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Low-energy 0 < E < 1.0 eV electron elastic scattering from ground and excited Tm, Lu and Hf atoms has
been investigated. Both total and differential cross sections have been calculated; the latter at the scat-
tering angles 0 = 0°, 90° and 180°. The recent Regge-pole methodology has been used for the calculations.
In the method the crucial electron-electron correlation effects are accounted for through the Mulholland
formula. We find that the total cross sections are characterized generally by shape resonances, Ramsauer-
Townsend minima and dramatically sharp long-lived resonances from which we extract the binding
energies of the negative ions. Our extracted binding energy of the Hf  negative ion from the total cross
section is compared with that of Pan and Beck [14].
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1. Introduction

Recently, we explored the near-threshold electron-atom scat-
tering through the calculation of the elastic total cross sections
(TCSs) for Au and Pd [1]. The objective was to understand at the
fundamental atomic level the observed excellent catalytic proper-
ties of Au and Pd nanoparticles and the exceptional catalytic activ-
ity of the Au-Pd catalyst when catalyzing H,0, [2,3]. How Pd and
Au-Pd promote catalysis exactly remains a subject of considerable
academic and industrial interest [4]. We proposed the interplay be-
tween the negative ion resonances and Ramsauer-Townsend min-
ima that characterize the electron elastic TCSs as the fundamental
mechanism underlying nanoparticle catalysis [1]. Thus, there is a
need for the identification and delineation of the resonance struc-
tures and minima in the electron collision TCSs for atoms in the
near threshold energy region.

Inter-shell-type resonances result when an electron attaches it-
self to a neutral atom with the formation of a very weakly bound
negative ion [5]. A negative ion may be considered as the bound-
state limit of the electron-neutral atomic system. The understand-
ing of chemical reactions involving negative ions requires accurate
binding energies (BEs). Generally, strong scattering resonances
characterize electron interactions at low energies. They involve
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the temporary trapping of the projectile in the field of the atom
or molecule. These resonances often impact significantly the scat-
tering cross sections and, in some cases, they can enhance scatter-
ing rates by orders of magnitude [6].

Due to their low BEs bound single excited states are very rare in
negative ions [7]. Perhaps, this is why it has been over a decade
since infrared laser spectroscopy [8] was employed to accurately
measure the BEs of the bound excited np> 2D terms of the Si-,
Ge™ and Sn™ negative ions. The term averaged BEs for the ground
states of the Sn~ and Ge™ anions were also determined [9] as well
as for the Si~ anion [10]. A bound excited state of the La™ negative
ion was observed using laser photoelectron energy spectroscopy
[11] and its BE relative to the La ground state was measured. These
very few available measurements on excited atomic negative ions
have been vital to the benchmarking of the recent Regge pole
methodology [12] in the context of calculating electron elastic
cross sections for excited atoms, from which their BEs are ex-
tracted. Recently, the experimental BE of a metastable state of
Pt~ [13] and the theoretical EA of Hf [14] have been reported.

Negative ions are weakly bound quantum systems with the out-
ermost electron moving under the influence of a short-range core-
polarization interaction. This contrasts with the infinite spectrum
of bound states associated with the long-range Coulomb potential
experienced by the outermost electron in an atom. In negative ions
the core-polarization potential typically supports only a single
bound state [15]. Various theoretical investigations have
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demonstrated through comparisons with measurements the vital
importance of the core—polarization interaction in low energy elec-
tron scattering from atoms and molecules [16-22]. Significantly,
the calculated EA value for the Ba atom using a 23-state fully rela-
tivistic R-matrix calculation that neglected the core-—polarization
interaction [18] disagreed by a factor of about two with the mea-
sured value [20]. Over the years negative ions have attracted signif-
icant experimental investigations using various experimental
techniques and for various reasons [23-27] and references therein.
Recently, dramatically sharp long-lived resonances, characterizing
the scattering of electrons from simple and complex atoms, have
been identified. These have been interpreted as the signatures of
the stable bound states of the relevant negative ions formed during
the elastic collisions between the projectile and the target neutral
atom [28,29].

The mechanism through which low-energy electron scattering
deposits energy and induces chemical transitions is attributed to
the formation of temporary negative ionic states and their proper-
ties [30]. The Wigner threshold law [31], shape resonances and
Ramsauer-Townsend (R-T) minima generally characterize the
near-threshold elastic scattering TCSs of electrons by neutral
atoms. The Wigner threshold law is essential in high precision
measurements of BEs of valence electrons using photodetachment
threshold spectroscopy [32]. Shape resonances are useful for inter-
preting electron-induced chemical processes resulting in negative
ion production [30]. The R-T minima, manifesting the polarization
of the atomic core by the scattered electron [33], are important in
understanding sympathetic cooling and the production of cold
molecules from natural fermions [34].

In this paper we explore, following the recent success [1,35],
low-energy E < 1.0 eV elastic collisions between an electron and
the complex atoms Tm, Lu and Hf through the calculation of the
elastic TCSs and differential cross sections (DCSs) and search for
long-lived resonances. These if they exist are manifestations of
the formation of stable weakly bound ground and excited negative
ions. From the energy positions of the characteristic resonances we
extract the BEs of the excited negative ions.

2. Calculational method

Understanding the structure and the dynamics of low-energy
electron elastic collisions, resulting in the formation of negative
ions as resonances, is quite challenging for conventional theoreti-
cal methods. These theoretical methods encounter difficulties be-
cause intricate and subtle interactions among the many diverse
electron configurations generally characterize heavy and complex
atoms. Calculating binding energies of excited anions is particu-
larly more exacting because excited states are generally weakly
bound, BEs <1 eV, but mostly tenuously bound, BEs <0.1 eV. It is
in this context that the recent complex angular momentum
(CAM) or Regge-pole methodology [12,36] has been developed; it
calculates independently of measurements the elastic TCSs using
the Mulholland formula [37]. This formula converts the infinite
discrete sum into a background integral plus the contribution from
a few poles to the process under consideration. The Regge-pole
methodology requires no a priori knowledge of the experimental
or other theoretical data as inputs.

Electron-electron correlations and core-polarization interac-
tions are crucial for the existence and stability of most negative
ions. The former effects are embedded in the Mulholland formula
[12,36] for the TCS, while the latter interactions are incorporated
through the well-investigated Thomas-Fermi (T-F) [38] type mod-
el potential [39,40]. Within the complex angular momentum, L
description of scattering, Im L is used to distinguish between the
shape resonances (short-lived resonances) and the stable bound

states of the negative ions (long-lived resonances) formed as Regge
resonances in the electron-atom collision. For the latter the Im L is
several orders-of-magnitude smaller than that for the former. The
Mulholland formula [37] used here is of the form [12,36] (atomic
units are used throughout):

ror(E) = 4mk™ [ Re[1 — S(4))Ad
1
—87[2’( Zlm1+exl/:),1p%n1/ +I(E) ( )

where o (E) is the TCS at impact energy E, S is the S-matrix,
k = /(2mE), with m being the mass, p, is the residue of the S-matrix
at the nth pole, 4, and I(E) contains the contributions from the inte-
grals along the imaginary /-axis; its contribution has been demon-
strated to be negligible [29]. Note that . is related to the complex
angular momentum L through 1 =L + 1/2. We will consider the case
for which Im /4,<<1 so that for constructive addition,
Rei, ~ 1/2,3/2,5/2....,, yielding £ =RelL =~ 0, 1, 2... The importance
of Eq. (1) is that a resonance is likely to affect the elastic TCS when
its Regge pole position is close to a real integer [12]. We also calcu-
late the DCS from

do(E, 0)/dQ = [f(E, 0) )

where do(E, 0)/dQ is the differential cross section and the scattering
amplitude f(E, 0) can be expressed as a partial wave sum

f(E, 0) = (1/2ik) 2 (2¢ + 1)Py(cos 0) [S,(E) — 1] 3)
=0

with k, ¢, 0, P,(cos 0) and S,(E) being the wave vector, the angular
momentum quantum number, the scattering angle, a Legendre
polynomial of degree ¢ and the scattering matrix element, respec-
tively. For central field scattering

S,(E) = exp[is(E, ()] @
where 6(E, ¢) are the phase shifts. For the calculation of both the

TCSs and the DCSs the T-F type potential [38] takes the well inves-
tigated [39,40] form

-z
r(1+az'?r)(1 + bZ*Pr2)’

ur) = (3)
where Z is the nuclear charge and a and b are adjustable parame-
ters. For small r, the potential describes the Coulomb attraction be-
tween an electron and a nucleus, U(r) ~ —Z/(r), while at large
distances it mimics the polarization potential, U(r) ~ —1/(abr*)
and accounts properly for the vital core-polarization interaction
at very low energies. The effective potential

V(r)=U(r) +L{L+1)/(2r%), (6)

is considered here as a continuous function of the variables r and L
(complex). The potential, Eq. (6) has been used successfully with the
appropriate values of a and b. It has been found that when the TCS
as a function of “b” has a resonance [12], corresponding to the for-
mation of a stable bound negative ion, this resonance is longest
lived for a given value of the energy which corresponds to the elec-
tron affinity of the system (for ground state collisions) or the BE of
the excited anion. This was found to be the case for all the systems
we have investigated thus far. This fixes the optimal value of “b” for
Eq. (6).

In the calculation of the cross sections of the Tm, Lu and Hf
atoms presented here, we have found three such values of b which
still satisfy the TF equation within a reasonable error limit. We
identify the three values with the resonance energies, correspond-
ing to the formation of ground and excited negative ions of the
atom under investigation. Note that the energies are measured rel-
ative to the ground-state of the neutral atom. The values used for
“b” in this paper are presented in Table 1 for the Tm, Lu and Hf
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Table 1
Calculated binding energies, BE (eV), shape resonances, SR (eV), Ramsauer-Townsend
(R-T) minima (eV) and b parameter for Tm, Lu and Hf atoms.

Z Symbol State b R-T SR BE

69 Tm 0.0342 0.074 0.212 0.274
0.0452 - 0.035 0.108
0.0320 0.014 - 0.016

Ground
First excited
Second excited

71 Lu Ground 0.0365 0.076 0.239 0415
First excited 0.0479 - 0.037 0.104
Second excited 0.0341 0.025 - 0.029
72 Hf Ground 0.0377 0.076 0.266 0.525
First excited 0.0493 - 0.0386 0.113
Second excited 0.0350 0.015 - 0.017

atoms, while the value of “a” was kept fixed at 0.2. The use in this
paper of different values for the optimal parameter b for the
ground and excited Tm, Lu and Hf atoms is supported by the recent
study of low-energy electron scattering from Cu atoms [41]. There
it was demonstrated that the ground and excited states are polar-
ized differently as expected, namely both the dipole polarizability
and quadrupole polarizability for the ground and the excited atom-
ic Cu were found to be different.

For the numerical evaluation of the TCSs and the Mulholland
partial cross sections, we solved the Schrodinger equation for com-
plex values of L and real, positive values of E

L(L+1)

l1/”+2<E—T—U(r)>w:0 (7)

with the boundary conditions:

Y=0
W(r) ~ etV oo

We note that Eq. (8) defines a bound state when k = /(2E) is
purely imaginary positive. In solving Eq. (8) two independent ap-
proaches were adopted. The first integrates numerically the radial
Schrédinger equation for real integer ¢ = Re L values of L to suffi-
ciently large r values. The S-matrix is then obtained and the TCSs
are evaluated as the traditional sum over partial waves, with the
index of summation being ¢. The second part calculates the S-ma-
trix, S(L, k) poles positions and residues of Eq. (7) following a meth-
od similar to that of Burke and Tate [42]. In the method the two
linearly independent solutions, f; and g;, of the Schrédinger equa-
tion are evaluated as Bessel functions of complex order and the S-
matrix, which is defined by the asymptotic boundary condition of
the solution of the Schrédinger equation, is thus calculated. Further
details of the calculation may be found in [42].

(8)

3. Results

In the calculations we also need Im L which as mentioned above
plays an important role. It is used to distinguish between the shape
resonances (short-lived resonances) and the stable bound, both
ground and excited, states of the negative ions (long-lived reso-
nances) formed as Regge resonances in the electron-atom scatter-
ing [29,43]. In [43] and the applications [29] the physical
interpretation of Im L is given. A small Im L implies that the system
orbits many times before decaying, while a large Im L value de-
notes a short-lived state. For a true bound state, namely E <0, Im
L = 0 so that the angular life, 1/(Im L) - oo, implying that the sys-
tem can never decay. Im L is also used to differentiate subtleties
between the bound and the excited states of the negative ions
formed as Regge resonances during the collisions. Generally, Im L
for ground states is smaller than that for the excited states.

Experimental studies of the near-threshold electron attachment
mechanism in neutral atoms, resulting in the formation of excited

states of atomic negative ions that are bound with respect to the
atomic ground state are very limited, and hardly exist theoreti-
cally. This has severely limited the knowledge of the existence
and understanding of excited negative ions. Since the Regge-pole
approach to low-energy electron attachment requires no prior
knowledge of either experimental or other theoretical data, the Re-
gge-pole methodology promises to enhance their exploration and
advance their understanding.

Fig. 1 contrasts the electron elastic scattering TCSs for ground
state, curve (a) and excited states, curves (b) and (c) for atomic
Tm. Notably, the structure of each curve is significantly different
from that of the other, demonstrating the importance of the
core-polarization interaction. Curve (a) exhibits the typical charac-
teristic behavior found in weakly bound systems [29], manifesting
a Ramsauer-Townsend minimum at 0.0742 eV, a shape resonance
at 0.212 eV and the stable bound ground Tm™ anion at 0.274 eV
formed during the collision as a Regge resonance. Curves (b) and
(c) represent electron attachment resulting in excited Tm™ nega-
tive ions; the binding energies of the first excited and second ex-
cited states are respectively 0.108 eV and 0.016 eV. The most
important revelation in the comparisons is the appearance of the
shape resonances between the bound state resonances of the neg-
ative ions. Both theoretical calculations and experimental mea-
surements could easily mistake one for the other. This could also
create problems in the use of the Wigner threshold law in high pre-
cision measurements of BEs of valence electrons using photode-
tachment threshold spectroscopy. Furthermore, the
determination of the R-T minimum could be problematic since it
is together with the cross sections for the excited states.

In Fig. 2 is contrasted the electron elastic TCSs for Lu atoms. As
in Fig. 1 curve (a) represents the data for the ground state Lu. This
typical curve is characterized by a R-T minimum at 0.076 eV, a
shape resonances at 0.239eV and the BE of the Lu~ anion at
0.415 eV formed during the collision as a resonance. Curve (b) rep-
resents the TCS for the first excited state, while curve (c) corre-
sponds to that of the second excited state of the Lu atom. The
BEs of the resultant excited negative ions formed during the colli-
sions, are respectively 0.104 eV and 0.029 eV. As in Fig. 1 the shape
resonances appear between the bound states of the Lu™ negative
ions. These shape resonances can be differentiated from the bound

100000
¢+Tm
E=0.016eV
(0]

= 10000
L)
E
£
7
wn
2
£
o 1000

100 ; s

0.001 0.010 0.100 1.000

E(eV)

Fig. 1. Total cross sections (a.u.) for electron elastic scattering from Tm atoms
versus E (eV), are contrasted. Curves (a), (b) and (c) are respectively for the ground
state, first excited state, and second excited state. All the curves are characterized
by very sharp resonance structures corresponding to the binding energies of the
resultant negative Tm~ anions formed during the collisions. Curve (a) has the
characteristic R-T minimum at 0.0742 eV, followed by a shape resonance at
0.212 eV and a stable bound ground state of the Tm™ anion at 0.274 eV.
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Fig. 2. The same as in Fig. 1, except that the data are for Lu atoms and the stable
ground and excited bound states correspond to the Lu~ anions. The characteristic R-
T minimum, the shape resonance and the stable bound ground state of the Lu~
anion are respectively at 0.076 eV, 0.239 eV and 0.415 eV.

states through the close scrutiny of the Im L, which for shape res-
onances is several orders-of-magnitude larger than that for the
bound state resonances. As in Fig. 1, the presence of these reso-
nances could be problematic in the application of the Wigner
threshold law within the high precision measurements of BEs of
valence electrons using photodetachment threshold spectroscopy.

Although the TCSs for the two atoms Tm and Lu appear to
resemble one another, there are subtle differences. For example,
the bound state of the Lu™ anion with the BE of 0.415 eV is closer
to the nearby minimum as compared to that of the Tm™ anion with
BE of 0.274 eV and is about a factor of two larger. Also the BE of the
second excited state for the Lu™ anion is roughly a factor of two lar-
ger than that for the Tm™ anion. Interestingly, the ground state BEs
and the second excited state BEs of the two atoms are affected sig-
nificantly by their different electronic configurations, while the
first excited state is insensitive to the differences in the electron
configurations of the two atoms. The curves (c) of Figs. 1 and 2
do have R-T minima as well, which are at 0.014 eV and 0.025 eV,
respectively. As pointed out in [33], the R-T minima are a manifes-
tation of the polarization of the atomic core by the scattered elec-
tron. Their appearance signifies that the electron correlations are
appropriately included in our Regge pole methodology.

Fig. 3 presents the results for the elastic scattering of an elec-
tron from Hf atoms. As in Figs. 1 and 2, the low-energy electron
elastic scattering is characterized by three curves whose structures
differ significantly from one another. For the Hf atom the results
for the ground state with the EA of 0.525 eV and the second excited
state curve with the BE of 0.017 eV have already been presented
and discussed elsewhere [35]. The current exploration has revealed
the presence of a first excited state of the Hf~ anion at 0.113 eV
(represented by the green curve). We note that this value is very
close to that calculated by Pan and Beck [14] and claimed to corre-
spond to the EA of the Hf atom. The identification is certainly incor-
rect since the EA of Hf is 0.525 eV.

As seen from the figure it is difficult to identify the various res-
onances without actually plotting the TCSs and utilizing Im L since
the bound state resonances (both ground and excited states) and
the shape resonances are all mixed together. The importance and
utility of the present investigation are clearly demonstrated. It is
also noted that the ground state TCS is characterized by a deep
R-T minimum followed by a shape resonance, the bound state of
the stable Hf ™ negative ion and a shallow minimum. The parame-
ters of the various curves are presented in Table 1, where they are
compared with those of the Tm and the Lu atoms.

100000 T
e +Hf
| Excited state at
E=0.017eV
s 10000 3 Excited state at g
£ E=0.113eV
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g \J
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e E=0.525¢V
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& 1000 |
100 . et ‘
0.01 0.10 1.00

E(eV)

Fig. 3. The same as in Fig. 1, except that the data are for Hf atoms and the stable
ground and excited bound states correspond to the Hf ~ anions. The characteristic R-
T minimum, the shape resonance and the stable bound ground state of the Hf"
anion are respectively at 0.076 eV, 0.266 eV and 0.525 eV.

The DCSs provide a stringent test of theoretical calculations
when the results are compared with those of reliable measure-
ments; therefore they will be useful in this context in the future.
Panels (a-c) of Fig. 4 present the DCSs (a.u.) in energy at 0= 0°,
90° and 180¢ for the electron elastic collisions, resulting in the for-
mation of ground, first excited and second excited Tm~ anions,
respectively. Most significant about these curves is that the DCSs
are also characterized by dramatically sharp peaks at 0 =0°, 90°
and 180°, corresponding to the values of the BEs, viz. 0.274 eV,
0.108 eV and 0.016 eV, respectively of the stable bound Tm™ an-
ions, formed during the collision as resonances. The DCSs at
0=180° also yield the BEs, but the peaks have become mainly
anti-resonances (see Fig. 4, panels (a) and (b)). Preceding the stable
bound states of the Tm™ anions in panels (a) and (b) are the broad-
er peaks that correspond to the shape resonances as described
above under the TCSs. The DCSs critical minima [44,45] are identi-
fiable at 0.102 eV and 0.20 eV in panels (a) and (c), respectively. A
critical minimum does exist in the DCSs of panel (b) but it is at a
higher energy value than the figure could accommodate. Clearly,
the DCSs are quite different from one another in the three panels,
reflecting the dynamical processes taking place at the various
ground and excited states levels. For example, in the figures the
DCSs at 0 =0° and 90° capture the essentials of the TCSs of Fig. 1.
Additionally, the critical minima appear at different positions rela-
tive to the bound states of the Tm™ negative ion.

The panels (a-c) of Fig. 5 present the DCSs (a.u.) in energy at
0 =0°, 90° and 180° for the electron elastic collisions, resulting in
the formation of ground, first excited and second excited Tm™ an-
ions, respectively. Except for minor details, the results are essen-
tially the same as those of Fig. 4, including the description. So,
we will not repeat their description here. However, it is worth
pointing out that the values of the BEs are different; they are
0.415 eV, 0.104 eV and 0.029 eV for the ground, first excited and
second excited states, respectively for the Lu™ negative ions formed
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Fig. 4. Differential cross sections for electron elastic scattering from Tm versus E (eV) at the scattering angles 0 = 0°, 90° and 180°. Panels (a), (b) and (c) are respectively for
the ground state, first excited state, and second excited state. All the curves in the panels are characterized by very sharp resonance structures corresponding to the binding

energies of the resultant Tm™ negative ions formed during the collisions.
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Fig. 5. The same as in Fig. 4, except that the data are for Lu atoms and the stable ground and excited bound states correspond to the Lu™ anions. All the curves in the panels are
characterized by very sharp resonance structures corresponding to the binding energies of the resultant Lu~ negative ions formed during the collisions.

during the collision as resonances. Here the DCSs critical minima
[44,45] are also identifiable at 0.102 eV and 0.22 eV in panels (a)
and (c), respectively. For Fig. 5(b) the DCS critical minimum is at
a higher energy value than could be accommodated by the figure.

In Fig. 6 the panels (a-c) present the DCSs (a.u.) in energy at
0=0° 90° and 180° for the electron-Hf elastic collision, resulting
in the formation of ground, first excited and second excited Hf~

anions, respectively. Except for minor details, the DCSs are essen-
tially the same as those of Figs. 4 and 5. So, we will not repeat their
description here. However, the BEs are quite different; they are
0.525eV, 0.113 eV and 0.017 eV for the ground, first excited and
second excited states, respectively for the Hf ~ negative ions formed
during the collision as resonances. Here the DCSs critical minima
[44,45] are also identifiable at 0.102 eV and 0.22 eV in panels (a)
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Fig. 6. The same as in Fig. 4, except that the data are for Hf atoms and the stable ground and excited bound states correspond to the Hf - anions. All the curves in the panels are
characterized by very sharp resonance structures corresponding to the binding energies of the resultant Hf ~ negative ions formed during the collisions.

and (c), respectively. Interestingly, the DCS critical minima in Hf
maintain the same positions as in Tm and Lu.

Just as mentioned previously in the cases of gold and platinum
atoms [46], it might be easier for experiments to search for the pre-
dicted excited negative ions of Tm~, Lu~ and Hf™ through the
investigation of the DCSs in energy at 0 = 0°, 90° and 180° as well
as in scattering angles. Clearly, complications in the resonance
structure arising from the superposition of the structures from
the ground and excited states could easily lead to the wrong iden-
tification and interpretation. Also, this could interfere with the use
of the Wigner threshold law through the presence of many reso-
nances. Hence, the need for the identification and delineation of
the near-threshold resonance structures in low energy electron
scattering from neutral atoms.

Table 1 summarizes the results of the calculations for Tm, Lu
and Hf atoms. We note that the BE value of 0.113 eV for Hf " is very
close to the recent value of 0.114 eV identified with the EA of Hf by
[14]. Clearly, this value cannot correspond to the EA since it is not
the lowest.

4. Summary and conclusions

Low-energy E < 1.0 eV electron elastic scattering from the Tm,
Lu and Hf complex atoms has been investigated, searching for elec-
tron attachment manifesting as Regge resonances in the TCSs. We
found that the electron collision TCSs and the DCSs for these atoms
are characterized by dramatically sharp resonances, corresponding
to the formation of stable negative ions. From the energy positions
of the resonances we have extracted the BEs of the ground, first
and second excited states of the Tm~, Lu~ and Hf negative ions
formed during the collisions. The imaginary part of the complex
angular momentum has been used to differentiate between the
shape resonances and the stable bound states of the negative ions.
Shape resonances and R-T minima have been identified and
delineated in the TCSs, including the attendant critical minima of
the DCSs. Clearly, the DCSs provide a new powerful approach to
the investigation of low energy electron attachment to atoms,

resulting in the formation of stable ground and excited negative
ions as resonances. The cross sections for both the ground and ex-
cited Tm, Lu and Hf atoms obtained here call for experimental
verification.

This first theoretical prediction of two excited negative ionic
states in atoms is expected to enhance significantly the interpreta-
tion of electron-induced chemical processes resulting in negative
ion formation. It proclaims new frontiers of efficient design and
synthesis of novel functional compounds and catalysts for various
chemical reactions, impacting many industries and technologies.
Indeed, the identification and delineation of the resonance struc-
tures and minima in the electron collision TCSs for atoms in the
near threshold energy region is also toward the realization of the
proposed spectroscopy of slow electrons [47]. The spectroscopy
is realized through the observation of the formation of tenuously
bound, BE <0.1eV and weakly bound, BE <1 eV negative ionic
states for the detection of nanomaterials.
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