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A B S T R A C T

Calculations of the neutralisation cross-section and relative population of atomic states were performed for ions
beams (1≤ Z≤ 89) at 5 and 40 keV incident on free sodium and potassium atoms. To test the validity of the
calculations, the population distribution of indium ions incident on a vapour of sodium was measured at an
intermediate energy of 20 keV. The relative populations of the 5s25p 2P1/2 and 5s25p 2P3/2 states in indium were
measured using collinear resonance ionization spectroscopy and found to be consistent with the calculations.
Charge exchange contributions to high-resolution lineshapes were also investigated and found to be reproduced
by the calculations. The reliable prediction of relative populations and reproduction of lineshapes are of im-
portance to high-precision and efficient laser spectroscopy studies of exotic isotopes and future applications of
collinear resonance ionization spectroscopy.

1. Introduction

Many collinear laser spectroscopy (CLS) measurements are per-
formed on atomic rather than ionic beams, in part due to the avail-
ability of spectroscopic data but also, in the case of collinear resonance
ionization spectroscopy [1,2] (CRIS), due to the lower ionization po-
tential (IP) of atomic systems. This reduces the technical complexity of
step-wise laser-ionization as well the ion optics required. Producing a
neutral atom beam is typically done through electron-capture reactions
with an alkali vapour. During these reactions several atomic states may
be populated.

Reliable simulation of the population distribution is of crucial im-
portance in predicting the total measurement efficiency of an experi-
ment for a given ionic ensemble. This is particularly important for CLS
measurements at radioactive ion beam facilities such as CERN-ISOLDE
[3] where all experimental losses have to be well understood in order to

perform measurements on nuclei with low production yields [4].
Nevertheless, comprehensive experimental data and theoretical pre-
dictions of relative populations in this energy regime are largely un-
available, or not reported on. The simulation and measurement of this
distribution for ion beam energies in the order 1–100 keV is the subject
of this paper.

Calculation of the electron-capture cross sections were performed
using the semi classical approach by Rapp and Francis [5] (R&F). This
provided the initial populations following charge exchange which were
then used to predict final populations following spontaneous decay.
These calculations were performed for neutralisation of all elements
from hydrogen to thorium. However, the R&F approach uses simplified
hydrogen-like orbitals [6,7] among other approximations detailed in
Section 2. Benchmarking these calculations with measurements is cru-
cial for gaining confidence in extending them to these multi-electron
systems.
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When choosing an alkali metal for neutralisation it is common
practice to match the IP of the element to be neutralised with the alkali
metal. While this ensures a large relative population in the ground state
of the product atom, it does not guarantee the highest total cross section
for neutralisation nor does it guarantee the highest relative population
of the ground state. This is because it does not take into account the
density of states near the IP difference of the product atom and alkali
metal, the electronic angular momentum of the states or their lifetime.
Measurement of the relative populations of atomic indium following
neutralisation with a sodium vapour at 20 keV was used as an exemplar
case in this work. The maximum beam energy was limited experi-
mentally, however the measurements at 20 keV act as an intermediate
benchmark for the simulations at 5 keV and 40 keV.

The accessibility of two low lying states by neighbouring wave-
length atomic transitions (246.0 nm and 246.8 nm) and a difference in
IP of 0.6 eV from sodium makes these states in indium a good test of
both cross section calculations and simulated feeding from higher lying
states following charge exchange.

Furthermore, as indium is solid at room temperature this allowed
for the use of an ablation-ion-source setup [1], which also highlights the
applicability of this work to spectrochemical analysis of solid samples,
especially in trace analysis where the sensitivity and selectivity of the
CRIS technique could excel [1,8].

2. Atomic charge exchange

This section will introduce the key concepts of the atomic charge-
exchange reactions used to neutralise ion beams. Neutralisation of an
ion beam A+ takes place when an electron is captured from a free atom
B. Often B is chosen as a low-IP element e.g. sodium or potassium. In
principle the gaseous form of any element can be used. Molecules such
as isobutane are also routinely used at accelerator mass spectrometry
facilities [9] as they enhance negative ion production.

In resonant symmetric charge exchange B++B→ B+B+ reac-
tions, where the ion and atom are the same element, the cross section
for electron capture is the highest, and decreases with the beam energy
TB (keV) as

= −σ a b Tln .CE B
1/2 (1)

In this expression a and b are constants, which are typically em-
pirically fitted to available charge-exchange cross sections for an ele-
ment [7,10–12]. In the symmetric case the highest cross section will be
for the reaction that neutralizes the ion into its atomic ground state.
However for many purposes electron capture of the ion will be from a
dissimilar element, proceeding by an asymmetric charge-exchange re-
action

+ → + ++ +i j k lA ( ) B( ) A( ) B ( ) ΔE , (2)

where A+(i) is the ion in an electronic state i, which picks up an
electron from a free atom B(j) in its electronic state j, leaving A in an
excited state k after the reaction and B in an excited state l. For these
simulations it is assumed that A+, B and B+ are all in their electronic
ground states. These electronic states k can be significantly higher in
energy than the ground state depending on the difference in IP of the
reactant ion and atom ΔE= IA− IB. For the beam energies of interest
for CLS (> 5 keV) this energy deficit does not significantly reduce the
cross section for charge exchange, and thus many of these high lying
states can be populated in asymmetric charge exchange.

The maximum cross section σCE for an asymmetric charge-exchange
reaction with energy deficit ΔE can approximately be found at a velo-
city

≃v a E
h
Δ , (3)

from Massey's hypothesis [13], where h is the Planck constant. This
hypothesis assumes an adiabatic region of velocities where the

characteristic electronic-transition time is much shorter than the colli-
sion of the reactants from their relative velocity, allowing for read-
justment of the electronic motion, without transition as the inter-
nucleon distance reduces. At the velocity of Eq. (3) this is no longer the
case and σCE becomes maximum, before decreasing with increasing
incident beam energy. An adiabatic parameter of a=7×10−8cm has
been found to be consistent with many reactions [12,14–16].

It is the relative cross section for these reactions into individual
atomic states that is of interest for CLS experiments as they determine
the population distribution of states from which measurements can be
performed. This process is represented in Fig. 1 for indium where the
initial population distribution has evolved after 120 cm of atom flight,
from 6.55 μs of spontaneous decay, as detailed in Section 2.2. Another
interesting application requiring knowledge of neutralisation cross-
sections, which can easily be seen with Eq. (3), is for ultrasensitive
detection techniques of radioisotopes. By tuning the velocity of the ion
beam and by optical pumping of the electronic populations of the ion or
atom, the cross section can be manipulated for state-selective neu-
tralisation [17,18].

The efficiency for neutralisation of an ion beam can be estimated
with a simple attenuation model [15] as

= − −nσ Lϵ 1 exp( )CE CE (4)

where n is the alkali atom number density and L is the effective inter-
action path length. They depend on the geometry of the vapour cell
[19–21] and can be estimated with empirical vapour pressure relations
[22] with temperature measurements. The total cross section for neu-
tralisation σCE depends on the initial atomic systems A+(i), B(j) and can
proceed through multiple channels.

A method to calculate the cross section for asymmetric charge-ex-
change reactions using a semi-classical impact-parameter approach was
developed by R&F [5]. This method is used to calculate neutralisation
cross-sections in this paper and is detailed in Section 2.1. In the impact
parameter treatment [23,24] the linear trajectory of projectile is as-
sumed to not be altered by electron pick up. Although this is a good
approximation for calculation as the de Broglie wavelength of the in-
cident ion is small, in practice significant deflections of the product
atom have been observed. For example with O+ + N2 [25] where the

Fig. 1. Initial and final electronic state populations of In I compared for neu-
tralisation by Na I or K I. For a beam energy TB=20 keV and with de-excitation
following an atom flight length of lflight= 120 cm. The 2P3/2 and 2P1/2 states
have cross sections of σ(2P3/2)= 4.17×10−15 cm2 and σ(2P1/
2)= 1.97×10−15 cm2 using sodium or σ(2P3/2)= 3.93×10−16 cm2 and σ(2P1/
2)= 1.88×10−16 cm2 using potassium.
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energy deficit for the reaction to the ground state to proceed is large,
closer collisions are required, which results in larger scattering angles of
up to 3∘.

In a three-body approximation of the electron in the field of the
target and projectile atoms, the Schrödinger equation determines the
evolution of the three-body collisional system as a function of time, t for
fixed values of impact parameter b and incident velocity v. Thus, the
probability for electron capture can be formulated in terms of para-
meters b and t.

This approximate approach does not include many contributions of
more recent and complete theories [26,27,28]. For instance, inclusion
of the long-range Coulomb interaction was found to be important for
convergence of perturbation expansions [29]. Furthermore, of the
possible channels for electron capture, the impact-parameter approach
only considers the non-radiative kinematic mechanism of [30,23]. Ra-
diative channels in which the electron is captured due to the emission of
a photon [31] or in which electron capture is accompanied by the
emission of another electron [32] have also been identified as first-
order electron-transfer mechanisms. For symmetric charge-exchange
reaction cross sections, a large amount of experimental data has been
compiled in [33]. For atoms with IPs much lower than hydrogen and
beam energies of< 5 keV/u, where R&F calculations show poor
agreement, a simple relationship was found [34] that proved to be a
successful correction to the calculations [35,36]. Another correction, to
the one-electron potential, determined using a linear combination of
hydrogenic orbitals [37] has been noticed and applied by [38] and
found to be in good agreement for both single- and double-electron
symmetric charge exchange [38,39]. It is worth noting that cross-sec-
tion calculations including the four-body interactions explicitly for
cases of both single- and double-electron capture are now also possible
[40,41,42].

Although the absolute agreement of the cross sections with experi-
ment using the R&F method is known to be poor in some cases, the
method has proved useful in reproducing the ion velocity dependence
of the cross sections in asymmetric charge-exchange [43,35,39,44].
This is particularly important for calculation of relative populations,
where relative cross sections for thousands of atomic states needs to be
calculated, for some elements, to predict the initial populations. In
these calculations, the largest uncertainty will be due to missing spec-
troscopic data. The R&F method has already successfully been applied
to this end [45,19].

2.1. Cross-section calculations

The R&F method formulates the cross section for electron capture
between species with an IP difference of ΔE= IA− IB=ωℏ to be de-
pendent on incident velocity v and impact parameter b as

∫=
∞

σ b v π P b v b b( , ) 2 ( , ) dω0 (5)

with the asymmetric charge-exchange probability Pω(b,v) given by

⎜ ⎟= ⎛
⎝

⎞
⎠

P b v fP b v ω
v

a πb
γ

( , ) ( , ) sech
2ω 0
0

2

(6)

where f= fSfL is a statistical weighting factor to take into account the
ratio of multiplicity between the products spin and orbital angular
momenta and that possible for forming the reactants. The symmetric
charge-exchange probability P0(b,v) is defined as

⎜ ⎟⎜ ⎟ ⎜ ⎟= ⎛
⎝

⎛
⎝

+ ⎞
⎠

⎛
⎝

− ⎞
⎠

⎞
⎠

P b v π
γa

I
v

b a
γb

γb
a

( , ) sin 2 2
ℏ

1 exp0
0

0

0

2
3
2

(7)

where = +I I I
2

A B is the average atom IP of the reactant elements,

=γ I
13.6

and a0 is the Bohr radius. A factor of 2 correction is included
inside the sine compared to the original formulation [5], this was found
to be necessary by [46].

These formulations [5] were made under the assumption of an ‘in-
termediate’ beam energy (TB) region [47] taken to be

< <m T mmeV 10 keVB B B (8)

where mB is the mass of the incident ion in atomic mass units. While
hydrogen and helium are on the boundary for this assumption, all other
possible incident element masses at beam energies typical for CLS ex-
periments are well covered by this region.

Using the R&F method the cross section for neutralisation from the
ground state in the reactant ion and atom electronic states to all known
neutralised atom product states was calculated for indium in addition to
all other elements from hydrogen to actinium (Z=89). The atomic
structure information was taken from the NIST atomic database [48].
For elements where very little transition information was available,
only the initial population distribution prior to decay is reported. The
numerical integration was performed with the help of a Levin-type [49]
approximation for highly oscillatory integrals, which removed the need
for the approximation of =P b v( , )0

1
2 and the need for solving separately

for its cut-off impact parameter [5] for each electronic state. This step
allowed automation of the calculations.1

2.2. Relative atomic populations

After the charge-exchange cross section σCE is calculated for each
state, the subsequent de-excitation to lower levels over a distance lflight
between the charge exchange cell and interaction region for a beam
velocity v is calculated. The Einstein spontaneous decay coefficients Aki

needed to simulate the decay schemes were taken from the NIST atomic
database [48]. The biggest source of error in these calculations is from
neglected levels or Aki coefficient information. Transitions with un-
known Aki coefficients were not used in the simulation. This source of
systematic error is difficult to evaluate, but the unknown de-excitation
paths will result in an overestimation of the population of higher-lying
states which would have been transferred to lower-lying states in rea-
lity. The Aki coefficients were used to calculate the branching ratios

=′ ∑
′βki

A
A
ki

i ki
to each lower state i and the population was then evolved

using the simple relation for fractional change for each upper state k

∑= ⎛

⎝
⎜− ⎞

⎠
⎟F

l
v

Aexpk
i

ki
decay flight

(9)

which allowed the intermediate state information to be tracked with
each step of the spontaneous-decay simulation.

It is instructive to compare the cross section for the population of a
state and its relative atomic population as a function of ion beam energy
for an example asymmetric reaction with a large difference in the ele-
ment IPs

+ → ++ +In (0) Na(0) In(5p P ) Na (0)2
3/2 (10)

as well as for an example symmetric reaction

+ → ++ +Na (0) Na(0) Na(0) Na (0) . (11)

The results are shown in Fig. 2. In the latter case the cross-section
for the direct population of the product sodium ground state as well as
the relative population simply increases with decreasing beam energy,
as one would expect from Eq. (3) and which is experimentally well
established [33,5]. As the reaction moves away from resonant condi-
tions at TB=0 keV the contribution to the final population enabled by
population of nearby states increases significantly, despite a reduction

1 The authors code used to perform the calculations in this work, as well as a
larger compilation of results, can be found at https://github.com/

adamrobertvernon/chargeexchange and can be freely used, provided
this work is referenced. Only the five most populated states are shown in the
Tables 2 and 3 at the end of this paper, the remaining populations can be found
online
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in time for decay from a fixed lflight with increasing TB.
The cross section and relative population for the 5p 2P3/2

(2212.6 cm−1) state in indium has a different behaviour, as the 5p2P3/2
state is far off resonance with the IP of sodium, then the effective
broadening of the resonance in Fig. 1 with increasing beam energy is
the route to its population, which is shown in Fig. 2. Therefore the
relative population of the 5p 2P3/2 state in indium decreases with in-
creasing beam energy, TB, as the population of the nearby 5p 2P1/2 state
and many higher-lying states begins to compete. One has to balance
these factors when choosing a combination of electron donor element
and beam energy to maximise the population of the atomic state of
interest in the product atomic beam.

3. Experimental method

The measurements in this paper were performed using the collinear
resonance ionization spectroscopy (CRIS) beamline [50,51] at CERN-
ISOLDE [3]. Fig. 3 shows the layout of the experimental setup. A solid

target of indium of 99% purity was used to produce the indium ions for
the experiment by means of laser ablation [1].

A pulsed 532-nm laser beam from a Litron LPY 601 50–100 PIV
Nd:YAG laser was focused to a fluence of> 0.5 J/cm2 onto the target
surface at an angle of 45∘, creating a pulsed plasma of indium ions at a
repetition rate of 100 Hz. A series of electrostatic ion optics then ac-
celerated the In+ ions to 20 keV and guided them through a 34∘ bend to
be collinearly overlapped with two laser beams. The ions were then
neutralised with a sodium filled charge-exchange cell heated to 300(10)
∘C. The remaining ion fraction was electrostatically deflected after the
cell.

After 120 cm of flight the atomic populations were then probed by
the atomic transitions 5p 2P1/2 → 8s 2S1/2 at 40506.421 cm−1

(246.0 nm) and 5p 2P3/2 → 9s 2S1/2 at 40636.98 cm−1 (246.8 nm), for
the ground and metastable states respectively. The second head of the
same Nd:YAG laser at a wavelength of 1064 nm was then used to non-
resonantly ionize the excited atom. A laser fluence of 120mJ/cm2 was
measured at the entrance of the beamline for the 1064-nm light, when
on resonance no decrease in count rate was observed outside of ex-
perimental scatter down by 80%. It was assumed that differences in the
non-resonant ionization probabilities from the upper states of the
246.0-nm and 246.8-nm transitions (8s 2S1/2 and 9s 2S1/2 respectively)
were compensated by the high pulse energy of the non-resonant 1064-
nm laser. The laser was delayed by∼20 ns from the resonant excitation
step to avoid lineshape distortions from the high-power pulsed light
[51]. These laser-ionization pathways are shown in Fig. 4. The ions
were then deflected through 20∘ and counted by a micro-channel plate
(MCP) detector.

The resonant-step laser light was produced using a injection-locked
Ti:Sapphire laser [52,53] seeded using a narrowband SolsTiS con-
tinuous-wave Ti:Sapphire laser by M-Squared and pumped using a LEE
LDP-100MQ Nd:YAG laser. With this laser system, pulsed narrowband
laser light (1 kHz repetition rate) was produced at 13545.66 cm−1

(740 nm) or 13,502.14 cm−1 (738 nm). This light was then frequency
tripled to 40,636.98 cm−1 (246.8 nm) and 40,506.421 cm−1

(246.0 nm) by the use of non-linear BiB3O6 and BaB2O4 crystals [54]. A
laser fluence of 15(1) μJ/cm2 was used for both transitions, measured at
the entrance of the beamline, which is well above a saturation threshold
of 5(2) μJ/cm2 measured with the same setup for the 246.8-nm tran-
sition. The greater laser fluence was used to reduce susceptibility to
fluctuations in laser power. A laser beam waist of approximately 8mm
was measured at the laser-atom interaction region for the 1064-nm
light, and 10mm for the 246.8-nm and 246.0-nm light. The ablation ion
source provided the ideal pulsed time structure, time synchronisation
and high ion density needed for efficient overlap with the pulsed lasers
without the use of cooling and bunching [55] typically needed for CRIS.

Fig. 2. Initial and final electronic state populations and cross-sections for the
reactions In++Na→ In(5p2P3/2)+Na+ and Na++Na→Na
(ground)+Na+. For beam energies in the range TB=0–100 keV and with de-
excitation following an atom flight length of lflight= 120 cm.

Fig. 3. Simplified schematic of the collinear resonance ionization spectroscopy set-up used to make the population measurements.
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It is worth noting that pulsed laser light can typically reduce pumping
to dark states compared to cw laser light, depending upon the relevant
transitions of the element of interested [56,57], which is especially
important in relative population measurements as the populations
would be altered. Further details of this source and the CRIS setup can
be found in [1].

Due to the close proximity of the two transitions, they could quickly
be switched between and near identical laser beam properties between
the two measurements could be maintained. Spatial overlap of the
atoms and ions was ensured by alignment irises and Faraday cups
through which both laser and ion beam transport was maximised. The
ion beam waist was measured to be< 4mm by the irises. The in-
tegrated count rate of a hyperfine spectrum scan was used for each
transition to give the relative proportion of the atomic population in the
5p 2P1/2 and 5p 2P3/2 states. Normalisation for variation in atom beam
intensity was included using the collisional re-ionization background
count rate.

4. Results and discussion

4.1. Relative populations

The populations measured in this work as well as the results of the
simulation are displayed in Table 1. Since the populations are relative,
the ratio of the states was used for comparison to simulation, which
introduces the error in the calculated value reported for the 5p 2P3/2
state. The experimental uncertainty was obtained using the statistical
error from the integrated counts of the hyperfine spectra, in addition to

the uncertainty in the background count rate used to normalised the
neutral beam current. Although the experimental error is large the re-
lative populations were well reproduced and give confidence in ex-
tending the method to other atomic systems. This will provide valuable
quantification of the expected useful neutral fraction in similar CLS
experiments. The simulations will also be compared against the only
available relative atomic population data, for fluorine and nickel.

The normalisation performed was using the non-resonant back-
ground count rate of the spectra which has a large uncertainty for small
measurement times. In future studies, potential systematic errors of the
method could be quantified and corrected for by measuring the in-
stantaneous number of discarded atoms of each atom bunch, using an
atom detector [59,60]. Laser intensities will then also simultaneously
be recorded with a photodiode. It is expected that using this combined
information to normalize variations in beam current and laser light
intensities will create an effective experimental setup for measuring
relative atomic populations following charge exchange.

Table 1 shows a comparison of the R&F simulation method with the
few known measurements of relative populations following neu-
tralisation. To the authors knowledge this table displays all relative
population measurements available to-date for beam energies of
TB=1–100 keV. The ratio of the simulated to the experimental values
for fluorine is a factor of 2. The initial relative population of the state of
interest is 0.079 however, which is within the uncertainty of the ex-
periment. It could be that the high-lying contributions which decay to
this state were collisionally ionized before decaying, or that the tran-
sition rates of these states were overestimated in literature. Alter-
natively the difference could be due to underestimated experimental
uncertainties, arising from the preferential ionization [61] factor used
by [58] in the calculation of the population or neglected experimental
factors. Despite this the magnitude is well reproduced given the as-
sumptions that were made to extract the population.

The relative populations are in good agreement with the measured
populations for nickel. Surprisingly, no population above background
was observed for the 4s3D1 state measurements performed by [45]
using the strong (Aij=1.2× 108s−1) 4s3D1 → 4p3P0 transition. An
initial population of 0.033 was simulated for the 4s3D1 state, while
background fluctuations placed an upper limit of< 0.013 on the po-
pulation they measured. One explanation could be inaccurate
branching ratios of the transitions de-exciting the initial population,
which would reduce the population of the 4s3D1 state.

As the calculation method has proven to be useful in predicting
relative populations in these cases, the calculations have been extended
to all elements from Z=1 to Z=89 with available atomic data, for
incident ions A+(0) upon potassium and sodium vapours B(0)

+ → ++ +A (0) B(0) A(k) B (0) (12)

where both the vapour and ion beam are again assumed to be in their
ground states. The results are shown in Tables 2 and 3 for potassium
and sodium vapours respectively.

It is worth noting that carbon and oxygen are predicted to have a
large population in metastable states following charge exchange. These

Fig. 4. Laser ionization scheme used to probe the indium ground and me-
tastable state populations, 5p 2P1/2 and 5p 2P3/2.

Table 1
Comparison of available experimental data to simulation of relative populations following neutralisation. * - experimental populations were taken relative to these
states. Abbreviations: Sim. Rel. Pop. - Simulated Relative Population, Ini. - Initial, Fin. - Final, Exp. - Experiment.

TB (keV) lflight (cm) State Sim. Rel. Pop. Exp. Sim. Rel. Pop. [45]

Ini. Fin. Fin.

In 20 120 5p2P1/2 0.314 0.319 *
In 20 120 5p2P3/2 0.664 0.665 0.619(116)
F 40.8 190 3s4P5/2 0.079 0.19 0.083(4) [58]
Ni 29.85 40 4s3D3 0.025 0.130 *
Ni 29.85 40 4s3D2 0.028 0.107 0.114(10) [45] 0.1138(100)
Ni 29.85 40 4s3D1 0.033 0.06 <0.013 [45] 0.083(1)
Ni 29.85 40 4s1D2 0.015 0.02435 0.0229(46) [45] 0.0354(1)
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Table 2
Atomic population distribution simulation results for neutralisation of an ion beam of elements A= 1–90 by free K atoms. Atomic data sourced from the NIST atomic
database[48]. Only the 5 most populous states are listed in this table. † - insufficient transition data was available to provide reliable values for these elements. ‡ -
insufficient level data was available for these elements. ⋆ - these light elements are outside of the intermediate velocity region at 40 keV. The columns for 0 cm and
120 cm flight distance give respectively the initial populations after charge exchange at 0 cm and the final populations after a further 120 cm of atom flight at the
corresponding beam energy.

A++ K→A(k)+ K+

40 keV 5 keV

A+ Initial (0.0 cm) Final (120.0 cm) Initial (0.0 cm) Final (120.0 cm)

(Z) # Level (cm−1) % Level (cm−1) % Level (cm−1) % Level (cm−1) %

1★ 1 107,965.04916 1 0.0 41.5 82,258.91911 4.4 0.0 60.8
2 107,965.04971 1 82,258.9544 1.8 82,258.9544 4.4 82,258.9544 4.9
3 107,965.05487 1 107,440.43933 1 82,259.158 4.4 107,440.4385 0.8
4 107,965.05488 1 108,324.72418 1 82,259.285 4.4 107,440.43933 0.8
5 107,965.05677 1 108,324.72416 1 97,492.2112 1.8 107,965.04916 0.7

2★ 1 166,277.44014 1.2 159,855.97433 52.9 159,855.97433 16.4 159,855.97433 75.8
2 169,086.76647 1.2 0.0 9.1 166,277.44014 10.4 0.0 7
3 169,086.8429 1.2 193,921.61495 0.7 169,086.76647 7.5 166,277.44014 4.3
4 169,087.83081 1.2 193,921.61772 0.7 169,086.8429 7.5 193,921.61495 0.3
5 159,855.97433 1.2 193,921.62024 0.7 169,087.83081 7.5 193,921.61772 0.3

3★ 1 0.0 4.4 0.0 52.5 0.0 53.2 0.0 90.2
2 14,903.66 4.1 42,003.3 0.7 14,903.66 12.5 42,003.3 0.2
3 14,904.0 4.1 42,298.0 0.7 14,904.0 12.5 42,298.0 0.1
4 27,206.12 2.4 42,389.0 0.7 27,206.12 1.4 42,389.0 0.1
5 30,925.38 1.8 42,389.0 0.7 30,925.38 0.7 42,389.0 0.1

4 1 42,565.35 4.2 21,978.28 64.2 42,565.35 26.8 21,978.28 44.8
2 21,981.27 3.1 21,978.925 15.5 21,981.27 15.0 21,978.925 21.6
3 21,978.925 3.1 0.0 6.3 21,978.925 15.0 21,981.27 18.2
4 21,978.28 3.1 21,981.27 5.9 21,978.28 15.0 0.0 13
5 52,080.94 2.9 56,882.43 1.6 52,080.94 3.3 56,882.43 0.8

5 1 28,647.43 7 0.0 37.1 28,647.43 30.6 28,647.43 30.6
2 28,652.07 7 15.287 14.4 28,652.07 30.6 28,652.07 30.5
3 28,658.4 7 28,647.43 6.9 28,658.4 30.5 28,658.4 30.5
4 40,039.6907 5.2 28,652.07 6.9 40,039.6907 2.6 0.0 5.7
5 47,856.809 3.2 28,658.4 6.9 15.287 0.5 15.287 1.3

6 1 60,333.43 2.2 16.4 36.7 60,333.43 11.7 16.4 48.3
2 60,352.63 2.1 0.0 21.1 60,352.63 11.7 0.0 29.2
3 60,393.14 2.1 43.4 13.4 60,393.14 11.6 43.4 9.2
4 61,981.82 2 10,192.63 6 61,981.82 7.9 10,192.63 5.6
5 64,086.92 1.8 33,735.2 0.8 33,735.2 4.9 33,735.2 2.6

7 1 83,284.07 2.4 0.0 54.7 83,284.07 16.2 0.0 82.8
2 83,317.83 2.4 19,224.464 8 83,317.83 16.0 19,224.464 6.1
3 83,364.62 2.4 19,233.177 5.1 83,364.62 15.8 19,233.177 5.6
4 86,137.35 2.2 28,838.92 1.1 86,137.35 7.5 28,838.92 0.2
5 86,220.51 2.2 106,868.635 1 86,220.51 7.3 106,868.635 0.2

8 1 73,768.2 6.1 73,768.2 46.8 73,768.2 54.6 73,768.2 72.3
2 76,794.978 5.5 0.0 19.9 76,794.978 23.1 0.0 21.8
3 86,625.757 2.7 158.265 4.1 86,625.757 1.5 158.265 1.1
4 86,627.778 2.7 102,865.655 0.9 86,627.778 1.5 102,865.655 0.1
5 86,631.454 2.7 226.977 0.7 86,631.454 1.5 105,441.645 0.1

9 1 102,405.71 6 102,405.71 19.1 102,405.71 23.4 102,405.71 29.8
2 102,680.44 6 102,680.44 16 102,680.44 22.0 102,680.44 27
3 102,840.38 6 102,840.38 10.8 102,840.38 21.2 102,840.38 24.9
4 104,731.05 5.7 104,731.05 7.8 104,731.05 12.8 104,731.05 8.2
5 105,056.28 5.6 105,056.28 5.1 105,056.28 11.7 105,056.28 6.9

10 1 134,041.84 6.6 0.0 25.2 134,041.84 26.4 0.0 44.9
2 134,459.2871 6.6 134,041.84 22.1 134,459.2871 24.9 134,041.84 33.4
3 134,818.6405 6.6 134,818.6405 7.1 134,818.6405 23.5 134,818.6405 18.6
4 135,888.7173 6.5 158,601.1152 2 135,888.7173 18.9 158,601.1152 0.1
5 148,257.7898 2.7 159,379.9935 0.8 148,257.7898 0.5 159,379.9935 0.1

11 1 0.0 26.4 0.0 72.9 0.0 95.5 0.0 98.8
2 16,956.17025 8.4 37,059.54 0.5 16,956.17025 0.8 37,059.54 0
3 16,973.36619 8.4 38,400.9 0.4 16,973.36619 0.8 38,400.9 0
4 25,739.999 2.5 38,400.904 0.4 25,739.999 0.1 38,400.904 0
5 29,172.837 1.5 38,401.147 0.4 29,172.837 0.1 38,401.147 0

12 1 21,850.405 13.4 21,870.464 27.8 21,850.405 32.6 21,850.405 33.3
2 21,870.464 13.4 21,850.405 26 21,870.464 32.5 21,870.464 33
3 21,911.178 13.4 21,911.178 22 21,911.178 32.3 21,911.178 32.7
4 35,051.264 5.3 0.0 6.3 35,051.264 0.5 0.0 0.4
5 0.0 2.9 46,403.065 2.3 0.0 0.2 46,403.065 0.1

13 1 112.061 18.4 0.0 41.5 112.061 46.9 0.0 48.6
2 0.0 18.3 112.061 30.3 0.0 45.1 112.061 48
3 25,347.756 5.8 29,020.41 3.5 25,347.756 1.2 29,020.41 0.6
4 29,020.41 3.5 29,066.96 3.5 29,020.41 0.6 29,066.96 0.5
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Table 2 (continued)

A++ K→A(k)+ K+

40 keV 5 keV

A+ Initial (0.0 cm) Final (120.0 cm) Initial (0.0 cm) Final (120.0 cm)

(Z) # Level (cm−1) % Level (cm−1) % Level (cm−1) % Level (cm−1) %

5 29,066.96 3.5 29,142.78 3.4 29,066.96 0.5 29,142.78 0.5
14 1 33,326.053 8.5 77.115 27.9 15,394.37 32.8 33,326.053 25

2 15,394.37 7.6 0.0 22.6 33,326.053 27.6 77.115 24.4
3 39,683.163 4.2 223.157 8.3 39,683.163 3.5 0.0 18.3
4 39,760.285 4.2 6298.85 5.3 39,760.285 3.4 15,394.37 7.6
5 39,955.053 4 33,326.053 5.2 39,955.053 3.2 223.157 5.7

15 1 55,939.421 4.2 0.0 30 55,939.421 9.9 0.0 50.6
2 56,090.626 4.1 11,361.02 6.5 56,090.626 9.5 11,361.02 8.4
3 56,339.656 4 65,788.455 1.9 56,339.656 8.7 65,788.455 1.4
4 57,876.574 3.3 65,585.13 1.9 57,876.574 5.5 65,585.13 1.4
5 58,174.366 3.2 65,450.125 1.9 58,174.366 5.1 65,450.125 1.4

16 1 52,623.64 10.8 0.0 38.5 52,623.64 36.5 0.0 47.6
2 55,330.811 7.8 52,623.64 32.1 55,330.811 14.9 52,623.64 31.7
3 22,179.954 3.5 63,446.065 13.6 22,179.954 4.3 63,446.065 8
4 63,446.065 2.6 396.055 6.9 63,446.065 1.9 396.055 8
5 63,457.142 2.6 573.64 2.6 63,457.142 1.9 573.64 1.3

17 1 71,958.363 7.7 0.0 42.4 71,958.363 22.5 0.0 67.2
2 72,488.568 7.3 71,958.363 12.2 72,488.568 18.3 882.3515 17.1
3 72,827.038 7 882.3515 12.1 72,827.038 16.1 71,958.363 6.1
4 74,225.846 5.9 87,979.49 1.1 74,225.846 9.7 87,979.49 0.4
5 74,865.667 5.4 88,080.042 1.1 74,865.667 7.8 88,080.042 0.4

18 1 93,143.76 11.3 0.0 29.3 93,143.76 30.0 93,143.76 40.8
2 93,750.5978 10.5 93,143.76 28.6 93,750.5978 22.9 0.0 36.6
3 94,553.6652 9.5 94,553.6652 9.6 94,553.6652 16.1 94,553.6652 12.8
4 95,399.8276 8.5 112,750.153 1.1 95,399.8276 11.4 112,750.153 0.3
5 104,102.099 2.1 113,716.555 0.9 104,102.099 0.8 113,716.555 0.3

19 1 0.0 36.5 0.0 65.5 0.0 87.8 0.0 94
2 12,985.18572 5.4 30,617.31 0.4 12,985.18572 1.2 30,617.31 0.1
3 13,042.89603 5.4 30,617.31 0.4 13,042.89603 1.1 30,617.31 0.1
4 21,026.551 1.5 33,910.42 0.3 21,026.551 0.3 33,910.42 0
5 21,534.68 1.4 33,910.42 0.3 21,534.68 0.3 33,910.42 0

20 1 15,157.901 10.3 15,210.063 14.9 15,157.901 21.2 15,157.901 25.8
2 15,210.063 10.2 15,157.901 14.4 15,210.063 20.7 15,210.063 24.8
3 15,315.943 10.1 15,315.943 14 15,315.943 19.7 15,315.943 23.9
4 0.0 8.7 20,335.36 9.3 0.0 18.7 0.0 8.5
5 20,335.36 5.1 20,349.26 8.3 20,335.36 2.7 20,335.36 4

21 1 11,677.38 3.3 0.0 12.3 11,519.99 11.8 11,519.99 13.9
2 11,610.28 3.3 168.34 10.6 11,557.69 11.8 11,557.69 13.9
3 11,557.69 3.3 11,519.99 6.2 11,610.28 11.8 11,610.28 13.9
4 11,519.99 3.3 11,557.69 5.7 11,677.38 11.8 11,677.38 13.9
5 14,926.07 3 11,610.28 5.6 14,926.07 4.6 0.0 8.5

22 1 14,105.634 1.4 0.0 6 13,981.773 5.3 15,877.081 5.4
2 14,028.436 1.4 386.874 5.2 14,028.436 5.3 16,106.076 4.9
3 13,981.773 1.4 170.1328 4.9 14,105.634 5.2 15,975.631 4.7
4 15,108.111 1.4 6598.765 4.3 15,108.111 4.3 15,108.111 4.2
5 15,156.802 1.4 6742.756 3.8 15,156.802 4.3 15,156.802 4.2

23 1 13,801.54 1.3 2153.21 6.2 13,801.54 4.7 14,909.97 4.1
2 13,810.94 1.3 2220.11 5.6 13,810.94 4.7 14,949.37 4
3 14,514.76 1.3 2311.36 4.9 14,514.76 3.9 15,000.94 3.9
4 14,548.81 1.3 2112.28 4.3 14,548.81 3.9 15,062.96 3.9
5 14,909.97 1.3 2424.78 4.2 11,100.59 3.4 2220.11 3.4

24 1 8307.5753 2.8 0.0 11.5 8307.5753 11.1 8307.5753 11.4
2 8095.1842 2.8 7593.1484 6.6 8095.1842 10.0 8095.1842 10.4
3 7927.441 2.7 7810.7795 4.2 7927.441 9.2 7927.441 9.6
4 7810.7795 2.7 7927.441 4.2 7810.7795 8.7 7593.1484 9.4
5 7750.7465 2.7 8095.1842 4.1 7750.7465 8.5 7810.7795 9.1

25 1 18,705.37 4.3 0.0 13.6 18,531.64 11.9 18,705.37 14.6
2 18,531.64 4.3 18,402.46 6.8 18,705.37 11.8 18,402.46 13.8
3 18,402.46 4.3 18,705.37 6.6 18,402.46 11.8 18,531.64 13.5
4 17,637.15 4.2 18,531.64 6.4 17,637.15 10.7 17,637.15 9.9
5 17,568.48 4.2 17,451.52 5.6 17,568.48 10.5 17,568.48 9.8

26 1 22,650.416 1.3 0.0 8 22,249.429 3.2 22,650.416 5.4
2 22,838.323 1.3 415.933 6.2 22,650.416 3.2 23,270.384 5
3 22,845.869 1.3 704.007 5.8 21,999.13 3.2 0.0 4.4
4 22,946.816 1.3 888.132 4.7 22,838.323 3.1 23,244.838 4.3
5 22,996.674 1.3 19,350.891 2.4 22,845.869 3.1 23,192.5 4.1

27 1 22,475.36 2 0.0 7.7 21,920.09 6.4 23,611.78 9.1
2 23,152.57 2 816.0 5.9 22,475.36 6.4 23,855.62 8.3
3 21,920.09 2 1406.84 4.7 21,780.47 6.4 24,326.11 6.8
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Table 2 (continued)

A++ K→A(k)+ K+

40 keV 5 keV

A+ Initial (0.0 cm) Final (120.0 cm) Initial (0.0 cm) Final (120.0 cm)

(Z) # Level (cm−1) % Level (cm−1) % Level (cm−1) % Level (cm−1) %

4 23,184.23 2 1809.33 3.6 21,215.9 5.8 24,733.28 5.6
5 23,207.76 2 23,611.78 3.6 23,152.57 5.7 25,041.16 4.7

28 1 22,102.325 4.5 204.787 16 22,102.325 32.6 22,102.325 16.5
2 16,017.306 3.5 0.0 13.7 16,017.306 10.3 0.0 11.5
3 15,734.001 3.4 879.816 12.1 15,734.001 8.8 16,017.306 9.3
4 15,609.844 3.4 1713.087 6.6 15,609.844 8.2 25,753.553 9
5 25,753.553 3.3 1332.164 5 14,728.84 5.1 204.787 8.7

29 1 13,245.443 18.8 0.0 39.9 13,245.443 41.7 13,245.443 41.8
2 30,535.324 14 13,245.443 19.2 11,202.618 17.8 0.0 31.7
3 11,202.618 13.5 11,202.618 16.7 30,535.324 14.3 11,202.618 18.9
4 30,783.697 13.4 39,018.69 2.7 30,783.697 12.9 39,018.69 1
5 39,018.69 2.7 40,909.16 1.9 39,018.69 1.0 40,909.16 0.7

30 1 32,890.352 27.1 32,890.352 29.4 32,890.352 37.8 32,890.352 37.9
2 32,501.421 26.4 32,501.421 28.7 32,501.421 32.2 32,501.421 32.3
3 32,311.35 26.1 32,311.35 28.4 32,311.35 29.5 32,311.35 29.6
4 46,745.413 5.5 46,745.413 2 46,745.413 0.2 46,745.413 0.1
5 53,672.28 1.4 53,672.28 1.5 53,672.28 0.0 53,672.28 0

31 1 826.19 39.7 826.19 41.6 826.19 58.0 826.19 58.2
2 0.0 34.7 0.0 40.2 0.0 37.8 0.0 38.8
3 24,788.53 3.9 33,044.05 0.8 24,788.53 0.7 33,044.05 0.1
4 33,044.05 0.8 33,155.07 0.8 33,044.05 0.1 33,155.07 0.1
5 33,155.07 0.8 37,975.768 0.4 33,155.07 0.1 37,975.768 0.1

32 1 16,367.3332 39.9 557.1341 28.3 16,367.3332 83.5 16,367.3332 42.6
2 7125.2989 7.3 0.0 18.6 7125.2989 2.4 557.1341 17.8
3 37,451.6893 6 16,367.3332 8.8 37,451.6893 1.7 0.0 12
4 37,702.3054 5.7 1409.9609 7.5 37,702.3054 1.6 1409.9609 4.6
5 39,117.9021 4.1 7125.2989 4.9 39,117.9021 1.1 7125.2989 3.7

33 1 50,693.8 12.2 50,693.8 16.1 50,693.8 14.1 50,693.8 18.4
2 51,610.2 9.8 51,610.2 13 51,610.2 10.7 51,610.2 13.9
3 52,897.9 7.3 52,897.9 9.6 52,897.9 7.4 52,897.9 9.7
4 53,135.6 6.9 55,366.4 5.5 53,135.6 7.0 55,366.4 5.2
5 54,605.3 4.9 53,135.6 4.6 18,647.5 5.0 53,135.6 4.6

34† 1 48,182.19 24.1 48,182.19 33.4
2 50,996.931 12.2 22,446.202 13.7
3 22,446.202 11.9 50,996.931 12.6
4 59,242.798 1.9 59,242.798 1.6
5 59,287.818 1.9 59,287.818 1.5

35 1 63,436.45 19.7 63,436.45 23.8 63,436.45 30.6 63,436.45 35.4
2 64,907.19 13.9 64,907.19 16.8 64,907.19 17.0 64,907.19 19.7
3 66,883.87 8.6 66,883.87 10.4 66,883.87 8.5 66,883.87 9.8
4 67,183.58 8 67,183.58 4.8 67,183.58 7.7 67,183.58 4.4
5 68,970.21 5.2 68,970.21 3.1 68,970.21 4.4 68,970.21 2.6

36 1 79,971.7417 23.5 79,971.7417 30.2 79,971.7417 36.6 79,971.7417 42.6
2 80,916.768 18.8 80,916.768 22.6 80,916.768 23.7 80,916.768 26.3
3 85,191.6166 6.6 85,191.6166 5.5 85,191.6166 5.1 85,191.6166 4.1
4 85,846.7046 5.6 85,846.7046 5.1 85,846.7046 4.3 85,846.7046 3.6
5 91,168.515 1.6 91,168.515 1.5 91,168.515 1.2 91,168.515 1

37 1 0.0 58.5 0.0 63.3 0.0 79.6 0.0 82.3
2 12,578.95 3 12,816.545 3.2 12,578.95 1.6 12,816.545 1.6
3 12,816.545 2.9 19,355.203 0.9 12,816.545 1.5 19,355.203 0.5
4 19,355.203 0.9 19,355.649 0.9 19,355.203 0.5 19,355.649 0.5
5 19,355.649 0.9 20,132.51 0.8 19,355.649 0.5 20,132.51 0.4

38 1 0.0 33.9 0.0 20.1 0.0 82.4 0.0 66.7
2 14,317.507 11.6 14,317.507 17.3 14,317.507 3.9 14,317.507 9.3
3 14,504.334 11.1 14,898.545 14.4 14,504.334 3.6 14,898.545 7.1
4 14,898.545 10.1 14,504.334 13.5 14,898.545 3.1 14,504.334 4.9
5 18,159.04 4.5 18,159.04 7.8 18,159.04 1.0 18,159.04 2.9

39 1 10,529.169 6.1 0.0 6.7 10,529.169 20.5 10,529.169 20.5
2 10,937.39 5.9 10,937.39 6.2 10,937.39 15.9 10,937.39 16
3 11,078.614 5.8 10,529.169 6.1 11,078.614 14.5 11,078.614 14.5
4 11,277.928 5.7 11,078.614 5.9 11,277.928 12.7 11,277.928 12.7
5 11,359.757 5.6 11,277.928 5.9 11,359.757 12.0 11,359.757 12

40† 1 12,342.37 2.2 11,956.33 7.7
2 12,503.44 2.2 12,342.37 7.6
3 11,956.33 2.2 12,503.44 7.5
4 12,760.66 2.2 11,640.72 7.4
5 12,772.78 2.2 12,760.66 7.0

41† 1 13,404.77 1.7 13,145.71 4.7
2 13,145.71 1.7 13,012.2 4.7
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Table 2 (continued)

A++ K→A(k)+ K+

40 keV 5 keV

A+ Initial (0.0 cm) Final (120.0 cm) Initial (0.0 cm) Final (120.0 cm)

(Z) # Level (cm−1) % Level (cm−1) % Level (cm−1) % Level (cm−1) %

3 13,515.2 1.7 12,982.38 4.7
4 13,629.15 1.7 13,404.77 4.6
5 13,012.2 1.7 12,692.12 4.6

42 1 16,641.081 3.3 0.0 5.2 16,641.081 12.8 16,641.081 13.1
2 16,692.905 3.3 16,692.905 3.9 16,692.905 12.5 16,692.905 12.9
3 16,747.72 3.3 16,747.72 3.9 16,747.72 12.2 16,747.72 12.6
4 16,783.856 3.3 16,641.081 3.9 16,783.856 12.1 16,783.856 12.4
5 16,784.522 3.3 16,783.856 3.9 16,784.522 12.1 16,784.522 12.4

43 1 16,287.79 2.4 16,428.71 4.7 16,025.15 6.1 16,428.71 10.4
2 16,133.98 2.4 16,874.51 4.7 16,133.98 6.1 16,874.51 9.1
3 16,025.15 2.4 17,522.92 4.6 15,770.42 6.1 17,522.92 6.6
4 16,415.64 2.4 0.0 4.5 16,287.79 6.0 16,025.15 5.4
5 16,428.71 2.4 16,287.79 2.4 15,624.25 5.9 16,133.98 5.4

44 1 17,096.87 2.8 0.0 3.5 17,096.87 12.6 17,096.87 18.6
2 17,045.97 2.8 17,096.87 3.2 17,045.97 12.3 16,240.13 12
3 16,712.58 2.8 16,240.13 3 16,712.58 10.6 16,712.58 11.2
4 16,240.13 2.7 15,550.16 2.8 16,240.13 8.1 16,190.61 8.3
5 20,055.71 2.7 1190.64 2.6 16,190.61 7.8 15,550.16 7.6

45 1 16,943.5 6.9 16,943.5 11.3 16,943.5 26.4 16,943.5 36.7
2 16,120.72 6.3 16,118.69 10.3 16,120.72 15.0 16,118.69 20.8
3 16,118.69 6.3 0.0 9.4 16,118.69 15.0 16,120.72 10.4
4 16,017.94 6.2 14,787.87 8.4 16,017.94 13.9 16,017.94 9.6
5 14,787.87 5.2 12,723.07 5.7 14,787.87 5.7 14,787.87 7.9

46 1 25,101.235 20.3 25,101.235 25.2 25,101.235 62.9 25,101.235 63.6
2 28,213.767 18.3 28,213.767 22.7 28,213.767 27.0 28,213.767 27.3
3 29,711.109 14.7 29,711.109 18.2 29,711.109 7.5 29,711.109 7.5
4 34,068.977 5.5 6564.148 8.4 34,068.977 0.5 6564.148 0.4
5 35,041.751 4.3 34,068.977 3.7 35,041.751 0.3 34,068.977 0.3

47 1 29,552.05741 29.6 0.0 59.1 29,552.05741 34.8 0.0 62.9
2 30,242.29835 24.7 30,242.29835 24.7 30,242.29835 26.2 30,242.29835 26.2
3 30,472.66516 23.2 34,714.22643 7.9 30,472.66516 23.9 34,714.22643 5.7
4 34,714.22643 7.9 42,556.147 1.5 34,714.22643 5.7 42,556.147 0.9
5 0.0 4.3 51,886.965 0.3 0.0 2.9 51,886.965 0.2

48 1 31,826.952 31.8 31,826.952 32.7 30,656.087 36.4 0.0 36.3
2 30,656.087 31.7 30,113.99 32 31,826.952 33.6 31,826.952 33.7
3 30,113.99 30.8 0.0 28.5 30,113.99 29.9 30,113.99 29.9
4 43,692.384 2.4 30,656.087 5.1 43,692.384 0.0 30,656.087 0.2
5 51,483.98 0.4 58,390.9 0.1 51,483.98 0.0 53,310.101 0

49 1 2212.599 56.8 2212.599 57.1 2212.599 83.3 2212.599 83.4
2 0.0 36.9 0.0 38.3 0.0 16.2 0.0 16.3
3 24,372.957 1 31,816.982 0.2 24,372.957 0.1 31,816.982 0
4 31,816.982 0.2 32,115.251 0.2 31,816.982 0.0 32,115.251 0
5 32,115.251 0.2 34,977.678 0.2 32,115.251 0.0 34,977.678 0

50 1 17,162.499 67.5 17,162.499 26.1 17,162.499 99.1 17,162.499 95.4
2 8612.955 12.4 1691.806 15.7 8612.955 0.4 8612.955 1.3
3 3427.673 3.5 8612.955 14.5 3427.673 0.1 1691.806 0.9
4 1691.806 2.4 3427.673 13.9 1691.806 0.1 3427.673 0.8
5 0.0 1.7 0.0 11.4 0.0 0.0 0.0 0.7

51 1 18,464.202 35.9 18,464.202 29.5 18,464.202 46.4 18,464.202 39.9
2 16,395.359 21.2 0.0 19.1 16,395.359 21.6 16,395.359 18.5
3 43,249.337 6.3 16,395.359 17.5 43,249.337 5.0 0.0 15.7
4 9854.018 4.8 9854.018 5.5 9854.018 3.8 9854.018 4.5
5 8512.125 3.6 8512.125 5.4 8512.125 2.9 8512.125 4.5

52 1 23,198.392 50.3 0.0 30.8 23,198.392 69.4 23,198.392 37.2
2 44,253.0 11 23,198.392 21 44,253.0 7.5 0.0 26.8
3 46,652.738 5.7 54,160.094 2.2 46,652.738 3.6 54,160.094 1.7
4 10,557.877 2.7 54,199.122 2.1 10,557.877 1.7 54,199.122 1.7
5 4750.712 1.1 54,535.345 2 4750.712 0.7 54,535.345 1.6

53 1 54,633.46 20.8 0.0 36.2 54,633.46 24.5 0.0 41.2
2 56,092.881 13.6 7602.97 5 56,092.881 14.8 7602.97 5
3 60,896.243 3.8 63,186.758 2.4 60,896.243 3.8 63,186.758 2.4
4 61,819.779 3.1 64,906.29 1.7 61,819.779 3.1 64,906.29 1.7
5 63,186.758 2.3 64,989.994 1.6 63,186.758 2.3 64,989.994 1.6

54 1 67,067.547 24.3 67,067.547 27.9 67,067.547 27.5 67,067.547 31.2
2 68,045.156 18.2 0.0 23.4 68,045.156 19.3 0.0 24.3
3 76,196.767 2.2 76,196.767 1.8 76,196.767 2.2 76,196.767 1.8
4 77,185.041 1.8 78,403.061 1.7 77,185.041 1.8 78,403.061 1.6
5 77,269.145 1.8 78,119.798 1.6 77,269.145 1.7 78,119.798 1.5

55 1 0.0 56.8 0.0 68.1 0.0 62.1 0.0 72.8

(continued on next page)

A.R. Vernon et al. Spectrochimica Acta Part B 153 (2019) 61–83

69



Table 2 (continued)

A++ K→A(k)+ K+

40 keV 5 keV

A+ Initial (0.0 cm) Final (120.0 cm) Initial (0.0 cm) Final (120.0 cm)

(Z) # Level (cm−1) % Level (cm−1) % Level (cm−1) % Level (cm−1) %

2 11,178.26816 3.3 18,535.5286 0.9 11,178.26816 2.9 18,535.5286 0.8
3 11,732.3071 2.9 22,588.821 0.5 11,732.3071 2.6 22,588.821 0.4
4 14,499.2568 1.7 22,631.6863 0.5 14,499.2568 1.6 22,631.6863 0.4
5 14,596.84232 1.7 24,317.1494 0.4 14,596.84232 1.5 24,317.1494 0.3

56 1 0.0 48.8 0.0 27 0.0 98.3 0.0 95.5
2 9033.966 9.1 9033.966 15.7 9033.966 0.4 9033.966 1.2
3 9215.501 8.6 9215.501 14.8 9215.501 0.3 9215.501 1.1
4 9596.533 7.7 9596.533 12.8 9596.533 0.3 9596.533 0.9
5 11,395.35 4.5 12,266.024 5.8 11,395.35 0.1 12,266.024 0.3

57† 1 3494.526 7.2 3494.526 22.8
2 4121.572 7.1 3010.002 20.7
3 3010.002 7.1 4121.572 20.4
4 2668.188 6.9 2668.188 17.8
5 1053.164 5.7 1053.164 5.3

58† 1 3312.24 1.2 3210.583 4.2
2 3210.583 1.2 3196.607 4.2
3 3196.607 1.2 3312.24 4.1
4 3100.151 1.2 3100.151 4.1
5 3710.513 1.2 3710.513 3.9

59† 1 2846.75 3.6 2846.75 25.3
2 1376.6 3.3 1376.6 14.9
3 4381.1 3.3 4381.1 11.5
4 4432.22 3.3 4432.22 11.0
5 4866.54 3.1 4866.54 7.6

60 1 3681.696 3.8 3681.696 3.3 3681.696 28.7 3681.696 28
2 2366.597 3.7 2366.597 3.2 2366.597 26.3 2366.597 25.6
3 5048.602 3.4 5048.602 2.9 5048.602 11.5 5048.602 11.2
4 1128.056 3.3 1128.056 2.8 1128.056 10.9 1128.056 10.6
5 0.0 2.7 0.0 2.5 0.0 4.2 0.0 4.1

61† 1 3919.03 9 3919.03 22.6
2 2797.1 8.7 2797.1 19.1
3 5089.79 8.4 5089.79 11.9
4 5249.48 8.3 5249.48 10.5
5 5460.5 8.1 1748.78 9.2

62 1 4020.66 7.1 4020.66 7.1 4020.66 37.9 4020.66 37.8
2 3125.46 6.8 3125.46 6.7 3125.46 27.7 3125.46 27.6
3 2273.09 6.1 2273.09 6.1 2273.09 14.5 2273.09 14.5
4 1489.55 5.4 1489.55 5.4 1489.55 7.2 1489.55 7.2
5 811.92 4.7 811.92 4.7 811.92 3.9 811.92 3.9

63 1 0.0 19.1 0.0 46.4 0.0 60.7 0.0 82.2
2 12,923.72 5.6 15,137.72 4.7 12,923.72 3.4 15,137.72 1.7
3 13,048.9 5.4 15,248.76 4.6 13,048.9 3.2 15,248.76 1.7
4 13,222.04 5.1 15,421.25 4.5 13,222.04 2.9 15,421.25 1.6
5 13,457.21 4.8 15,680.28 4 13,457.21 2.7 15,680.28 1.4

64 1 8498.434 2.8 10,222.233 4 7947.294 9.3 7653.927 13.8
2 7947.294 2.8 10,359.905 3.9 8498.434 9.1 7562.457 13.3
3 7653.927 2.8 10,576.41 3.8 7653.927 8.6 7426.71 12.5
4 7562.457 2.8 10,883.505 3.6 7562.457 8.3 7234.91 11.2
5 7480.348 2.8 7653.927 3.6 7480.348 8.0 6976.508 9.4

65† 1 5829.86 2.2 5829.86 6.0
2 6259.09 2.1 5483.98 5.7
3 6351.75 2.1 6259.09 5.6
4 6488.28 2.1 5425.06 5.6
5 5483.98 2.1 6351.75 5.5

66 1 7050.603 8.5 7050.603 9.3 7050.603 35.2 7050.603 35.5
2 7565.61 8.2 7565.61 9 7565.61 25.9 7565.61 26.2
3 8519.21 7.3 8519.21 8.1 8519.21 11.5 8519.21 11.6
4 4134.222 6.7 4134.222 7.8 4134.222 9.1 4134.222 9.2
5 9211.591 6.5 9211.591 7.1 9211.591 6.0 9211.591 6

67 1 8605.16 22.6 8605.16 24.5 8605.16 49.2 8605.16 49.6
2 5419.7 21.3 5419.7 23 5419.7 40.5 5419.7 40.8
3 10,695.75 15.2 10,695.75 16.5 10,695.75 7.0 10,695.75 7
4 13,094.42 7.5 0.0 6.7 13,094.42 1.1 0.0 0.7
5 0.0 5.3 13,094.42 4.4 0.0 0.6 13,094.42 0.6

68 1 6958.329 18.7 6958.329 20.9 6958.329 69.7 6958.329 74.3
2 10,750.982 14 10,750.982 15.6 5035.193 13.0 10,750.982 11.6
3 5035.193 13.9 5035.193 9.8 10,750.982 10.9 5035.193 8.8
4 12,377.534 9.2 12,377.534 6.5 12,377.534 2.5 12,377.534 1.7
5 13,097.906 7.4 13,097.906 5.2 13,097.906 1.4 13,097.906 1
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Table 2 (continued)

A++ K→A(k)+ K+

40 keV 5 keV

A+ Initial (0.0 cm) Final (120.0 cm) Initial (0.0 cm) Final (120.0 cm)

(Z) # Level (cm−1) % Level (cm−1) % Level (cm−1) % Level (cm−1) %

69 1 8771.243 63.7 8771.243 60.7 8771.243 99.1 8771.243 99
2 0.0 8.9 0.0 10.5 0.0 0.3 0.0 0.3
3 20,406.84 2.5 22,419.764 2.2 20,406.84 0.1 22,419.764 0
4 21,799.38 1.6 22,559.502 2.1 21,799.38 0.0 22,559.502 0
5 22,419.764 1.3 20,406.84 2.1 22,419.764 0.0 20,406.84 0

70 1 17,288.439 26.7 0.0 36.3 17,288.439 28.6 0.0 37.3
2 0.0 23.2 17,288.439 33 0.0 25.5 17,288.439 35.8
3 17,992.007 20.9 19,710.388 14.2 17,992.007 20.6 19,710.388 12.9
4 19,710.388 11.5 24,489.102 3.2 19,710.388 10.3 24,489.102 2.9
5 24,489.102 2.6 24,751.948 3 24,489.102 2.3 24,751.948 2.7

71 1 1993.92 31.1 1993.92 31.6 1993.92 63.4 1993.92 63.4
2 4136.13 27.5 4136.13 27.6 4136.13 21.9 4136.13 21.9
3 0.0 24.2 0.0 25.7 0.0 13.6 0.0 13.6
4 7476.39 11.7 7476.39 11.7 7476.39 1.0 7476.39 1
5 17,427.28 0.4 18,851.31 0.3 17,427.28 0.0 18,851.31 0

72 1 14,017.83 6.9 14,092.28 9.3 14,017.83 19.6 14,092.28 22.9
2 14,092.28 6.9 14,740.68 8.9 14,092.28 19.1 14,017.83 17.7
3 14,435.13 6.8 15,673.33 7.8 14,435.13 15.9 14,740.68 15.3
4 14,541.68 6.7 14,017.83 7 14,541.68 14.8 14,435.13 14.3
5 14,740.68 6.6 14,435.13 6.8 14,740.68 12.7 14,541.68 13.3

73 1 19,657.78 2.7 0.0 6.3 19,657.78 10.2 0.0 12.8
2 19,178.45 2.7 20,646.54 3.7 19,178.45 10.1 19,657.78 12.1
3 20,340.39 2.6 21,153.33 3.5 20,340.39 7.5 20,646.54 9.9
4 20,560.26 2.6 21,622.92 3.2 18,504.72 7.2 19,178.45 8.4
5 18,504.72 2.5 23,355.41 3.2 20,560.26 6.4 21,153.33 6.2

74 1 22,476.68 2.6 2951.29 8.9 22,476.68 8.5 1670.29 19.4
2 21,453.9 2.6 1670.29 8.6 21,453.9 8.4 0.0 10.2
3 21,448.76 2.6 0.0 6.4 21,448.76 8.3 22,476.68 9.4
4 22,773.78 2.6 4830.0 4.8 22,773.78 7.3 23,047.31 9.3
5 22,852.8 2.6 23,047.31 4.3 22,852.8 6.9 22,773.78 8.1

75† 1 21,775.4 4.9 21,775.4 17.0
2 22,160.04 4.9 22,160.04 15.7
3 22,422.83 4.8 22,422.83 13.9
4 23,154.81 4.5 20,481.73 9.0
5 20,481.73 4.5 20,447.8 8.8

76† 1 25,601.55 3.8 25,601.55 10.8
2 25,593.94 3.8 25,593.94 10.7
3 27,954.32 3.8 27,954.32 8.2
4 28,139.52 3.7 25,275.42 8.1
5 25,275.42 3.7 28,139.52 6.8

77 1 30,529.66 6 0.0 27.7 30,529.66 32.3 30,529.66 29.7
2 32,463.58 5.5 7106.61 8.5 32,463.58 13.0 7106.61 16.1
3 32,513.43 5.4 5784.62 8.2 32,513.43 12.4 0.0 15.5
4 32,830.78 5.1 32,830.78 7 32,830.78 8.9 5784.62 12.4
5 33,064.83 4.9 2834.98 6.5 33,064.83 7.0 32,830.78 11.5

78† 1 30,157.0 31.3 30,157.0 93.2
2 26,638.6 14.9 26,638.6 3.4
3 36,296.4 10 36,296.4 1.1
4 36,781.6 8.5 36,781.6 0.7
5 38,536.2 4.6 38,536.2 0.3

79 1 37,358.991 51.5 0.0 65.4 37,358.991 80.6 0.0 87.3
2 41,174.613 13.8 42,163.53 9.8 41,174.613 6.6 42,163.53 4.1
3 42,163.53 9.8 21,435.191 5.5 42,163.53 4.1 21,435.191 2.2
4 21,435.191 5.5 45,537.195 3.3 21,435.191 2.2 45,537.195 1.1
5 45,537.195 3.3 46,174.979 2.7 45,537.195 1.1 46,174.979 0.9

80 1 44,042.909 47.6 44,042.909 48.7 44,042.909 85.9 44,042.909 86
2 39,412.237 29.9 0.0 31.4 39,412.237 11.3 0.0 11.4
3 37,644.982 17.6 37,644.982 18.5 37,644.982 2.6 37,644.982 2.6
4 54,068.6829 2.1 71,336.005 0 54,068.6829 0.1 71,336.005 0
5 62,350.325 0.2 70,932.2 0 62,350.325 0.0 76,466.936 0

81 1 7792.7 86.3 7792.7 86.4 7792.7 99.7 7792.7 99.7
2 0.0 12 0.0 12.6 0.0 0.3 0.0 0.3
3 26,477.5 0.5 34,159.9 0.1 26,477.5 0.0 34,159.9 0
4 34,159.9 0.1 35,161.1 0.1 34,159.9 0.0 35,161.1 0
5 35,161.1 0.1 41,368.1 0 35,161.1 0.0 46,949.9 0

82 1 45,443.171 6.2 10,650.3271 11.4 45,443.171 5.9 10,650.3271 10.6
2 46,060.8364 5.6 7819.2626 5.7 46,060.8364 5.3 7819.2626 5.6
3 46,068.4385 5.6 0.0 5.6 46,068.4385 5.3 0.0 5.3
4 46,328.6668 5.3 52,101.66 2.1 46,328.6668 5.1 52,101.66 2.1
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elements are usually inaccessible to laser spectroscopy due to the va-
cuum-UV lasers that would be required for transitions from their atomic
ground states. The high reactivity of the elements also poses its own
experimental challenges, molecular formation is highly probably with
the traps often used for high-resolution laser spectroscopy. Laser spec-
troscopy studies of these elements would be important for both nuclear
structure [62] and environmental sciences [63,64,65]. Measurements
of these light elements are planned for the near future at the CRIS ex-
periment [66].

While the calculations were performed for 1≤ Z≤ 89 for com-
pleteness, the reliability is unknown for very light or heavy systems or
for systems for which little atomic data is known, as no experimental
data is available for comparison. These particular cases are indicated in
Tables 2 and 3. For elements with 1≤ Z≤ 3 at a beam energy of
TB=40 keV, their velocities are already above the limit of the assumed
intermediate velocity region. The validity of the above approach di-
minishes for heavier masses, where relativistic calculations are needed
[67]. For lighter masses such as hydrogen or helium, much experi-
mental data as well as advanced cross-section calculations are already
widely available however [41]. For many elements there exists limited
experimental atomic transition probability data, and in some cases even
atomic level data is limited. For these systems only the initial popula-
tions prior to the decay part of the simulations are included in the ta-
bles, although their atomic analogues can be used as a guide.

The total cross-sections used to normalize the relative populations
in this work are given in Table 4. Although accuracy of the values de-
pends highly on the completeness of atomic data, the values can be used
for estimations, and to determine the cross-section for the direct po-
pulation of the states listed in Tables 2 and 3.

4.2. High-lying state population background

Due to the high level density near the atomic continuum and the

long life times of high-lying Rydberg states, even for small cross sec-
tions for populating these states their sum contribution can be large,
which constitutes a large relative atomic population near the IP of the
atom. The population of these high lying states creates a fraction of the
atomic ensemble which have a higher probability for laser-induced and
collisional ionization [15], significantly contributing to background of
CLS experiments. Using the relative atomic population results already
discussed, the fraction of the atomic population within the reach of
Nd:YAG laser harmonic wavelengths is shown in Fig. 5. These are ty-
pical non-resonant laser ionization pulse wavelengths used for CRIS.
The values give a measure of the background one can expect for each
element. The population of these states is highest for elements with a
difference in IP from potassium or sodium close to its own IP i.e.
IB≃ 2IA. In these cases the population of the high-lying states will be
proportional to the total cross section for neutralisation, and the energy
dependence can be seen in Table 9. At online isotope separation facil-
ities such as ISOLDE, isobaric contamination can be many orders of
magnitude larger than the isotope of interest [68]. Therefore knowl-
edge of the magnitude of this source of background for each element is
important. Experimentally, this source of background can be reduced
with the use of field-ionization plates [69], or non-resonant ionization
laser pulses before the measurement window, for bunched beam CLS
experiments.

4.3. Asymmetric lineshapes

For the measurements of the hyperfine structure of 113,115In, peak
asymmetry was observed in the spectra of both the 5p 2P3/2 → 9s 2S1/2
(246.8 nm) and 5p 2P1/2 → 8s 2S1/2 (246.0 nm) transitions, which from
simulation was expected to be due to the population of the 5p 2P1/2 and
5p 2P3/2 states by intermediate states following neutralisation (as
shown in Fig. 6).

The additional energy defect E∗ required to populate these states

Table 2 (continued)

A++ K→A(k)+ K+

40 keV 5 keV

A+ Initial (0.0 cm) Final (120.0 cm) Initial (0.0 cm) Final (120.0 cm)

(Z) # Level (cm−1) % Level (cm−1) % Level (cm−1) % Level (cm−1) %

5 52,101.66 2.1 52,311.315 2.1 52,101.66 2.1 52,311.315 2.1
83 1 15,437.501 52.6 15,437.501 52.9 15,437.501 90.2 15,437.501 90.2

2 21,660.914 28 21,660.914 28.1 21,660.914 7.2 21,660.914 7.2
3 11,419.039 16.4 11,419.039 16.6 11,419.039 2.5 11,419.039 2.5
4 32,588.221 0.8 0.0 0.9 32,588.221 0.0 0.0 0.1
5 0.0 0.7 33,164.805 0.7 0.0 0.0 33,164.805 0

84† 1 21,679.11 70.9 21,679.11 89.9
2 16,831.61 14.8 16,831.61 5.8
3 39,081.19 4.9 39,081.19 1.5
4 40,802.7 3 40,802.7 0.9
5 42,718.0 1.8 42,718.0 0.5

85‡

86† 1 54,620.35 45.5 54,620.35 49.2
2 55,989.03 28 55,989.03 27.6
3 66,244.97 1.8 66,244.97 1.6
4 66,707.53 1.6 66,707.53 1.4
5 67,906.52 1.3 67,906.52 1.1

87† 1 0.0 78.4 0.0 88.7 0.0 83.1 0.0 91.7
2 12,237.409 2.4 16,229.87 1.4 12,237.409 1.9 16,229.87 1.2
3 13,923.998 1.7 16,429.64 1.3 13,923.998 1.3 16,429.64 1.1
4 16,229.87 1.1 19,739.98 0.9 16,229.87 0.9 19,739.98 0.9
5 16,429.64 1.1 30,936.325 0.1 16,429.64 0.8 30,936.325 0.1

88‡

89 1 2231.43 43.2 2231.43 80.4
2 0.0 34 0.0 18.8
3 9217.28 5.5 9217.28 0.2
4 9863.59 4.3 9863.59 0.1
5 10,000.0 4 10,000.0 0.1
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Table 3
Atomic population distribution simulation results for neutralisation of an ion beam of elements A= 1–90 by free Na atoms. Atomic data sourced from the NIST
atomic database[48]. Only the 5 most populous states are listed in this table. † - insufficient transition data was available for these elements. ⋆ - these light elements
are outside of the intermediate velocity region at 40 keV. The columns for 0 cm and 120 cm flight distance give respectively the initial populations after charge
exchange at 0 cm and the final populations after a further 120 cm of atom flight at the corresponding beam energy.

A++ K→A(k)+ K+

40 keV 5 keV

A+ Initial (0.0 cm) Final (120.0 cm) Initial (0.0 cm) Final (120.0 cm)

(Z) # Level (cm−1) % Level (cm−1) % Level (cm−1) % Level (cm−1) %

1★ 1 107,965.04916 1 0.0 41.5 82,258.91911 4.4 0.0 60.8
2 107,965.04971 1 82,258.9544 1.8 82,258.9544 4.4 82,258.9544 4.9
3 107,965.05487 1 107,440.43933 1 82,259.158 4.4 107,440.4385 0.8
4 107,965.05488 1 108,324.72418 1 82,259.285 4.4 107,440.43933 0.8
5 107,965.05677 1 108,324.72416 1 97,492.2112 1.8 107,965.04916 0.7

2★ 1 166,277.44014 1.2 159,855.97433 52.9 159,855.97433 16.4 159,855.97433 75.8
2 169,086.76647 1.2 0.0 9.1 166,277.44014 10.4 0.0 7
3 169,086.8429 1.2 193,921.61495 0.7 169,086.76647 7.5 166,277.44014 4.3
4 169,087.83081 1.2 193,921.61772 0.7 169,086.8429 7.5 193,921.61495 0.3
5 159,855.97433 1.2 193,921.62024 0.7 169,087.83081 7.5 193,921.61772 0.3

3★ 1 0.0 4.4 0.0 52.5 0.0 53.2 0.0 90.2
2 14,903.66 4.1 42,003.3 0.7 14,903.66 12.5 42,003.3 0.2
3 14,904.0 4.1 42,298.0 0.7 14,904.0 12.5 42,298.0 0.1
4 27,206.12 2.4 42,389.0 0.7 27,206.12 1.4 42,389.0 0.1
5 30,925.38 1.8 42,389.0 0.7 30,925.38 0.7 42,389.0 0.1

4 1 42,565.35 4.2 21,978.28 64.2 42,565.35 26.8 21,978.28 44.8
2 21,981.27 3.1 21,978.925 15.5 21,981.27 15.0 21,978.925 21.6
3 21,978.925 3.1 0.0 6.3 21,978.925 15.0 21,981.27 18.2
4 21,978.28 3.1 21,981.27 5.9 21,978.28 15.0 0.0 13
5 52,080.94 2.9 56,882.43 1.6 52,080.94 3.3 56,882.43 0.8

5 1 28,647.43 7 0.0 37.1 28,647.43 30.6 28,647.43 30.6
2 28,652.07 7 15.287 14.4 28,652.07 30.6 28,652.07 30.5
3 28,658.4 7 28,647.43 6.9 28,658.4 30.5 28,658.4 30.5
4 40,039.6907 5.2 28,652.07 6.9 40,039.6907 2.6 0.0 5.7
5 47,856.809 3.2 28,658.4 6.9 15.287 0.5 15.287 1.3

6 1 60,333.43 2.2 16.4 36.7 60,333.43 11.7 16.4 48.3
2 60,352.63 2.1 0.0 21.1 60,352.63 11.7 0.0 29.2
3 60,393.14 2.1 43.4 13.4 60,393.14 11.6 43.4 9.2
4 61,981.82 2 10,192.63 6 61,981.82 7.9 10,192.63 5.6
5 64,086.92 1.8 33,735.2 0.8 33,735.2 4.9 33,735.2 2.6

7 1 83,284.07 2.4 0.0 54.7 83,284.07 16.2 0.0 82.8
2 83,317.83 2.4 19,224.464 8 83,317.83 16.0 19,224.464 6.1
3 83,364.62 2.4 19,233.177 5.1 83,364.62 15.8 19,233.177 5.6
4 86,137.35 2.2 28,838.92 1.1 86,137.35 7.5 28,838.92 0.2
5 86,220.51 2.2 106,868.635 1 86,220.51 7.3 106,868.635 0.2

8 1 73,768.2 6.1 73,768.2 46.8 73,768.2 54.6 73,768.2 72.3
2 76,794.978 5.5 0.0 19.9 76,794.978 23.1 0.0 21.8
3 86,625.757 2.7 158.265 4.1 86,625.757 1.5 158.265 1.1
4 86,627.778 2.7 102,865.655 0.9 86,627.778 1.5 102,865.655 0.1
5 86,631.454 2.7 226.977 0.7 86,631.454 1.5 105,441.645 0.1

9 1 102,405.71 6 102,405.71 19.1 102,405.71 23.4 102,405.71 29.8
2 102,680.44 6 102,680.44 16 102,680.44 22.0 102,680.44 27
3 102,840.38 6 102,840.38 10.8 102,840.38 21.2 102,840.38 24.9
4 104,731.05 5.7 104,731.05 7.8 104,731.05 12.8 104,731.05 8.2
5 105,056.28 5.6 105,056.28 5.1 105,056.28 11.7 105,056.28 6.9

10 1 134,041.84 6.6 0.0 25.2 134,041.84 26.4 0.0 44.9
2 134,459.2871 6.6 134,041.84 22.1 134,459.2871 24.9 134,041.84 33.4
3 134,818.6405 6.6 134,818.6405 7.1 134,818.6405 23.5 134,818.6405 18.6
4 135,888.7173 6.5 158,601.1152 2 135,888.7173 18.9 158,601.1152 0.1
5 148,257.7898 2.7 159,379.9935 0.8 148,257.7898 0.5 159,379.9935 0.1

11 1 0.0 26.4 0.0 72.9 0.0 95.5 0.0 98.8
2 16,956.17025 8.4 37,059.54 0.5 16,956.17025 0.8 37,059.54 0
3 16,973.36619 8.4 38,400.9 0.4 16,973.36619 0.8 38,400.9 0
4 25,739.999 2.5 38,400.904 0.4 25,739.999 0.1 38,400.904 0
5 29,172.837 1.5 38,401.147 0.4 29,172.837 0.1 38,401.147 0

12 1 21,850.405 13.4 21,870.464 27.8 21,850.405 32.6 21,850.405 33.3
2 21,870.464 13.4 21,850.405 26 21,870.464 32.5 21,870.464 33
3 21,911.178 13.4 21,911.178 22 21,911.178 32.3 21,911.178 32.7
4 35,051.264 5.3 0.0 6.3 35,051.264 0.5 0.0 0.4
5 0.0 2.9 46,403.065 2.3 0.0 0.2 46,403.065 0.1

13 1 112.061 18.4 0.0 41.5 112.061 46.9 0.0 48.6
2 0.0 18.3 112.061 30.3 0.0 45.1 112.061 48
3 25,347.756 5.8 29,020.41 3.5 25,347.756 1.2 29,020.41 0.6
4 29,020.41 3.5 29,066.96 3.5 29,020.41 0.6 29,066.96 0.5
5 29,066.96 3.5 29,142.78 3.4 29,066.96 0.5 29,142.78 0.5
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Table 3 (continued)

A++ K→A(k)+ K+

40 keV 5 keV

A+ Initial (0.0 cm) Final (120.0 cm) Initial (0.0 cm) Final (120.0 cm)

(Z) # Level (cm−1) % Level (cm−1) % Level (cm−1) % Level (cm−1) %

14 1 33,326.053 8.5 77.115 27.9 15,394.37 32.8 33,326.053 25
2 15,394.37 7.6 0.0 22.6 33,326.053 27.6 77.115 24.4
3 39,683.163 4.2 223.157 8.3 39,683.163 3.5 0.0 18.3
4 39,760.285 4.2 6298.85 5.3 39,760.285 3.4 15,394.37 7.6
5 39,955.053 4 33,326.053 5.2 39,955.053 3.2 223.157 5.7

15 1 55,939.421 4.2 0.0 30 55,939.421 9.9 0.0 50.6
2 56,090.626 4.1 11,361.02 6.5 56,090.626 9.5 11,361.02 8.4
3 56,339.656 4 65,788.455 1.9 56,339.656 8.7 65,788.455 1.4
4 57,876.574 3.3 65,585.13 1.9 57,876.574 5.5 65,585.13 1.4
5 58,174.366 3.2 65,450.125 1.9 58,174.366 5.1 65,450.125 1.4

16 1 52,623.64 10.8 0.0 38.5 52,623.64 36.5 0.0 47.6
2 55,330.811 7.8 52,623.64 32.1 55,330.811 14.9 52,623.64 31.7
3 22,179.954 3.5 63,446.065 13.6 22,179.954 4.3 63,446.065 8
4 63,446.065 2.6 396.055 6.9 63,446.065 1.9 396.055 8
5 63,457.142 2.6 573.64 2.6 63,457.142 1.9 573.64 1.3

17 1 71,958.363 7.7 0.0 42.4 71,958.363 22.5 0.0 67.2
2 72,488.568 7.3 71,958.363 12.2 72,488.568 18.3 882.3515 17.1
3 72,827.038 7 882.3515 12.1 72,827.038 16.1 71,958.363 6.1
4 74,225.846 5.9 87,979.49 1.1 74,225.846 9.7 87,979.49 0.4
5 74,865.667 5.4 88,080.042 1.1 74,865.667 7.8 88,080.042 0.4

18 1 93,143.76 11.3 0.0 29.3 93,143.76 30.0 93,143.76 40.8
2 93,750.5978 10.5 93,143.76 28.6 93,750.5978 22.9 0.0 36.6
3 94,553.6652 9.5 94,553.6652 9.6 94,553.6652 16.1 94,553.6652 12.8
4 95,399.8276 8.5 112,750.153 1.1 95,399.8276 11.4 112,750.153 0.3
5 104,102.099 2.1 113,716.555 0.9 104,102.099 0.8 113,716.555 0.3

19 1 0.0 36.5 0.0 65.5 0.0 87.8 0.0 94
2 12,985.18572 5.4 30,617.31 0.4 12,985.18572 1.2 30,617.31 0.1
3 13,042.89603 5.4 30,617.31 0.4 13,042.89603 1.1 30,617.31 0.1
4 21,026.551 1.5 33,910.42 0.3 21,026.551 0.3 33,910.42 0
5 21,534.68 1.4 33,910.42 0.3 21,534.68 0.3 33,910.42 0

20 1 15,157.901 10.3 15,210.063 14.9 15,157.901 21.2 15,157.901 25.8
2 15,210.063 10.2 15,157.901 14.4 15,210.063 20.7 15,210.063 24.8
3 15,315.943 10.1 15,315.943 14 15,315.943 19.7 15,315.943 23.9
4 0.0 8.7 20,335.36 9.3 0.0 18.7 0.0 8.5
5 20,335.36 5.1 20,349.26 8.3 20,335.36 2.7 20,335.36 4

21 1 11,677.38 3.3 0.0 12.3 11,519.99 11.8 11,519.99 13.9
2 11,610.28 3.3 168.34 10.6 11,557.69 11.8 11,557.69 13.9
3 11,557.69 3.3 11,519.99 6.2 11,610.28 11.8 11,610.28 13.9
4 11,519.99 3.3 11,557.69 5.7 11,677.38 11.8 11,677.38 13.9
5 14,926.07 3 11,610.28 5.6 14,926.07 4.6 0.0 8.5

22 1 14,105.634 1.4 0.0 6 13,981.773 5.3 15,877.081 5.4
2 14,028.436 1.4 386.874 5.2 14,028.436 5.3 16,106.076 4.9
3 13,981.773 1.4 170.1328 4.9 14,105.634 5.2 15,975.631 4.7
4 15,108.111 1.4 6598.765 4.3 15,108.111 4.3 15,108.111 4.2
5 15,156.802 1.4 6742.756 3.8 15,156.802 4.3 15,156.802 4.2

23 1 13,801.54 1.3 2153.21 6.2 13,801.54 4.7 14,909.97 4.1
2 13,810.94 1.3 2220.11 5.6 13,810.94 4.7 14,949.37 4
3 14,514.76 1.3 2311.36 4.9 14,514.76 3.9 15,000.94 3.9
4 14,548.81 1.3 2112.28 4.3 14,548.81 3.9 15,062.96 3.9
5 14,909.97 1.3 2424.78 4.2 11,100.59 3.4 2220.11 3.4

24 1 8307.5753 2.8 0.0 11.5 8307.5753 11.1 8307.5753 11.4
2 8095.1842 2.8 7593.1484 6.6 8095.1842 10.0 8095.1842 10.4
3 7927.441 2.7 7810.7795 4.2 7927.441 9.2 7927.441 9.6
4 7810.7795 2.7 7927.441 4.2 7810.7795 8.7 7593.1484 9.4
5 7750.7465 2.7 8095.1842 4.1 7750.7465 8.5 7810.7795 9.1

25 1 18,705.37 4.3 0.0 13.6 18,531.64 11.9 18,705.37 14.6
2 18,531.64 4.3 18,402.46 6.8 18,705.37 11.8 18,402.46 13.8
3 18,402.46 4.3 18,705.37 6.6 18,402.46 11.8 18,531.64 13.5
4 17,637.15 4.2 18,531.64 6.4 17,637.15 10.7 17,637.15 9.9
5 17,568.48 4.2 17,451.52 5.6 17,568.48 10.5 17,568.48 9.8

26 1 22,650.416 1.3 0.0 8 22,249.429 3.2 22,650.416 5.4
2 22,838.323 1.3 415.933 6.2 22,650.416 3.2 23,270.384 5
3 22,845.869 1.3 704.007 5.8 21,999.13 3.2 0.0 4.4
4 22,946.816 1.3 888.132 4.7 22,838.323 3.1 23,244.838 4.3
5 22,996.674 1.3 19,350.891 2.4 22,845.869 3.1 23,192.5 4.1

27 1 22,475.36 2 0.0 7.7 21,920.09 6.4 23,611.78 9.1
2 23,152.57 2 816.0 5.9 22,475.36 6.4 23,855.62 8.3
3 21,920.09 2 1406.84 4.7 21,780.47 6.4 24,326.11 6.8
4 23,184.23 2 1809.33 3.6 21,215.9 5.8 24,733.28 5.6
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Table 3 (continued)

A++ K→A(k)+ K+

40 keV 5 keV

A+ Initial (0.0 cm) Final (120.0 cm) Initial (0.0 cm) Final (120.0 cm)

(Z) # Level (cm−1) % Level (cm−1) % Level (cm−1) % Level (cm−1) %

5 23,207.76 2 23,611.78 3.6 23,152.57 5.7 25,041.16 4.7
28 1 22,102.325 4.5 204.787 16 22,102.325 32.6 22,102.325 16.5

2 16,017.306 3.5 0.0 13.7 16,017.306 10.3 0.0 11.5
3 15,734.001 3.4 879.816 12.1 15,734.001 8.8 16,017.306 9.3
4 15,609.844 3.4 1713.087 6.6 15,609.844 8.2 25,753.553 9
5 25,753.553 3.3 1332.164 5 14,728.84 5.1 204.787 8.7

29 1 13,245.443 18.8 0.0 39.9 13,245.443 41.7 13,245.443 41.8
2 30,535.324 14 13,245.443 19.2 11,202.618 17.8 0.0 31.7
3 11,202.618 13.5 11,202.618 16.7 30,535.324 14.3 11,202.618 18.9
4 30,783.697 13.4 39,018.69 2.7 30,783.697 12.9 39,018.69 1
5 39,018.69 2.7 40,909.16 1.9 39,018.69 1.0 40,909.16 0.7

30 1 32,890.352 27.1 32,890.352 29.4 32,890.352 37.8 32,890.352 37.9
2 32,501.421 26.4 32,501.421 28.7 32,501.421 32.2 32,501.421 32.3
3 32,311.35 26.1 32,311.35 28.4 32,311.35 29.5 32,311.35 29.6
4 46,745.413 5.5 46,745.413 2 46,745.413 0.2 46,745.413 0.1
5 53,672.28 1.4 53,672.28 1.5 53,672.28 0.0 53,672.28 0

31 1 826.19 39.7 826.19 41.6 826.19 58.0 826.19 58.2
2 0.0 34.7 0.0 40.2 0.0 37.8 0.0 38.8
3 24,788.53 3.9 33,044.05 0.8 24,788.53 0.7 33,044.05 0.1
4 33,044.05 0.8 33,155.07 0.8 33,044.05 0.1 33,155.07 0.1
5 33,155.07 0.8 37,975.768 0.4 33,155.07 0.1 37,975.768 0.1

32 1 16,367.3332 39.9 557.1341 28.3 16,367.3332 83.5 16,367.3332 42.6
2 7125.2989 7.3 0.0 18.6 7125.2989 2.4 557.1341 17.8
3 37,451.6893 6 16,367.3332 8.8 37,451.6893 1.7 0.0 12
4 37,702.3054 5.7 1409.9609 7.5 37,702.3054 1.6 1409.9609 4.6
5 39,117.9021 4.1 7125.2989 4.9 39,117.9021 1.1 7125.2989 3.7

33 1 50,693.8 12.2 50,693.8 16.1 50,693.8 14.1 50,693.8 18.4
2 51,610.2 9.8 51,610.2 13 51,610.2 10.7 51,610.2 13.9
3 52,897.9 7.3 52,897.9 9.6 52,897.9 7.4 52,897.9 9.7
4 53,135.6 6.9 55,366.4 5.5 53,135.6 7.0 55,366.4 5.2
5 54,605.3 4.9 53,135.6 4.6 18,647.5 5.0 53,135.6 4.6

34† 1 48,182.19 24.1 48,182.19 33.4
2 50,996.931 12.2 22,446.202 13.7
3 22,446.202 11.9 50,996.931 12.6
4 59,242.798 1.9 59,242.798 1.6
5 59,287.818 1.9 59,287.818 1.5

35 1 63,436.45 19.7 63,436.45 23.8 63,436.45 30.6 63,436.45 35.4
2 64,907.19 13.9 64,907.19 16.8 64,907.19 17.0 64,907.19 19.7
3 66,883.87 8.6 66,883.87 10.4 66,883.87 8.5 66,883.87 9.8
4 67,183.58 8 67,183.58 4.8 67,183.58 7.7 67,183.58 4.4
5 68,970.21 5.2 68,970.21 3.1 68,970.21 4.4 68,970.21 2.6

36 1 79,971.7417 23.5 79,971.7417 30.2 79,971.7417 36.6 79,971.7417 42.6
2 80,916.768 18.8 80,916.768 22.6 80,916.768 23.7 80,916.768 26.3
3 85,191.6166 6.6 85,191.6166 5.5 85,191.6166 5.1 85,191.6166 4.1
4 85,846.7046 5.6 85,846.7046 5.1 85,846.7046 4.3 85,846.7046 3.6
5 91,168.515 1.6 91,168.515 1.5 91,168.515 1.2 91,168.515 1

37 1 0.0 58.5 0.0 63.3 0.0 79.6 0.0 82.3
2 12,578.95 3 12,816.545 3.2 12,578.95 1.6 12,816.545 1.6
3 12,816.545 2.9 19,355.203 0.9 12,816.545 1.5 19,355.203 0.5
4 19,355.203 0.9 19,355.649 0.9 19,355.203 0.5 19,355.649 0.5
5 19,355.649 0.9 20,132.51 0.8 19,355.649 0.5 20,132.51 0.4

38 1 0.0 33.9 0.0 20.1 0.0 82.4 0.0 66.7
2 14,317.507 11.6 14,317.507 17.3 14,317.507 3.9 14,317.507 9.3
3 14,504.334 11.1 14,898.545 14.4 14,504.334 3.6 14,898.545 7.1
4 14,898.545 10.1 14,504.334 13.5 14,898.545 3.1 14,504.334 4.9
5 18,159.04 4.5 18,159.04 7.8 18,159.04 1.0 18,159.04 2.9

39 1 10,529.169 6.1 0.0 6.7 10,529.169 20.5 10,529.169 20.5
2 10,937.39 5.9 10,937.39 6.2 10,937.39 15.9 10,937.39 16
3 11,078.614 5.8 10,529.169 6.1 11,078.614 14.5 11,078.614 14.5
4 11,277.928 5.7 11,078.614 5.9 11,277.928 12.7 11,277.928 12.7
5 11,359.757 5.6 11,277.928 5.9 11,359.757 12.0 11,359.757 12

40† 1 12,342.37 2.2 11,956.33 7.7
2 12,503.44 2.2 12,342.37 7.6
3 11,956.33 2.2 12,503.44 7.5
4 12,760.66 2.2 11,640.72 7.4
5 12,772.78 2.2 12,760.66 7.0

41† 1 13,404.77 1.7 13,145.71 4.7
2 13,145.71 1.7 13,012.2 4.7
3 13,515.2 1.7 12,982.38 4.7
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Table 3 (continued)

A++ K→A(k)+ K+

40 keV 5 keV

A+ Initial (0.0 cm) Final (120.0 cm) Initial (0.0 cm) Final (120.0 cm)

(Z) # Level (cm−1) % Level (cm−1) % Level (cm−1) % Level (cm−1) %

4 13,629.15 1.7 13,404.77 4.6
5 13,012.2 1.7 12,692.12 4.6

42 1 16,641.081 3.3 0.0 5.2 16,641.081 12.8 16,641.081 13.1
2 16,692.905 3.3 16,692.905 3.9 16,692.905 12.5 16,692.905 12.9
3 16,747.72 3.3 16,747.72 3.9 16,747.72 12.2 16,747.72 12.6
4 16,783.856 3.3 16,641.081 3.9 16,783.856 12.1 16,783.856 12.4
5 16,784.522 3.3 16,783.856 3.9 16,784.522 12.1 16,784.522 12.4

43 1 16,287.79 2.4 16,428.71 4.7 16,025.15 6.1 16,428.71 10.4
2 16,133.98 2.4 16,874.51 4.7 16,133.98 6.1 16,874.51 9.1
3 16,025.15 2.4 17,522.92 4.6 15,770.42 6.1 17,522.92 6.6
4 16,415.64 2.4 0.0 4.5 16,287.79 6.0 16,025.15 5.4
5 16,428.71 2.4 16,287.79 2.4 15,624.25 5.9 16,133.98 5.4

44 1 17,096.87 2.8 0.0 3.5 17,096.87 12.6 17,096.87 18.6
2 17,045.97 2.8 17,096.87 3.2 17,045.97 12.3 16,240.13 12
3 16,712.58 2.8 16,240.13 3 16,712.58 10.6 16,712.58 11.2
4 16,240.13 2.7 15,550.16 2.8 16,240.13 8.1 16,190.61 8.3
5 20,055.71 2.7 1190.64 2.6 16,190.61 7.8 15,550.16 7.6

45 1 16,943.5 6.9 16,943.5 11.3 16,943.5 26.4 16,943.5 36.7
2 16,120.72 6.3 16,118.69 10.3 16,120.72 15.0 16,118.69 20.8
3 16,118.69 6.3 0.0 9.4 16,118.69 15.0 16,120.72 10.4
4 16,017.94 6.2 14,787.87 8.4 16,017.94 13.9 16,017.94 9.6
5 14,787.87 5.2 12,723.07 5.7 14,787.87 5.7 14,787.87 7.9

46 1 25,101.235 20.3 25,101.235 25.2 25,101.235 62.9 25,101.235 63.6
2 28,213.767 18.3 28,213.767 22.7 28,213.767 27.0 28,213.767 27.3
3 29,711.109 14.7 29,711.109 18.2 29,711.109 7.5 29,711.109 7.5
4 34,068.977 5.5 6564.148 8.4 34,068.977 0.5 6564.148 0.4
5 35,041.751 4.3 34,068.977 3.7 35,041.751 0.3 34,068.977 0.3

47 1 29,552.05741 29.6 0.0 59.1 29,552.05741 34.8 0.0 62.9
2 30,242.29835 24.7 30,242.29835 24.7 30,242.29835 26.2 30,242.29835 26.2
3 30,472.66516 23.2 34,714.22643 7.9 30,472.66516 23.9 34,714.22643 5.7
4 34,714.22643 7.9 42,556.147 1.5 34,714.22643 5.7 42,556.147 0.9
5 0.0 4.3 51,886.965 0.3 0.0 2.9 51,886.965 0.2

48 1 31,826.952 31.8 31,826.952 32.7 30,656.087 36.4 0.0 36.3
2 30,656.087 31.7 30,113.99 32 31,826.952 33.6 31,826.952 33.7
3 30,113.99 30.8 0.0 28.5 30,113.99 29.9 30,113.99 29.9
4 43,692.384 2.4 30,656.087 5.1 43,692.384 0.0 30,656.087 0.2
5 51,483.98 0.4 58,390.9 0.1 51,483.98 0.0 53,310.101 0

49 1 2212.599 56.8 2212.599 57.1 2212.599 83.3 2212.599 83.4
2 0.0 36.9 0.0 38.3 0.0 16.2 0.0 16.3
3 24,372.957 1 31,816.982 0.2 24,372.957 0.1 31,816.982 0
4 31,816.982 0.2 32,115.251 0.2 31,816.982 0.0 32,115.251 0
5 32,115.251 0.2 34,977.678 0.2 32,115.251 0.0 34,977.678 0

50 1 17,162.499 67.5 17,162.499 26.1 17,162.499 99.1 17,162.499 95.4
2 8612.955 12.4 1691.806 15.7 8612.955 0.4 8612.955 1.3
3 3427.673 3.5 8612.955 14.5 3427.673 0.1 1691.806 0.9
4 1691.806 2.4 3427.673 13.9 1691.806 0.1 3427.673 0.8
5 0.0 1.7 0.0 11.4 0.0 0.0 0.0 0.7

51 1 18,464.202 35.9 18,464.202 29.5 18,464.202 46.4 18,464.202 39.9
2 16,395.359 21.2 0.0 19.1 16,395.359 21.6 16,395.359 18.5
3 43,249.337 6.3 16,395.359 17.5 43,249.337 5.0 0.0 15.7
4 9854.018 4.8 9854.018 5.5 9854.018 3.8 9854.018 4.5
5 8512.125 3.6 8512.125 5.4 8512.125 2.9 8512.125 4.5

52 1 23,198.392 50.3 0.0 30.8 23,198.392 69.4 23,198.392 37.2
2 44,253.0 11 23,198.392 21 44,253.0 7.5 0.0 26.8
3 46,652.738 5.7 54,160.094 2.2 46,652.738 3.6 54,160.094 1.7
4 10,557.877 2.7 54,199.122 2.1 10,557.877 1.7 54,199.122 1.7
5 4750.712 1.1 54,535.345 2 4750.712 0.7 54,535.345 1.6

53 1 54,633.46 20.8 0.0 36.2 54,633.46 24.5 0.0 41.2
2 56,092.881 13.6 7602.97 5 56,092.881 14.8 7602.97 5
3 60,896.243 3.8 63,186.758 2.4 60,896.243 3.8 63,186.758 2.4
4 61,819.779 3.1 64,906.29 1.7 61,819.779 3.1 64,906.29 1.7
5 63,186.758 2.3 64,989.994 1.6 63,186.758 2.3 64,989.994 1.6

54 1 67,067.547 24.3 67,067.547 27.9 67,067.547 27.5 67,067.547 31.2
2 68,045.156 18.2 0.0 23.4 68,045.156 19.3 0.0 24.3
3 76,196.767 2.2 76,196.767 1.8 76,196.767 2.2 76,196.767 1.8
4 77,185.041 1.8 78,403.061 1.7 77,185.041 1.8 78,403.061 1.6
5 77,269.145 1.8 78,119.798 1.6 77,269.145 1.7 78,119.798 1.5

55 1 0.0 56.8 0.0 68.1 0.0 62.1 0.0 72.8
2 11,178.26816 3.3 18,535.5286 0.9 11,178.26816 2.9 18,535.5286 0.8
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Table 3 (continued)

A++ K→A(k)+ K+

40 keV 5 keV

A+ Initial (0.0 cm) Final (120.0 cm) Initial (0.0 cm) Final (120.0 cm)

(Z) # Level (cm−1) % Level (cm−1) % Level (cm−1) % Level (cm−1) %

3 11,732.3071 2.9 22,588.821 0.5 11,732.3071 2.6 22,588.821 0.4
4 14,499.2568 1.7 22,631.6863 0.5 14,499.2568 1.6 22,631.6863 0.4
5 14,596.84232 1.7 24,317.1494 0.4 14,596.84232 1.5 24,317.1494 0.3

56 1 0.0 48.8 0.0 27 0.0 98.3 0.0 95.5
2 9033.966 9.1 9033.966 15.7 9033.966 0.4 9033.966 1.2
3 9215.501 8.6 9215.501 14.8 9215.501 0.3 9215.501 1.1
4 9596.533 7.7 9596.533 12.8 9596.533 0.3 9596.533 0.9
5 11,395.35 4.5 12,266.024 5.8 11,395.35 0.1 12,266.024 0.3

57† 1 3494.526 7.2 3494.526 22.8
2 4121.572 7.1 3010.002 20.7
3 3010.002 7.1 4121.572 20.4
4 2668.188 6.9 2668.188 17.8
5 1053.164 5.7 1053.164 5.3

58† 1 3312.24 1.2 3210.583 4.2
2 3210.583 1.2 3196.607 4.2
3 3196.607 1.2 3312.24 4.1
4 3100.151 1.2 3100.151 4.1
5 3710.513 1.2 3710.513 3.9

59† 1 2846.75 3.6 2846.75 25.3
2 1376.6 3.3 1376.6 14.9
3 4381.1 3.3 4381.1 11.5
4 4432.22 3.3 4432.22 11.0
5 4866.54 3.1 4866.54 7.6

60 1 3681.696 3.8 3681.696 3.3 3681.696 28.7 3681.696 28
2 2366.597 3.7 2366.597 3.2 2366.597 26.3 2366.597 25.6
3 5048.602 3.4 5048.602 2.9 5048.602 11.5 5048.602 11.2
4 1128.056 3.3 1128.056 2.8 1128.056 10.9 1128.056 10.6
5 0.0 2.7 0.0 2.5 0.0 4.2 0.0 4.1

61† 1 3919.03 9 3919.03 22.6
2 2797.1 8.7 2797.1 19.1
3 5089.79 8.4 5089.79 11.9
4 5249.48 8.3 5249.48 10.5
5 5460.5 8.1 1748.78 9.2

62 1 4020.66 7.1 4020.66 7.1 4020.66 37.9 4020.66 37.8
2 3125.46 6.8 3125.46 6.7 3125.46 27.7 3125.46 27.6
3 2273.09 6.1 2273.09 6.1 2273.09 14.5 2273.09 14.5
4 1489.55 5.4 1489.55 5.4 1489.55 7.2 1489.55 7.2
5 811.92 4.7 811.92 4.7 811.92 3.9 811.92 3.9

63 1 0.0 19.1 0.0 46.4 0.0 60.7 0.0 82.2
2 12,923.72 5.6 15,137.72 4.7 12,923.72 3.4 15,137.72 1.7
3 13,048.9 5.4 15,248.76 4.6 13,048.9 3.2 15,248.76 1.7
4 13,222.04 5.1 15,421.25 4.5 13,222.04 2.9 15,421.25 1.6
5 13,457.21 4.8 15,680.28 4 13,457.21 2.7 15,680.28 1.4

64 1 8498.434 2.8 10,222.233 4 7947.294 9.3 7653.927 13.8
2 7947.294 2.8 10,359.905 3.9 8498.434 9.1 7562.457 13.3
3 7653.927 2.8 10,576.41 3.8 7653.927 8.6 7426.71 12.5
4 7562.457 2.8 10,883.505 3.6 7562.457 8.3 7234.91 11.2
5 7480.348 2.8 7653.927 3.6 7480.348 8.0 6976.508 9.4

65† 1 5829.86 2.2 5829.86 6.0
2 6259.09 2.1 5483.98 5.7
3 6351.75 2.1 6259.09 5.6
4 6488.28 2.1 5425.06 5.6
5 5483.98 2.1 6351.75 5.5

66 1 7050.603 8.5 7050.603 9.3 7050.603 35.2 7050.603 35.5
2 7565.61 8.2 7565.61 9 7565.61 25.9 7565.61 26.2
3 8519.21 7.3 8519.21 8.1 8519.21 11.5 8519.21 11.6
4 4134.222 6.7 4134.222 7.8 4134.222 9.1 4134.222 9.2
5 9211.591 6.5 9211.591 7.1 9211.591 6.0 9211.591 6

67 1 8605.16 22.6 8605.16 24.5 8605.16 49.2 8605.16 49.6
2 5419.7 21.3 5419.7 23 5419.7 40.5 5419.7 40.8
3 10,695.75 15.2 10,695.75 16.5 10,695.75 7.0 10,695.75 7
4 13,094.42 7.5 0.0 6.7 13,094.42 1.1 0.0 0.7
5 0.0 5.3 13,094.42 4.4 0.0 0.6 13,094.42 0.6

68 1 6958.329 18.7 6958.329 20.9 6958.329 69.7 6958.329 74.3
2 10,750.982 14 10,750.982 15.6 5035.193 13.0 10,750.982 11.6
3 5035.193 13.9 5035.193 9.8 10,750.982 10.9 5035.193 8.8
4 12,377.534 9.2 12,377.534 6.5 12,377.534 2.5 12,377.534 1.7
5 13,097.906 7.4 13,097.906 5.2 13,097.906 1.4 13,097.906 1

69 1 8771.243 63.7 8771.243 60.7 8771.243 99.1 8771.243 99

(continued on next page)

A.R. Vernon et al. Spectrochimica Acta Part B 153 (2019) 61–83

77



Table 3 (continued)

A++ K→A(k)+ K+

40 keV 5 keV

A+ Initial (0.0 cm) Final (120.0 cm) Initial (0.0 cm) Final (120.0 cm)

(Z) # Level (cm−1) % Level (cm−1) % Level (cm−1) % Level (cm−1) %

2 0.0 8.9 0.0 10.5 0.0 0.3 0.0 0.3
3 20,406.84 2.5 22,419.764 2.2 20,406.84 0.1 22,419.764 0
4 21,799.38 1.6 22,559.502 2.1 21,799.38 0.0 22,559.502 0
5 22,419.764 1.3 20,406.84 2.1 22,419.764 0.0 20,406.84 0

70 1 17,288.439 26.7 0.0 36.3 17,288.439 28.6 0.0 37.3
2 0.0 23.2 17,288.439 33 0.0 25.5 17,288.439 35.8
3 17,992.007 20.9 19,710.388 14.2 17,992.007 20.6 19,710.388 12.9
4 19,710.388 11.5 24,489.102 3.2 19,710.388 10.3 24,489.102 2.9
5 24,489.102 2.6 24,751.948 3 24,489.102 2.3 24,751.948 2.7

71 1 1993.92 31.1 1993.92 31.6 1993.92 63.4 1993.92 63.4
2 4136.13 27.5 4136.13 27.6 4136.13 21.9 4136.13 21.9
3 0.0 24.2 0.0 25.7 0.0 13.6 0.0 13.6
4 7476.39 11.7 7476.39 11.7 7476.39 1.0 7476.39 1
5 17,427.28 0.4 18,851.31 0.3 17,427.28 0.0 18,851.31 0

72 1 14,017.83 6.9 14,092.28 9.3 14,017.83 19.6 14,092.28 22.9
2 14,092.28 6.9 14,740.68 8.9 14,092.28 19.1 14,017.83 17.7
3 14,435.13 6.8 15,673.33 7.8 14,435.13 15.9 14,740.68 15.3
4 14,541.68 6.7 14,017.83 7 14,541.68 14.8 14,435.13 14.3
5 14,740.68 6.6 14,435.13 6.8 14,740.68 12.7 14,541.68 13.3

73 1 19,657.78 2.7 0.0 6.3 19,657.78 10.2 0.0 12.8
2 19,178.45 2.7 20,646.54 3.7 19,178.45 10.1 19,657.78 12.1
3 20,340.39 2.6 21,153.33 3.5 20,340.39 7.5 20,646.54 9.9
4 20,560.26 2.6 21,622.92 3.2 18,504.72 7.2 19,178.45 8.4
5 18,504.72 2.5 23,355.41 3.2 20,560.26 6.4 21,153.33 6.2

74 1 22,476.68 2.6 2951.29 8.9 22,476.68 8.5 1670.29 19.4
2 21,453.9 2.6 1670.29 8.6 21,453.9 8.4 0.0 10.2
3 21,448.76 2.6 0.0 6.4 21,448.76 8.3 22,476.68 9.4
4 22,773.78 2.6 4830.0 4.8 22,773.78 7.3 23,047.31 9.3
5 22,852.8 2.6 23,047.31 4.3 22,852.8 6.9 22,773.78 8.1

75† 1 21,775.4 4.9 21,775.4 17.0
2 22,160.04 4.9 22,160.04 15.7
3 22,422.83 4.8 22,422.83 13.9
4 23,154.81 4.5 20,481.73 9.0
5 20,481.73 4.5 20,447.8

76† 1 25,601.55 3.8 25,601.55 10.8
2 25,593.94 3.8 25,593.94 10.7
3 27,954.32 3.8 27,954.32 8.2
4 28,139.52 3.7 25,275.42 8.1
5 25,275.42 3.7 28,139.52 6.8

77 1 30,529.66 6 0.0 27.7 30,529.66 32.3 30,529.66 29.7
2 32,463.58 5.5 7106.61 8.5 32,463.58 13.0 7106.61 16.1
3 32,513.43 5.4 5784.62 8.2 32,513.43 12.4 0.0 15.5
4 32,830.78 5.1 32,830.78 7 32,830.78 8.9 5784.62 12.4
5 33,064.83 4.9 2834.98 6.5 33,064.83 7.0 32,830.78 11.5

78† 1 30,157.0 31.3 30,157.0 93.2
2 26,638.6 14.9 26,638.6 3.4
3 36,296.4 10 36,296.4 1.1
4 36,781.6 8.5 36,781.6 0.7
5 38,536.2 4.6 38,536.2 0.3

79 1 37,358.991 51.5 0.0 65.4 37,358.991 80.6 0.0 87.3
2 41,174.613 13.8 42,163.53 9.8 41,174.613 6.6 42,163.53 4.1
3 42,163.53 9.8 21,435.191 5.5 42,163.53 4.1 21,435.191 2.2
4 21,435.191 5.5 45,537.195 3.3 21,435.191 2.2 45,537.195 1.1
5 45,537.195 3.3 46,174.979 2.7 45,537.195 1.1 46,174.979 0.9

80 1 44,042.909 47.6 44,042.909 48.7 44,042.909 85.9 44,042.909 86
2 39,412.237 29.9 0.0 31.4 39,412.237 11.3 0.0 11.4
3 37,644.982 17.6 37,644.982 18.5 37,644.982 2.6 37,644.982 2.6
4 54,068.6829 2.1 71,336.005 0 54,068.6829 0.1 71,336.005 0
5 62,350.325 0.2 70,932.2 0 62,350.325 0.0 76,466.936 0

81 1 7792.7 86.3 7792.7 86.4 7792.7 99.7 7792.7 99.7
2 0.0 12 0.0 12.6 0.0 0.3 0.0 0.3
3 26,477.5 0.5 34,159.9 0.1 26,477.5 0.0 34,159.9 0
4 34,159.9 0.1 35,161.1 0.1 34,159.9 0.0 35,161.1 0
5 35,161.1 0.1 41,368.1 0 35,161.1 0.0 46,949.9 0

82 1 45,443.171 6.2 10,650.3271 11.4 45,443.171 5.9 10,650.3271 10.6
2 46,060.8364 5.6 7819.2626 5.7 46,060.8364 5.3 7819.2626 5.6
3 46,068.4385 5.6 0.0 5.6 46,068.4385 5.3 0.0 5.3
4 46,328.6668 5.3 52,101.66 2.1 46,328.6668 5.1 52,101.66 2.1
5 52,101.66 2.1 52,311.315 2.1 52,101.66 2.1 52,311.315 2.1
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compared to the direct population of the lower state of an atomic
transition is taken from the kinetic energy of the beam. This energy
difference gives a Doppler shift away from the transition frequency to a
portion of the atoms in the subsequent beam with respect to those
which react to directly populate the lower state.

This can be shown by comparing the beam energy before the re-
action TB, I with that after the reaction TB, II with an IP energy difference
of ΔE= IA− IB

= −T T EΔB II B I, , (13)

for the intermediate state reaction this becomes

= − −∗ ∗T T E EΔB II B I, , (14)

therefore the relative energy difference between these two product
atom beams is given by the intermediate state excitation energy E∗

=∗ ∗T EΔ .B II, (15)

The de-excitation of these intermediate states occurs by sponta-
neous emission isotropically before that population is accessible from
the lower state [70], therefore the sidepeak amplitude is a function of
time from charge exchange. Inelastic collisional excitation following
charge exchange to these intermediate states can have the same effect
[71], this contribution is discussed later.

As the population passing through intermediate states was recorded
in the simulation, the resulting contribution to the peak shape can also
be simulated. The hyperfine structure resonances were modelled with a
Voigt line profile [72], with the intermediate populations as sidepeaks
detuned by the corresponding frequency. As an example, Fig. 6 shows
both the calculated detuned population and the corresponding peak
shape function for the transition at 246.0 nm. The largest contribution
to this is from population of the 5s26s 2S1/2 state at 24372.957 cm2, via

+ → + ++ + EIn (5s S) Na( S ) In(5s 6s S ) Na ( S) Δ21 2
1/2

2 2
1/2

1 (16)

which then de-excites to the ground state

→ + ∗EIn(5s 6s S ) In(5s 5p P ) γ
2 2

1/2
2 2

1/2 (17)

where Eγ∗=3.021 eV is the additional kinetic energy from the ion
beam which is required for this reaction compared to the direct popu-
lation of the 5s26s2S1/2 state, corresponding to a Doppler shift of
40MHz for the transition frequency.

As the many detuned population contributions were not fully re-
solvable with the 34MHz spectral linewidth of the laser used, only this
largest indirect contribution was left as a free parameter in the fitting,
with the others fixed proportional the simulated relative populations.

For the 246.0-nm and 246.8-nm transitions the fitted sidepeak
amplitudes were determined to be 13.95(144)% (shown in Fig. 6) and
5.7(27)% respectively, an average over 5 hyperfine spectra of each. The
dominant sidepeak amplitudes from simulation were determined to be
3.8% and 0.5%, with the largest contribution for both transitions from
the 5s26s2S1/2 state. The additional contribution can be attributed to
inelastic collisions, primarily with the sodium vapour in the poorer
vacuum region of the charge-exchange cell.

Often inelastic collisions are attributed to observed tails in hyperfine
structure peaks, where Poisson's law can be taken as the ratio of side-
peak heights of a series of equally spaced peaks from the order of the
inelastic collisons [71]. As the 5s26s2S1/2 state is also the first excited
state after the 2P1/2 and 2P3/2 states of interest, the relative contribution
from the inelastic collisions were determined to be 10.14(144)% and
5.2(27)% respectively. As the inelastic contribution increases, the ratio
of the sidepeak amplitudes between the 2P1/2 and 2P3/2 states will be-
come closer compared to the original prediction of 3.8% and 0.5%.
Alternatively, population of unknown states during charge-exchange
which decay to the 2P1/2 and 2P3/2 states could be responsible for the
additional contribution to the sidepeak amplitude.

Inelastic collisions are the most likely mechanism in the case of
symmetric charge exchange (e.g. Na+ + Na) at low TB, but for asym-
metric charge exchange the sidepeaks intrinsic to the de-excitation
following charge exchange will always be present with the additional

Table 3 (continued)

A++ K→A(k)+ K+

40 keV 5 keV

A+ Initial (0.0 cm) Final (120.0 cm) Initial (0.0 cm) Final (120.0 cm)

(Z) # Level (cm−1) % Level (cm−1) % Level (cm−1) % Level (cm−1) %

83 1 15,437.501 52.6 15,437.501 52.9 15,437.501 90.2 15,437.501 90.2
2 21,660.914 28 21,660.914 28.1 21,660.914 7.2 21,660.914 7.2
3 11,419.039 16.4 11,419.039 16.6 11,419.039 2.5 11,419.039 2.5
4 32,588.221 0.8 0.0 0.9 32,588.221 0.0 0.0 0.1
5 0.0 0.7 33,164.805 0.7 0.0 0.0 33,164.805 0

84† 1 21,679.11 70.9 21,679.11 89.9
2 16,831.61 14.8 16,831.61 5.8
3 39,081.19 4.9 39,081.19 1.5
4 40,802.7 3 40,802.7 0.9
5 42,718.0 1.8 42,718.0 0.5

85†

86† 1 54,620.35 45.5 54,620.35 49.2
2 55,989.03 28 55,989.03 27.6
3 66,244.97 1.8 66,244.97 1.6
4 66,707.53 1.6 66,707.53 1.4
5 67,906.52 1.3 67,906.52 1.1

87 1 0.0 78.4 0.0 88.7 0.0 83.1 0.0 91.7
2 12,237.409 2.4 16,229.87 1.4 12,237.409 1.9 16,229.87 1.2
3 13,923.998 1.7 16,429.64 1.3 13,923.998 1.3 16,429.64 1.1
4 16,229.87 1.1 19,739.98 0.9 16,229.87 0.9 19,739.98 0.9
5 16,429.64 1.1 30,936.325 0.1 16,429.64 0.8 30,936.325 0.1

88‡

89 1 2231.43 43.2 2231.43 80.4
2 0.0 34 0.0 18.8
3 9217.28 5.5 9217.28 0.2
4 9863.59 4.3 9863.59 0.1
5 10,000.0 4 10,000.0 0.1
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contribution to the peaks from these inelastic collisions. As potassium
has a lower IP than sodium the sidepeak contribution from de-excita-
tion after charge exchange is expected to be much larger for In+ neu-
tralised by potassium, as a higher proportion of high-lying states will be
populated, this is visible in Fig. 1.

5. Summary

Simulations were performed of the relative atomic population dis-
tribution of ion beams of elements 1≤ Z≤ 89, following neutralisation
by potassium and sodium vapours, at incident beam energies of 5 and
40 keV. This was achieved by calculating neutralisation cross sections
using a semi-classical impact-parameter approach [5] and simulation of
the subsequent population decay. In order to test the validity of the
approach, measurements of the relative population of the ground and
lowest-lying metastable states of indium were made using the CRIS
setup. The relative populations were measured and simulated at an
intermediate beam energy of 20 keV and found to be in agreement with
the calculations Further simulations were made to compare to other
available experimental data in literature, overall agreement is good,
with a possible explanation for a discrepancy suggested.

The simulations of elements elements 1≤ Z≤ 89 were made with
available atomic data from the NIST atomic database [48], the results
are shown in Tables 2 and 3 for potassium and sodium neutralising
vapours respectively. The results are given for the initial population
distribution (at 0 cm) and for the final population distribution (at
120 cm) for beam energies of 5 keV and 40 keV. The five most highly
populated states are listed in these tables. Collinear laser spectroscopy
experiments are typically performed in this energy range, for which
experimental data is extremely sparse. The simulations performed in
this work will allow for inference of the atomic populations available in
a range of experimental scenarios.

The use of a high-resolution injection-locked Ti:Sa laser and the
large energy level spacing between the ground, lowest metastable state,
and next highest states allowed for detuned contributions to atomic
transition lineshapes to be partially resolvable. The contribution to the
lineshapes from the neutralisation process was also simulated and
compared.

The feasibility of the CRIS technique for measuring relative atomic

Table 4
Total cross-sections σCE for neutralisation of an ion beam of elements A=1–90
by free K or Na atoms. Atomic data sourced from the NIST atomic database [48]
‡ - insufficient level data was available to provide reliable values for these
elements.

Total cross-section σCE(cm2)

A++K→A+ K+ A++Na→A+Na+

A+(Z) 40 keV 5 keV 40 keV 5 keV

1 3.7e-13 1.1e-13 3.0e-13 7.0e-14
2 4.0e-13 5.6e-14 2.8e-13 3.1e-14
3 1.2e-13 1.5e-14 7.6e-14 9.8e-15
4 1.3e-13 1.2e-14 8.8e-14 7.5e-15
5 8.9e-14 2.0e-14 6.1e-14 1.6e-14
6 2.7e-13 3.0e-14 1.7e-13 8.4e-15
7 2.8e-13 4.8e-14 1.7e-13 1.2e-14
8 1.2e-13 1.7e-14 7.1e-14 5.3e-15
9 1.3e-13 3.8e-14 7.3e-14 2.0e-14
10 1.2e-13 2.0e-14 6.8e-14 2.3e-14
11 2.8e-14 2.6e-15 1.7e-14 7.1e-15
12 5.2e-14 9.8e-15 3.5e-14 1.9e-14
13 2.8e-14 9.3e-16 1.9e-14 2.8e-15
14 7.3e-14 8.0e-15 4.0e-14 1.7e-15
15 1.1e-13 5.7e-15 5.2e-14 1.0e-15
16 5.2e-14 4.6e-15 2.6e-14 6.3e-16
17 8.9e-14 1.9e-14 4.2e-14 1.7e-15
18 6.3e-14 2.4e-14 3.1e-14 1.6e-15
19 2.0e-14 9.0e-15 1.1e-14 9.1e-16
20 6.5e-14 2.8e-14 3.4e-14 2.5e-15
21 2.7e-13 1.9e-13 1.6e-13 6.5e-14
22 6.2e-13 2.9e-13 3.7e-13 1.4e-13
23 6.7e-13 3.5e-13 4.1e-13 1.5e-13
24 3.4e-13 9.8e-14 1.4e-13 1.2e-14
25 2.2e-13 1.2e-13 1.3e-13 6.7e-14
26 6.3e-13 2.5e-13 4.5e-13 2.5e-13
27 4.3e-13 1.9e-13 2.9e-13 1.2e-13
28 2.6e-13 1.3e-13 1.3e-13 1.6e-14
29 2.8e-14 5.0e-15 1.5e-14 6.2e-16
30 1.8e-14 1.1e-15 2.1e-14 1.6e-14
31 6.4e-15 1.3e-16 8.2e-15 7.6e-16
32 1.3e-14 3.1e-16 8.2e-15 5.3e-16
33 1.8e-14 6.5e-16 5.8e-15 1.1e-16
34 1.2e-14 1.1e-15 4.5e-15 1.1e-16
35 2.6e-14 3.6e-15 7.5e-15 2.1e-16
36 2.5e-14 6.9e-15 7.9e-15 2.1e-16
37 1.0e-14 6.8e-15 3.7e-15 1.3e-16
38 3.0e-14 4.3e-15 1.2e-14 9.6e-16
39 2.2e-13 1.6e-13 9.5e-14 2.2e-14
40 5.0e-13 2.5e-13 2.8e-13 1.1e-13
41 5.7e-13 2.7e-13 3.6e-13 1.8e-13
42 4.1e-13 1.6e-13 1.9e-13 5.7e-14
43 4.0e-13 2.1e-13 2.6e-13 1.4e-13
44 3.6e-13 1.4e-13 2.2e-13 5.7e-14
45 1.2e-13 4.1e-14 8.3e-14 1.7e-14
46 7.3e-14 1.5e-14 3.1e-14 1.2e-14
47 1.7e-14 2.5e-15 3.7e-15 8.7e-17
48 1.1e-14 5.9e-16 2.0e-14 2.3e-14
49 2.9e-15 6.2e-17 8.4e-15 1.9e-15
50 5.7e-15 1.5e-16 9.2e-15 7.8e-15
51 3.6e-15 8.0e-17 2.8e-15 7.0e-17
52 5.3e-15 1.6e-16 2.8e-15 8.6e-17
53 8.7e-15 3.6e-16 2.2e-15 4.1e-17
54 1.1e-14 6.7e-16 2.5e-15 4.5e-17
55 6.1e-15 7.3e-16 1.3e-15 2.4e-17
56 3.8e-14 8.6e-15 1.3e-14 8.1e-15
57 2.0e-13 7.4e-14 9.2e-14 3.9e-14
58 1.4e-12 5.3e-13 5.6e-13 2.2e-13
59 6.3e-13 2.8e-13 1.9e-13 3.5e-14
60 7.3e-13 2.7e-13 1.7e-13 2.8e-14
61 7.9e-14 1.0e-14 7.5e-14 3.9e-14
62 3.6e-13 6.5e-14 9.6e-14 2.4e-14
63 9.1e-14 1.2e-14 1.9e-14 6.2e-16
64 6.4e-13 2.6e-13 2.4e-13 9.6e-14
65 4.5e-13 2.6e-13 3.1e-13 1.5e-13
66 2.4e-13 9.5e-14 7.8e-14 2.3e-14
67 6.9e-14 1.9e-14 2.7e-14 8.9e-15

Table 4 (continued)

Total cross-section σCE(cm2)

A++ K→A+ K+ A++Na→A+Na+

A+(Z) 40 keV 5 keV 40 keV 5 keV

68 8.8e-14 1.1e-14 3.4e-14 9.8e-15
69 2.0e-14 4.8e-16 1.1e-14 8.8e-15
70 1.9e-14 4.6e-15 3.2e-15 6.8e-17
71 1.7e-14 5.7e-15 2.1e-14 1.4e-14
72 2.0e-13 7.5e-14 9.7e-14 4.4e-14
73 4.5e-13 2.5e-13 2.5e-13 9.0e-14
74 4.4e-13 2.5e-13 2.6e-13 9.9e-14
75 2.4e-13 1.4e-13 1.4e-13 5.5e-14
76 2.1e-13 6.0e-14 1.7e-13 5.5e-14
77 2.5e-13 1.1e-13 1.1e-13 2.7e-14
78 6.8e-14 2.8e-14 2.2e-14 8.2e-15
79 2.6e-14 6.2e-15 6.1e-15 2.6e-16
80 6.8e-15 2.7e-16 1.4e-14 5.4e-15
81 2.0e-15 5.4e-17 8.2e-15 9.5e-15
82 2.3e-16 1.9e-18 1.1e-16 3.7e-19
83 8.6e-15 2.0e-15 1.1e-14 2.7e-15
84 3.4e-15 7.0e-17 3.7e-15 1.7e-16
85‡

86 8.7e-15 8.3e-16 9.5e-16 1.4e-17
87 6.6e-15 1.6e-15 7.2e-16 1.2e-17
88‡

89 3.9e-14 1.6e-14 1.6e-14 1.1e-14
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populations has been demonstrated with possible adaptations for im-
proved measurements highlighted. The semi-classical approach by R&F
[5], when combined with atomic population simulation has shown to
provide reliable prediction of relative populations following charge
exchange, even for three-electron systems like indium. The calculations
compiled here will be of use to future CLS experiments where predic-
tion of atomic population is crucial for developing efficient laser
schemes.
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