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The collisional radiative model (CR) presented by Colombant and Tonon [1] is applicable
to a variety of plasmas and has often aided more detailed modelling of laser-produced plasmas
(LPPs) for source development. Collisional ionization, radiative recombination, and three-body
recombination are assumed to be the three dominant processes when the CR model is applied
[1]. Eq. (1) shows how the processes can be related at equilibrium to produce a ratio of ion stage

populations, and rate coefficients for each process are presented in Eqgs. (2—4).
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where n, is the electron density in cm™3, &, is the orbital occupancy term equal to the number
of electrons in the outermost orbital subshell for an ion of charge Z, x, is the ionization energy
for an ion of charge Z in eV, and T, is the electron temperature in eV. Iteratively solving Eq. (1)
for each ion stage at a range of 7;s yields curves of relative ion populations in the range of
1.s, producing an ion distribution plot. Fig. 1 shows an ion distribution for Xe with two curves
labeled as observed ionization bottlenecks (IBs), which are enhanced populations in ion stages
predicted to arise at ion stages with full outermost electron orbitals [2].

However, Xe>+ and Xe’™ correspond to [Kr]4d!95s25p!, and [Kr]4d!'%5s!, respectively. Con-
sequently, the observed IBs are contrary to the expected behaviour. Little investigation into the
CR model has been published, thus, the influence of ), and &, on the position of IBs was in-
vestigated by employing the CR model in Python. LPPs from Nd: YAG lasers were the focus of
the investigation, so n, was set to 10721 cm™3. The results of the investigation were recently

published [3], and a brief summary of the work is presented here.
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lon Distribution for Xe (Traditional)
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Figure 1: Ion distribution for Xe. Each curve corresponds to a different ion stage, starting at Xe®* on

the left. The observed IBs Xe>* and Xe’™ are labeled.

First for the investigation, two different sets ofy, values were employed either originating
from the NIST database [4] or an approximate value from [1] and described as
457*
Xz~ 2/3 [GV], (5)
Z\
where ), is the ionization energy in eV, Z is the charge, and Z, is the atomic number of the

element. Within the presented plots, the y.,s utilized in the calculation are denoted by NIST y,
when the database values are employed or CT y, when Eq. (5) is employed. Second, either &,
was included or not. , was determined via the standard electron removal method, except in the
lanthanides where 4 f contraction was taken into account following the ion stage configurations
presented in [5]. Finally, the peak fractional ion population as a function of the number of elec-
trons and rate coefficients as a function of 7, were investigated along with the ion distributions
for the determination of trends across the periodic table. Elements examined in the investigation
ranged from C to U (Z, = 6 to 82).

During the initial stages of the investigation a discrepancy was discovered in the radiative
recombination rate coefficient, Eq. (3). A 1/2 was originally a 1/3 power in the source for

Eq. (3) [6] and no reason for the change was discovered, and the corrected form of Eq. (3) is
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where all of the variables are the same as before. When Eq. (6) replaced Eq. (3), the CR model
produced ion distributions with curves shifted to slightly higher T;s, so the corrected radiative
recombination rate coefficient was employed for the majority of calculations. For the plots, the

notation of traditional or standard denotes the use of Eq. (3) or Eq. (6), respectively.

Peak Fractional lon Population for Xe (Standard)
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Figure 2: Plots of the peak fractional ion population for Xe. The solid lines correspond to calculations
including &, while the dashed did not. Additionally, each &, case was employed with NIST X,s (a) or
CT x,s (b). The vertical lines mark expected IBs corresponding to noble gas and filled nd 19 outermost

subshell configurations

The elements exhibited common trends. Fig. (2) and Fig. (3) show the peak fractional ion pop-
ulation and collisional ionization rate coefficient plots for Xe, which are exemplary for many of
the trends. For the peak fractional ion population plots, the sharp peaks indicated IBs, and across
the elements examined, use of &, with either x, resulted in expected IBs either being shifted
to neighboring ion stages or being dips instead, as shown by the solid lines in Fig. (2). When
&, was removed, the expected IBs were observed in calculations with the NIST s, but all
observed IB behaviour was smoothed in calculations with the CT x,s, as shown by the dashed
lines in Fig. (2). For the rate coefficients, the collisional ionization and three-body recombina-
tion curves displayed unexpected ion stage behavior, namely curves crossing and curves being
out of order. Removal of the £, term removed the unexpected behavior as shown in Fig. (3).

The radiative recombination plots did not contain the unexpected behavior, because the rate co-
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effient, Eq. (6) does not contain &,. Deviations from these trends occurred in the lanthanides,
however 4 f contraction is thought to be the main cause of the differences. The phenomenon
causes the value of &, to be ambiguous as the outermost electron subshell is no longer easily
determinable [5]. Thus, ions with the same number of electrons as full orbital configurations
(e.g. Xe-like) no longer exhibit closed shell behaviour. Examining the trends across the peri-
odic table, the results as detailed in [3] are that the NIST y,s without £, produce plots with the
most expected behavior and proper care should be taken when choosing appropriate ), and &,
values to use with the CR model. While future plans in [3] included experimental comparisons
and the inclusion of additional processes like photoionization, only the high temperature limit
of the CR model has been under current investigation to better understand the applicability of

the CR model for plasmas containing nearly bare ions.
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Figure 3: Plots of the collisional ionization rate coefficient, Eq. (2), for Xe* to Xe'*" with the NIST

XzS. The left panel included &, (a), while the right panel did not (D).
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