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Evaluation of Cross Section for Electron Impact with hydrogen
/helium and their Combination Molecules in Fusion Plasma
first year (2012~2013)
(1) Based on previous research for H2, D2, HD (experimental data)
- Cross sections for electron collisions with hydrogen molecules
Journal of Physical and Chemical Reference Data, 37 (2), 913 (2008)

- Electron impact cross sections for deuterated hydrogen and deuterium
molecules
Report on Progress in Physics, 73, 116401 (2010)

+ Electron impact cross sections of vibrationally and
electronically excited diatomic molecules
(2) Making general data evaluation procedures
- organized several evaluation meeting  how to evaluate data

Electron impact cross sections of vibrationally and
electronically excited diatomic molecules

Evaluation of Cross Section for Electron Impact with hydrogen
/helium and their Combination Molecules in Fusion Plasma
Second year
(1) Helium and their combination molecules
(2) Theoretical and experimental data survey + evaluation

Third year
(1) Theoretical and experimental data + evaluation

Electron impact cross sections of vibrationally and
electronically excited diatomic molecules
Introduction
 The electron impact studies of ground state molecules have been
extensively carried out, both experimentally and theoretically
 However, work on excited states has been initiated in the relatively
recent past. Also, there is paucity of experimental data in this field in
spite of the recent technological developments achieved at various
stages of electron-collision experiments.
 The main reason for experimental data being scarce in this field is the
difficulty of producing sufficiently large number of molecules in excited
states under controlled conditions

Electron impact cross sections of vibrationally and
electronically excited diatomic molecules
 But fortunately, with the advent and availability of high-powered
tuneable pulsed lasers, the situation has considerably improved.
 In addition to the laser excitation method, the vibrationally excited
molecules can also be produced by thermal excitation and electron
beam excitation.
 Electric discharges (dc, r.f. or microwave), both transverse or
coaxial, and laser beams, especially produced from excimer lasers,
are used to produce electronically excited states of the molecules.
 So, using these methods, both thermal and super-thermal excited
molecules in the ro-vibrational and electronic states can be
produced with internal energies ranging from 0.2 to about 8eV
 L. G. Christophorou and J. K. Olthoff, Advances in Atomic,
Molecular and Optical Physics, Vol. 44 (2001) 155-293

REMPI : resonantly excited multi-photon ionization

Electron scattering measurements
Molecular Hydrogen
 But unfortunately, most experiments measure cross sections solely for
electron collisions with ground state molecules.
 No measurements for electron scattering cross sections for vibrationally
and electronically excited H2 and D2 have so far been reported.
 But a few theoretically computed integrated cross sections for H2(υ=0, 1,
2, 3, 4) at electron energies from 0 to 10eV have been reported by Lee
and Mazon and Mazon et al.
M.–T. Lee and K. T. Mazon, Phys. Rev. A 65 (2002) 042720
K. T. Mazon, R. Fujiwara, and M.-T Lee, Phys. Rev. A 64 (2001) 042705

Figure (a) and (b) show the calculated integrated cross sections (ICS) using Hartree-Fock and
configuration-interaction (CI) target wave functions respectively for elastic electron scattering
of vibrationally excited H2(υ=0, 1, 2, 3, 4) in the 1-10eV electron energy range.

 In general, there is a good agreement between the ICS calculated using
HF and CI wave functions for υ=0, 1, and 2 vibrationally excited states
 but for the υ=3 state, there is some some difference at lower electron
energies.
 Also, it is clear that the maximum in the cross section curves shifts
towards lower incident energies for increasing vibrational quantum
number
 The integrated cross sections show a resonance like structure for the
vibrationally excited states with υ≥2.
 This structure may be attributed to the occurrence of the 2∑g+ shape
resonance.
 Unfortunately, the existence of this structure cannot be confirmed as
there are no experimental measurements available for vibrationally
excited H2.
 Also, some more theoretical computations need to be taken up,
preferrably, using different approach.

 The differential cross sections (DCS) for the elastic electron scattering
using CI target wave functions have been calculated by Lee and
Mazon for the lowest vibrationally excited states of H2 (υ=0, 1, 2, 3).
(at the incident electron energies of 2.5eV and 7.5eV respectively.)
 At 2.5eV, the minimum of the DCS occurs at 750 for υ=0 state
but for vibrationally excited states (υ=1, 2, 3), the minimum shifts
towards larger scattering angles for increasing υ.
 This has something to do with the presence of the shape resonance
near the electron energy of 2.5eV. At 7.5eV, the minimum value of
DCS for all the lower vibrationally excited states occurs at the same
angle of about 1000.

Electron impact dissociation cross sections
 No experimental data available for the low energy electron-impact
dissociation cross sections for the vibrationally excited states of
H2 (υ=0, 1, 2, 3, 4), HD and DT
 The total electron impact dissociation cross sections for vibrationally
excited H2, D2, and T2 have been calculated by Trevisan and Tennyson
C. S. Trevisan and J. Tennyson, Plasma Phys. Control. Fusion 44 (2002) 1263

 for vibrationally excited HD, HT, and DT by Trevisan and Tennyson

C. S. Trevisan and J. Tennyson, Plasma Phys. Control. Fusion 44 (2002) 2217

 They have used the adiabatic nuclei approximation and the energy bal
ance model proposed by Stibbe and Tennyson [D. T. Stibbe and J. Tenny
son, New J. Phys. 1 (1998) 2] to obtain the appropriate energy-dependent
T-matrices.
Electron impact dissociation cross sections for
H2 (top left), D2 (top right), and T2 (bottom)
as a function of incident electron energy, Ein and
initial vibrational level υ [Trevisan and Tennyson].
Also shown are cross sections by Celiberto et al. [
R. Celiberto, R. K. Janev, A. Laricchiuta, M. Capite
lli, J. M. Wadehra and D. E. Atems, At. Data Nucl.
Data Tables 77 (2001) 161 ].

Electron impact dissociation cross sections
Trevisan and Tennyson calculated the low energy electron-impact
dissociation for the vibrationally excited states of HD(υ) for υ≤5, HT(υ) for
υ≤5, and DT (υ) for υ≤7

 The threshold energy decreases with increasing υ.
 This is related to the rapid decrease of the vertical target excitation
energy at larger inter-nuclear separations.
 Cross sections for the same isotopomer decrease with higher vibrational
state.
 At higher incident energy, Ein, the isotopomer dependence of the cross
section is simply proportional to the reduced mass, µ of the isotopomer.
 it is a challenge for the scientific fraternity to undertake such
experimental measurements for H2(υ) and its isotopomers.

Electron attachment cross sections
Three known dissociative attachment processes are studied in detail in H2
and D2.
 The first process having an onset at 3.72eV is, generally, known as a
4eV process.
This leads to the formation of H-(D-) and H (D) fragments in their ground
states through the X2∑u+ resonant state.
 The second process, in the energy region between 8 and 13eV,
proceeds through the B2∑g+ repulsive resonant state.
 The third process, known as the 14eV process, proceeds through the
attractive Rydberg state, a2∑g+, leading to excited H(D).
The dissociative electron attachment to the vibrationally/rotationally
excited H2 and D2 molecules leading to larger cross sections has been
observed for the 4eV and 14eV processes.

Allan and Wong [M. Allan and S. F. Wong, Phys. Rev. Lett. 41 (1978) 1791 ]
 reported a marked dependence of H-/H2 cross sections on initial
vibrational states and on rotational states in the 2∑u+ shape resonance
region between 1 to 5eV. (Similar dependence on vibrational states was
also observed in D2.)
 This measurement was carried out at temperatures varying from
300 to 1600 K
Figure shows the energy dependence of
H- formation in the 1-5eV region at the
two extreme temperatures of 300 and
1400 K as reported by Allan and Wong.
The H-/H2 curve at 300 K shows
contribution of υ=0 vibrational state only
whereas the H-/H2 curve at 1400 K shows
contribution of vibrational states up to
υ=4 and rotational states up to j=7.
The vertical lines under the 1400 K curve
indicate the expected peak positions for
rotational-vibrational profiles at this temp
erature.

 The threshold dissociative attachment cross sections for individual
vibrational and rotational states have been derived from the experimental
spectra obtained by Allan and Wong at temperatures 300 -1600 K.
(The initial populations in these states are given by Boltzmann distribution.)

 In both H2 and D2, the intensities for all vibrational and rotational peaks
are obtained by profile matching with the spectrum at 300 K.
 Relative cross sections are thus obtained from the ratios of the peak
intensities and the corresponding populations.
 In D2, only vibrational dependence of cross sections could be obtained.
 The values of ground state cross sections at 300 K for H2 and D2 have
been taken as 1.6x10-21cm2 and 8x10-24cm2 respectively as reported by
Schulz and Asundi [G. J. Schulz and R. K. Asundi,
Phys. Rev. 158 (1967) 25].
 The internal state dependence of cross
sections on different vibrational and rotational
states as reported by Allan and Wong are
shown in Figure

Electron attachment cross sections(Theory)
 Most of all theoretical computations reported in literature are based on
resonant scattering theory.
 Wadehra and Bardsley [J. M. Wadehra and J. N. Bardsley, Phys. Rev. Lett. 41
(1978) 1795 ] applied resonant scattering theory in the calculations of eH2 dissociative attachment cross sections near threshold for several
vibrational and rotational states.
 They reported the cross section values at the threshold for the ground
state (υ=0, j=0) as 2.8x10-21cm2.
 For ground state (υ=1, j=0), (υ=2, j=0), (υ=0, j=10), their cross section
values are 8.3x10-20cm2, 1.0x10-18cm2, and 3.5x10-20cm2 respectively.
 The effect of large temperature dependence is clearly seen in their
results.

Electron attachment cross sections(Theory)
 Later, Wadehra [J. M. Wadehra, Phys. Rev. A29 (1984) 106] used a
local-width resonant model and obtained the cross sections for
dissociative attachment of low energy electrons to a rovibrationally
excited H2 molecule in its ground electronic state.
 Much later in 1991, Hickman [A. P. Hickman, Phys. Rev. A 43 (1991) 3495]
reported the cross sections of dissociative attachment for low energy
electrons to molecular hydrogen in the states υ=0-9 and J=0.
 The calculations used resonant scattering theory, fully including
the nonlocal and energy-dependent shift and width operators.
There was a good agreement with the results reported by
Wadehra and Bardsley.

Electron attachment cross sections(Theory)
 An improved non-local resonance model proposed by Cizek et al. [M. Ci
zek, J. Horacek and W. Domcke, J. Phys. B: At. Mol. Opt. Phys. 31 (1998) 2571
] has been used by Horacek et al. [J. Horacek, M. Cizek, K. Houfek, P. Kol
orenc, and W. Domcke, Phys. Rev. A70 (2004) 052712 ] to calculate the cross

sections of electron dissociative attachment and vibrational excitation
of molecular hydrogen by low energy electrons in the range of 2∑u+
resonance.
 The dissociative attachment cross sections are calculated for all target
states (υ, J) of relevance and compared with the available data.

Calculated DA cross section of H2 for
two temperatures [Horacek et al.]
in comparison with the experimental
data of Allan and Wong for T=1400K.

Electron attachment cross sections(Experiment)
New measurements of the absolute cross sections for dissociative
electron attachment for neutral hydrogen and deuterium molecules have
most recently been carried out Krishnakumar et al. [E. Krishnakumar, S. Denif
l, I. Cadez, S. Markelj and N. J. Mason, Phys. Rev. Lett. 106 (2011) 243201 ] using
a velocity map imaging (VMI) time-of-flight spectrometer.

Summary
Electron impact cross sections of vibrationally and
electronically excited diatomic molecules
Electron scattering measurements
Electron impact dissociation cross sections
Electron attachment cross sections
6.3. Cross,section,data,
7. Electron,attachment,to,excited,molecules,
7.1. Electron,attachment,to,vibrationally,excited,molecules,
7.1.1. Theoretical,considerations,
7.1.1.1. Dissociative,electron,attachment,
7.1.1.2. Non4dissociative,electron,attachment,
7.2. Electron,attachment,to,electronically,excited,molecules,
,,,,,,,7.2.1.,Cross,section,calculations,
7.3.,,,,,Experimental,techniques,
,,,,,,,7.3.1.,Diagnostic,tools,for,negative,ions,
7.4.,Cross,section,data,
8.,Applications,of,cross,section,data,for,excited,molecules,in,science,and,,,,,
industry,
9.,Concluding,remarks,
10.,References,
(
(
Proposal,
,,,,,,,,,,,,,,,,The,electron,impact,studies,of,ground,state,molecules,have,been,
extensively,carried,out,,both,experimentally,and,theoretically,,since,the,last,
few,decades.,However,,work,on,excited,states,has,been,initiated,in,the,
relatively,recent,past.,Also,,there,is,paucity,of,experimental,data,in,this,field,in,
spite,of,the,recent,technological,developments,achieved,at,various,stages,of,
electron4collision,experiments.,Interest,in,the,subject,has,also,grown,
tremendously,because,of,its,applications,in,many,scientific,disciplines,and,
semiconductor,and,other,related,industry.,The,main,reason,for,experimental,
data,being,scarce,in,this,field,is,the,difficulty,of,producing,sufficiently,large,
number,of,molecules,in,excited,states,under,controlled,conditions.,Also,,in,
many,situations,,it,is,required,to,produce,excited,molecules,in,large,numbers,
in,well4characterized,and,precisely,defined,states.,This,was,not,possible,
previously,as,the,vibrational/rotational,levels,in,the,same,electronic,state,are,
closely,spaced.,Over,and,above,,dissociation,and,pre4dissociation,,especially,in,
the,case,of,polyatomic,molecules,,create,additional,problems,like,depletion,of,
excited,state,populations.,But,fortunately,,with,the,advent,and,availability,of,
high4powered,tuneable,pulsed,lasers,,the,situation,has,considerably,improved.,

