement with the single
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data point of Baltayan and Nedelec [11] at 35 eV. The incor-
rect near-threshold energy dependence predicted by Meneses
et al. [3] is likely due to the application of a high-energy ap-
proximation (distorted wave) at low incident energies, where
it is not accurate. Although the distorted-wave calculations
were performed with vy =1 only, we have confirmed that
the MCCC results for the Q(1) transition with vy =1 are
similar to those for vy = 0 and 2, ensuring that the comparison
between the two theoretical methods is valid. For the R(1) and
Q(3) branches, no previous calculations have been attempted,
and measurements have only been reported by Maseberg et al.
[2]. The agreement between the present results and the mea-
surements for R(1) is better than for the Q(1) branch, with the
MCCC lines passing through the majority of the experimental
data points. There is also satisfactory agreement for the Q(3)
branch, although there appears to be a systematic shift in the
calculated values towards the upper limit of the error bars
for most experimental points. The reason for this, and for
the opposite trend in the Q(1) results, is not clear at this
time.

The good agreement between the MCCC calculations and
the most recent measurements [2] of the Fulcher-a P; frac-
tions is satisfying for three reasons. First, it is a verification
of the threshold behavior observed in the experiment, which is
unique to molecular targets due to the more complex threshold
dynamics than that seen in atomic targets. Second, it is a
demonstration that the MCCC method is capable of satisfy-
ing one of the most sensitive tests of a quantum-mechanical

scattering theory. Cross-section measurements for this scat-
tering system are rare, and for many transitions the only
argument for the accuracy of the MCCC calculations has been
the demonstration of convergence [6]. For the X 'S+ —d 311,
transition, they have now also been validated by experiment.
Finally, information about the Stokes parameters is vital in
plasma polarization spectroscopy [14], and the present Letter
demonstrates that the MCCC method is capable of providing
the necessary data for this diagnostic tool. To this end, we wel-
come any data requests for additional parameters, transitions,
or wider energy ranges than what has been presented here.
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