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We apply the molecular convergent close-coupling (MCCC) method to the calculation of lin-
ear polarization fractions for Fulcher-band fluorescence following electron-impact excitation of the
H2 d 3Πu state. The results exhibit the opposite threshold behavior compared to the only previous
calculations [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 [Phys. Rev. Lett. 111, 253201 (2013)].

Measurements of collisionally-induced fluorescence can
reveal features of the collision dynamics not probed in
standard scattering experiments, and hence provide some
of the most sensitive tests of quantum-mechanical scat-
tering theories. 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 scatter-
ing on atomic targets. However, in the case of molecular
targets, both measurements and calculations of Stokes
parameters are rare, and previous studies have not shown
satisfactory agreement between theory and experiment.
For low-temperature hydrogen plasmas, the H2

Fulcher-α (d 3Πu → a 3Σ+
g ) band is of particular interest

in optical emission spectroscopy as a diagnostic tool [1],
and has therefore attracted much attention from both
theorists and experimentalists. The most recent mea-
surements are due to Maseberg et al. [2], who measured
the linear and circular polarization fractions of Fulcher-α
fluorescence following spin-polarized electron collisions
with ortho-H2. 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
rovibrationally-resolved cross sections for the electron-
impact X 1Σ+

g → d 3Πu transition, and subsequently
calculate the linear polarization fractions P1 for the
Fulcher-α fluorescence. The MCCC method has previ-
ously been shown to accurately solve the e−-H2 elec-
tronic scattering problem in Refs. [5, 6]. It has since
been extended with the adiabatic-nuclei approximation
to produce a comprehensive set of vibrationally-resolved
electronic excitation cross sections for H2 and its iso-
topologues [7, 8]. The distinctive feature of the MCCC
method is its capacity to run large-scale, fully quantum-
mechanical calculations, which are accurate over the en-
tire range of projectile energies.
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TABLE I. Definitions of the notation for radiative transitions.

Q(N): d 3Π−
u (v,N)→ a 3Σ+

g (v,N)

R(N): d 3Π+
u (v,N + 1)→ a 3Σ+

g (v,N)

The Fulcher-α 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 3Πu and a 3Σ+

g

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 Eqs. (4) and (5).
While these do not change the qualitative predictions, the
corrected equations for obtaining the linear polarization
fraction for these transitions are:

Q(1) : P1 =
0.061A20(1)

1 + 0.020A20(1)
(1)

R(1) : P1 = − 0.178A20(2)

1− 0.059A20(2)
(2)

Q(3) : P1 =
0.321A20(3)

1 + 0.107A20(3)
, (3)

where

A20(1) =
√
2(σ1 − σ0)/σ(N = 1) (4)

A20(2) =
√

10/7(2σ2 − σ1 − σ0)/σ(N = 2) (5)

A20(3) =
√

1/3(5σ3 − 3σ1 − 2σ0)/σ(N = 3). (6)

Here, σmNf
are the cross sections for excitation of the

rotational sublevel mNf
in the rotational level Nf , and

σ(Nf ) is the total cross section for final rotational level
Nf . Both are summed over initial rotational levels and
sublevels in the X 1Σ+

g state assuming a Boltzmann dis-
tribution at 300 K to allow comparison with the experi-
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mental data of Maseberg et al. [2]:

σmNf
[nfvfNf←nivi] (7)

=
∑

NimNi

pNi
σnfvfNfmNf

,niviNimNi

σ(Nf )[nfvf←nivi] =
∑

mNf

σmNf
[nfvfNf←nivi], (8)

where pNi
are the Boltzmann weights, vf is the vibra-

tional level in the electronic state nf (d 3Πu), and vi is
the vibrational level in the electronic state ni (X

1Σ+
g ).

Note that here vf corresponds to v in Table I.

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

σnfvfNfmNf
,niviNimNi

=
qf
qi

1

4π

∑

S

2S + 1

2(2si + 1)

∑

JJ ′

∑

Lf

∑

LiL
′

i

√

(2Li + 1)(2L′
i + 1)

× FJS
nfvfNfLf , niviNiLi

FJ
′
S

′

nfvfNfLf , niviNiL
′

i
(9)

× C
JmNi

Li0,NimNi
C

J
′mNi

L′

i
0,NimNi

C
JmNi

LfmLf
,NfmNf

C
J

′mNi

LfmLf
,NfmNf

,

where q is the projectile linear momentum, C are the
standard Clebsch-Gordan coefficients, L is the projectile
partial-wave orbital angular momentum, si is the initial
target electronic spin, S is the total (projectile plus tar-
get) spin, J is the total angular momentum excluding
spin, and FJS are the lab-frame partial-wave scattering
amplitudes. For Σ → Π electronic transitions, FJS has
the following form:

FJS
nfvfNfLf ,niviNiLi

=
1

2(2J + 1)

√

(2Nf + 1)(2Ni + 1)
∑

ΛLf
ΛLi

C
JΛLi

LiΛLi
,Ni0

×
[

CJΛe

LfΛLf
,NfΛf

FS
nf (Λf )vfLfΛLf

, niviLiΛLi
(10)

+ (−1)NfCJΛe

LfΛLf
,Nf −Λf

FS
nf (−Λf )vfLfΛLf

, niviLiΛLi

]

.

Here ΛL are the body-frame projections of the projec-
tile angular momenta, Λf is the body-frame projection
of the electronic-state orbital angular momentum, and
FS are the body-frame partial-wave vibronic scattering
amplitudes obtained from adiabatic-nuclei MCCC calcu-
lations [7]. In this Letter we consider scattering on ortho-
H2 (nuclear spin I = 1), which has only odd N in the
X 1Σ+

g state. Assuming the nuclear spin is unchanged
during the collision, the restriction of I = 1 allows us
to associate odd Nf in the d 3Πu state with the d 3Π−

u

branch and even Nf with the d 3Π+
u branch.

Figure 1 exhibits the MCCC P1 fractions for the Q(1),
R(1), and Q(3) branches. We have performed calcula-
tions for excitation of the vf = 0 and vf = 2 vibrational
levels in the d 3Πu state, finding essentially no differ-
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FIG. 1. Linear polarization fraction for the Q(1), R(1), and
Q(3) branches in the Fulcher-α band, following electron col-
lisions with ortho-H2(X

1Σ+
g ). 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].

ence 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 vf = 2 for R(1) and Q(3), we do not
present our vf = 0 results for these transitions for clar-
ity. It is worth noting that the d 3Πu vibrational levels
considered here are not affected by predissociation into
the a 3Σ+

g continuum [13]. The MCCC results reproduce
the near-threshold behavior seen in the Q(1) measure-
ments of Maseberg et al. [2], in contrast to the calcu-
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lations of Meneses 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 P1 fraction for vf = 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 data point
of Baltayan and Nedelec [11] at 35 eV. The incorrect
near-threshold energy dependence predicted by Meneses
et al. [3] is likely due to the application of a high-energy
approximation (distorted wave) at low incident energies,
where it is not accurate. Although the distorted-wave
calculations were performed with vf = 1 only, we have
confirmed that the MCCC results for the Q(1) transi-
tion with vf = 1 are similar to those for vf = 0 and 2,
ensuring that the comparison between the two theoret-
ical methods is valid. For the R(1) and Q(3) branches,
no previous calculations have been attempted, and mea-
surements 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 point.
The good agreement between the MCCC calculations

and the most recent measurements [2] of the Fulcher-α P1

fractions is satisfying for three reasons. Firstly, it is a ver-
ification of the novel 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. Secondly, it is a demonstration that the
MCCC method is capable of satisfying one of the most
sensitive tests of a quantum-mechanical scattering the-
ory. Cross-section measurements for this scattering sys-
tem are rare, and for many transitions the only argument
for the accuracy of the MCCC calculations has been the
demonstration of convergence [6]. For theX 1Σ+

g→d 3Πu

transition, the present work has now also been validated
by experiment. Finally, information of the Stokes param-
eters is vital in plasma polarization spectroscopy [14], and
the present work demonstrates that the MCCC method
is capable of providing the necessary data for this diag-
nostic tool. To this end, we welcome any data requests
for additional parameters, transitions, or wider energy
ranges than what has been presented here.
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