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The experimental electron-impact total ionization cross secti{@hSSs, ICS$ of CF,, CHF;,

CH,F,, and CHF fluoromethanes reported so far and a new set of data obtained with a linear double
focusing time-of-flight mass spectrometer have been compared with atheinitio and
(semjempirical based ICS available methods. TICSs computational methods include: two
approximations of the binary-encounter dip@BED) referred to hereafter as KigiKim-BEB) and

Khare (Khare-BEB methods, the Deutsch and Bka(DM) formalism, also requiring atomic and
molecularab initio information, the modified additivity ruléMAR), and the Harland and Vallance
(HV) methods, both based on semiempirical or empirical correlations. The moledulamitio
information required by the Kim, Khare, and DM methods has been computed at a variety of
quantum chemistry levels, with and without electron correlation and a comprehensive series of basis
sets. The general conclusions are summarized as follows: the Kim method yields TICS in excellent
agreement with the experimental method; the Khare method provides TICS very close to that of
Kim at low electron-impact energiee<100 e\), but their Mott and Bethe contributions are
noticeably different; in the Kim and Khare approximations the electron correlation methods improve
the fittings to the experimental profiles in contrast with the large basis sets, that leads to poorer
results; the DM formalism yields TICS profiles with shapes similar to the experimental and the BEB
methods, but consistently lower and with the profiles maxima shifted towards lower incident
electron energies; the MAR method supplies very good ICS profiles, between those of BEB and DM
methods; finally, the empirical HV method provides rather poor fittings concomitant with the
simplicity and the few empirical parameters used. 2@01 American Institute of Physics.

[DOI: 10.1063/1.1388041

I. INTRODUCTION rule? later modified analytically and geometrically.
The electron-impact total ionization cross sectionsDemSChet al. have proposed overcoming large-scale quan-

(TICSs, ionization cross section, IC8f molecules, crucial UM chemistry molecular calculations by using a limited
to the modeling of a variety of industrial, fusion edge, low number of parameters or explicit relationships, giving rise to

.pe ege . 6
temperature, and laboratory plasmas, has witnessed an ujf€ so-called gnodlfled additivity rultMAR).> Harland and
llance (HV)’ have also proposed an empirical method

surge of interest in both the experimental measurements an@® 3 !
the development of reliableb initio and semiempirical com- based on the correlation between the maximum molecular

putational predictive methods. Among the chemical specietCS profile and the ground state molecular polarizalility
more extensively used in industrial plasmas one should higrand further adding guessed analytical profiles above and be-
light the family of fluoromethanes and a few other fluorinelow the ICS maximum. As in mogsemjempirical methods,
derivative molecules. Upon electron collision these mol-their application is straightforward and yields acceptable es-
ecules yield highly reactive ions and neutrals fragments extimates of the ICS with modest computational effort. How-
tensively used in the semiconductor industry for plasmaever, the most rigorous method proposed so far evaluates the
etching! Parallel to the experimental determination of themolecular orbitals’ ICS and adds them to compute the mo-
molecular ICS a number of computational approaches havkecular TICSs, directlybinary-encounter dipoléBED)] or
appeared.The sum of known weighted atomic ICS has beenincluding a sensible approximation for the continuum dipole
suggested to add up to that of the molecule in the additivityoscillator strength and leading to either the Kim-BEB or

the Khare-BEB? methods. The ICS profiles computed with

dAuthor to whom correspondence should be addressed. Electronic mair:he BEB methods are in good ag_reemem Wi_th the eXper_imen'
gfpcaalf@lg.ehu.es tal results and have been previously applied to a series of
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small size molecule¥. molecules of atmospheric interést,
and CR, C)Fs and GFg fluoroalkanes? Deutsch and oce(E)=
Mark!® have derived an electron-impact ICS relationship 2

based on the classical binary encounter approximation a”ﬂ/herelcﬁ and |+ are the detector currents for Crand
recently'® reported a comparative study of the DM and BEB , , . 2 . .
Ar™ ions, respectively, andCHZF2 andn,, the gas density of

TICS calculations of a large number of molecules, free radi- .
cals, and their experimental profiles. the precursor and the reference gas, respectively. THe Ar

In this work a study of the above TICS calculation meth-and Kr*ZLCS§2'2f”W§re used as references following Syage’s
ods and the influence of the computational level and thanethod ™™ Total ionization(counting cross sections of .the
basis sets in the Kim, Khare, and DM methods have beefrFa CHFs CHzF>, and CHF molecules were determined
applied to the fluoromethane family GFCHF;, CH,F,, and by adding up the partial ICSs of all the ions observed.
CHF. The parallel experimental study reported is justified to
include a set of consistent measurements and permits an
evaluation of the relative scatter of the data, essential in &!. TOTAL IONIZATION CROSS-SECTION
subject where the reported ICSs have a considerableOMPUTATIONAL METHODS
dispersion:’~*°ICSs and other electron-impact related prop- Electron-impact TICSs have been computed by the Kim-
erties of the Cl; one of most studied and best known mol- geg and the Khare-BEB methods, the DeutscheéDM)
ecules due to its industrial plasma applications, have beefbrmalism, the modified additivity rul§MAR), and the
reviewed recently/'° CHF;, has also been studied, although 141and and VallencéHV) methods. Although the BEBs and
to a lesser extent, and reviewed recefftijallance et al. DM methods include some type of additivity, they are not
have reported the TICSs of GK (X=H, F, Cl, Br, and }  o|ated to atomic additivity but to the molecular orbital ICSs.
comparing the Kim, the DM, and the HV calculat_lozr?sTo None of these methods regards the contributions of the neu-
the best of our knowledge no cross-section experimental dai@y gissociation and multiple ionizatiofautoionization and
on CHyF, has been reported until recently. Auger processésto the total ICSs. In the following we

present a succinct summary of the methods, highlighting
their approximations.

A. The Kim-BEB and Khare-BEB methods

lcpren
CF2 Ar

~opa+(E), 1)
Iart-NehyF,

Il. EXPERIMENT
BEB®~1? methods are approximations of the analytical

The experimental setup used to determine the experibinary—encounter dipoléBED) method. In order to calculate
mental cross sections has been described elsefvhenel the BED electron-impact ICS profile, the molecular orbital
only a brief summary will be given here. A pulsed supersoniccontinuum dipole oscillator strengtit {/dw) (CDOS must
molecular beam of the selected fluoromethane collides at e experimentally known or computed. Unfortunately the
right angle with a pulsed electron bedt5 eV full width at ~ available CDOS of atoms and molecules reported is very
half maximum(FWHM) at 10 xA electron intensity, energy limited. Hence Hwanget al proposed a simplified version
up to 100 eV in the “extraction region” of a linear double of the method based on the H, He, and@DOS experimen-
focusing time-of-flight (TOF) mass spectrometefR. M. tal shapes, whose first term of the expansion conveniently
Jordan. 300 ns after the collisions are over, a negative volt-handled leads to an analytical integration of the differential
age pulse is applied to the extraction grid, creating an electrigross section. In a Kim-BEB TICS calculation three physical
field that drives the ions onto the 86.5 cm long flight tube,parameters are required: the electron binding en&gthe
perpendicular to both molecular and electron beams, where&verage kinetic energy, and the orbital occupation number
set ofx-y plates focuses the ions onto a three-stage microN. The integrated cross section per molecular orbital is
channel plate(MCP) (C-07001, =18 mm detector. The S Int 1 1 Int
detector response is routed to a digital oscillosc¢pek- 7( _t_2)+l_f_t+_1
tronix TDS360 and later to a computer for further analysis
and storage. where, beside®, U, and N, the following parameters are

Reference and/or target gases were stored in a stainlessed: T as the incident electron energy=T/B; u=U/B;
steel cylinder at a stagnant pressure of 3 (B4KS-baratron S=4wa§R2N/BZ; ap,=0.5292A; andR=13.61eV. The
750B, 1% accuragyconnected to the TOF mass spectrom-cross section is the sum of two terms, the first, the Bethe
eter through a pulsed valve. The supersonic expansion beaterm, associated with the first logarithm function, stands for
was skimmed and further crossed with a well-characterizethe soft or large impact parameter collisions and is domi-
energy electron beaifzalibrated with the appearance poten- nated by the dipole interaction, while the residual terms, i.e.,
tial of Ar"). lons resulting from the beam collisions were 1—1/— (Int)/(t+1), represent the hard or close impact pa-
selected by their characteristic TOF and their partial ICSrameter collision cross section as described by Mott. The
converted to absolute scale by comparison with the ICS ofogarithm term of the Mott contribution originates from the
close-in-mass A(40 amy or Kr (84 amy reference gases, to interference of the incident and the scattered electron. In con-
minimize the mass effect on the extraction and flight stepssequence, thegeg is the sum of the molecular orbital con-
The absolute partial ICS for the GFon, chosen as an illus- tributions that in turn are determined as their Bethe and Mott
tration of the method, is given by the equation: cross-sections contributions.

: )

e
BEB t+u+1
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In the calculation of a molecule TICSs by E@) the  CH, molecule the TICS difference between both methods is
greatest contribution term by far, up to 80% of the crosSess than 39° In this paper TICS for CF CHF;, CH,F,,
section in halomethanes, is the first ionization enei.  and CHR molecules have been computed by the Khare-BEB
The use of Koopmans’ theorem, known to overestimate bynethod and Fig. 2 shows, as an illustration, the, GES
ca. 15%° the experimental IEs, produces low and shiftedprofiles. Kim's and Khare’s computations of the TICS pro-
TICS profiles. Indeed, the use of experimental IE signifi-files of CHF;, CH,F,, and CHRF have a similar behavior,
cantly improves the overall TICS profile. For practical rea-i.e., differences of TICS of 4% near energy threshold and an
sons, except for the first ionization energy of the highesimprovement up to 1% for electron-impact energies higher
molecular orbital, the set of molecular orbital binding ener-than 40 eV. The small differences make the display of both
gies, B, have been taken from tha initio computations. ICS profiles unjustified.

The molecular orbital energies of the fluoromethanes
studied were computed with theaussiaN 98w package®
initially at the HF/6-311G level to match the computations
by Hwanget al!* In addition, systematic computations have ~ The method is an extension to molecular species of
also been conducted at other levels, including those at HF/@sarlier models for the electron-impact ionization of ground
311G, MP2/6-311G, MR&DQ/6-311G, CC/6-311G, and state atomé?*°In the present version it has been success-
CISD 6-311G. It is worth noting that computations with the fully applied to atoms} radicals?® molecules’® and
minimum basis set at the HF/STO-3G level yield very highclusters®* In the DM formalism, the electron-impact ICS cal-
cross-section profiles and are depicted only for refer¢aice  culation requires the weighting factors of the orbitals identi-
Fig. 1). Basis sets 6-31@l), 6-31G(d,p), 6-311G, 6-31 fied by theirn anl| quantum numbers, the maximum radial
+G(d,p), and 6-31%G(d,p) have also been explored to density radius, the effective occupation numbers taken from
study the TICS dependence on the polarization and diffus@ population analysis, the incident electron enefggnd the
functions. Furthermore, the computed TICSs differ amongonization energy of th¢th subshelE; . In addition, the DM
themselves by some 5%Fig. 1), a figure smaller than the Ccross-section formula requires a number of semiempirical
10%-15% estimated error of the experimental measureParameters, b, ¢, andd characteristic for the-, p-, d-, or
ments. Tables I-IV collect the calculated molecular orbitalf-electron orbitals? Due to the lack of experimental vertical
electron occupation numbe\, orbital bindingB, and orbital ~ ionization energies of thith subshellE;, the electron bind-
kinetic energyU of CF,, CHF;, CH,F,, and CHF. Experi- ing energies were taken froab initio computations, except
mental and computational studies on the,@lecule have for the lower orbital energy where the first experimental ion-
been recently reportédland the results agree and validate ization energy is used.
those presented here. In this work the contribution of the atomic orbitals to the

A significant limitation of the Kim-BEB method is asso- Molecular ones has been weighted with the population analy-
ciated with the production of one single ion, neglecting ei-SIS computed either by the alin or the Mulliken
ther multiple ionization or neutral dissociation. In many Methods™ Since both population analysis methods for,CF
cases, including fluoromethan@a number of neutral dis- Yi€ld very close cross sections, the calculations were con-
sociation channels are opened following the creation of exducted with the simplest one, i.e., that of Mulliken. The
cited and superexcited states over the ionization potential. ROPUlation analysis was conducted at the HF/6-3T1G
has been suggested that multiple ionization contributions bMP2/6-311G, MP&SDQ/6-311G, _CC_/6'3lle CISD/6-
corrected by doubling the contributions of the inner shell311G, and HF/STO-3G levels, yielding results close to
orbitals with binding energies of 40-150 &Vand neutral within 5% and, thus, the method is less sensitive to the com-

dissociation contributions, leading to overestimate the |csPutational level. However, the population analysis was sys-
by taking the computed TICS as upper limifsin fluo- tematically carried out at the HF/STO-3G level. Tables -1V

romethanes the estimated contribution of the multiple ionizacllect the computed parameters required for the DM method
tion increases the TICS by about 5%, shifting concomitantlyc@lculations for Ck CHF;, CHyF,, and CHR molecules
(doubling the inner shell contributionsoward higher elec- and Fig. 3 shows the TICS profiles for the indicated compu-

tron incident energies and improving the fitting to the experi-tation levels. Energy calculations were carried out at the
mental results. Given the empirical nature of the correctiond/P2/6-311G level butin the computed ICS the lower energy

and the limited range of electron-impact energy studied herdVas substituted by the experimental first ionization energy.

no attempt of application to the ICS profiles has been con-
sidered, in the understanding that they may be readily come. The modified additivity rule  (MAR) method
puted from the molecular orbitals’ binding energies, kinetic

energies, and occupation numbers depicted in Tables I-IV. The weII-knqwn overesu'mat'l(())?r: of the; molecular ICS by
Khare et al 2 have developed a method combining theaddmg the atomic ICS contributiohBas stimulated the sug-

BED'X approach and the plane wave Born approximatiorpeStion of empirical corrections to improve the fittings. One
(PWBA).2’ The contributions of the Bethe cross sectieoft of the successful ones is the modified additivity r(MAR)

collisiong and the Mott(hard collision$ differ considerably for ABy, AB,C,, and A,BCD, type molecules.For the

from those of the Kim-BEB methd@although, surprisingly, case of hydride C{F, molecules the cross-section additivity

. rule is
their sums are very close over the whole electron energy

range. The grounds for the compensation are unclear. For the o*(CHyFZ)= fco(C)+fuyot(H)+fza™(F), (3)

B. The Deutsch and Ma rk formalism
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FIG. 1. Experimental and computed total ionization cross-sec¢iid@S) profiles by the Kim method for the following fluoromethane: ,GB), CHF; (b),
CH,F, (c), and CHF (d). The molecular orbital binding energi&s kinetic energiedJ, and electron occupation numbeXiswere calculated at thab initio

levels, method and basis set, displayed in the ingt§ables I-I\j. Calculations were carried out using the calculated molecular orbital energies except for
the external one that was substituted by the first ionization energy.
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TABLE I. Molecular orbital irreducible representation, orbital binding en- TABLE Il. Molecular orbital irreducible representation, orbital binding en-
ergy B, kinetic energyU, electron occupation numb&, maximum radial ergy B, kinetic energyU, electron occupation numb&, maximum radial
density radiusr, ,, effective occupation numbef} , (from Mulliken density radiusr, ,, effective occupation numbeﬂym (from Mulliken

population analysjs and weighting factorg}ml of the CRK, molecule cal- population analysjs and weighting factorsgl ,, of the CHR molecule
culated at the MP2/6-311G level. The molecular orbital energy marked withcalculated at the MP2/6-311G level. The molecular orbital energy marked
an asterisk is the experimental first ionization potential(dEtext). with an asterisk is the experimental first ionization potential(dE tex®.
Molecular level Atomic _ _ Molecular level Atomic _ _
and energyB/eV  UleV N Ianl orbital €A, Gan and energy(eV)  UleV N IAnl orbital £, Gan
(1t,) 16.20° 94549 6 3.8l1E09 F(2p) 6 1.852 6.44E-09 C(2p) 0.151 2.160
(6a;) 13.86 72904 2 5.29E09 H(1s) 0.408 2.750
(4t,) 19.395 88.899 6 6.44E09 C(2p) 0.186 1.547 3.81E-09 F(2p) 1.441 2.160
381E-09 F(2p) S84 1547 (1a,)18.150 93775 2 3.81E09 F(2p) 2  1.653
(1e) 20.931  84.900 4 3.81E09 F(2p) 4 1.433 (5e) 18.199  90.231 4  6.44E09 C(2p) 0.126 1.648
6.44E-09  C(2p) 1706 1.249 381E-09 F(2p) 3.874 1648
(3ty) 24.024 73552 6 4.06E09 F(2s) 0.348 0.832
3.81E-09 F(2p) 3.946 1.249 (4e) 19.311 86.527 4 3.81E09 F(2p) 4 1.553
6.46E-09 C(2s) 0.657 0.719 6.44E-09 C(2p) 1.095 1.365
(4a,)27.812 85.000 2 4.06E09 F(2s) 0.422 0.719 (3e) 21.972 74470 4 4.06E09 F(2s) 0.204 0.910
3.81E-09 F(2p) 0.921 1.079 3.81E-09 F(2p) 2.701 1.365
6.44E-09 C(2p) 0.483 0.652 6.44E-09 C(2p) 0.692 1.307
(2t,) 45.991 104.748 6 4.06E09 F(2s) 5.457 0.435 (5a;)22.961 59.765 2 5.29E09 H(1s) 0.250 1.663
3.81E-09 F(2p) 0.060 0.652 3.81E-09 F(2p) 1.058 1.307
6.46E-09 C(2s) 0.427 0.408 6.46E-0.9 C(2s) 0.787 0.731
(3a,)49.061 88.832 2 4.06E09 F(2s) 1.501 0.408 (4a,)27.369 69.060 2 5.29E09 H(1ls) 0.323 1.396
3.81E-09 F(2p) 0.072 0.611 4.06E-09 F(2s) 0.313 0.731

3.81E-09 F(2p) 0.567 1.096

(2€) 44600 105171 4 6.44809 C(2p) 0.323 0.673

wherefc, fy, andfg are parameters related to the number 4.06E-09 F(2s) 3.677 0.448
of atoms, the atomic radnr(;,r_H,r,:), and the_ nurr_1b_er of 646E-09 C(25) 0361 0.427
electrons _fc,gH,g,:), and are fixed by empirical fitting to (3a,)46.893 91973 2 406E09 F(2s) 1578 0.427
the experimental ICS of a few benchmark molecules. For 3.81E-09 F(2p) 0.061 0.640
CHF;, CHyF,, and CHF molecules the smaller size of the
fluorine atom with respect to the hydrogen makes it neces-
sary to apply the rule for hydrides, where the ICSs are ex-
clusively determined by geometric factors, and the coeffiwhereE,,, stands for the electron-impact energyat,, and
cients are set to one. The calculation of the fluoromethane® and A, are the de Broglie wavelength at the electron-
ICSs requires the knowledge of the ICSs of the C, H, and Fmpact energieg and E,, respectively.
atoms’ ICSs that have been reported elsewAr& Very Although a considerable number of atoms and molecules
good agreement has also been achieved by starting from tiseem to fit ther,,/« correlation, the prediction of the TICS
computed ICSs of the C, H, and F atoms computed by thgrofiles in the range of electron-impact is very poor. Harland
BEB methods. et al.” have reported cross-section profiles fo, ICO, CO,
NHj;, CHsF, and CHCI, and the results are limited by the
accuracy of the polarizability volunf€.in the application to
the fluoromethane studied in this work, the polarizability of
The correlation between the TICS profile maximum andCH,F, is unknown and has been calculated at the MP2/
the molecular polarizability volumey (A%), has been justi- STO-3G level as the best suited simple method to reproduce
fied by simple electrostatic argumehtand applied by the polarizability of the other members of the family: CF
Harland and Vallanceto estimate TICS profiles. The corre- CHF,;, and CHF. The computed value of 3.30°5eems to

D. Harland and Vallance method

lation be a sensible figure, also matching the experimentally inter-
o\ 12 polated value of the series.
O'maxoc<E_o) , (4)
. . . . IV. RESULTS AND DISCUSSION

where E; is the ionization potentialeV) gives the ICS _

maxima, while the profile fsthe sum of two empirical Electron-impact TICS calculated by the methods de-

terms>° scribed in Sec. Il are compared in Figs. 4—7 with the more
reliable experimental data reported in the literature so far and

O max

o=

( Emax )(E—Eo)Jrl_w} (50 those measured in this work. The source of experimental
E )

2 max_ Eo/| E uncertainties in setups based on time-of-fligFDF) systems

)\max
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TABLE lll. Molecular orbital irreducible representation, orbital binding en- TABLE IV. Molecular orbital irreducible representation, orbital binding en-
ergy B, kinetic energyU, electron occupation numb&, maximum radial ergy B, kinetic energyU, electron occupation numbé&, maximum radial
density radiusr, ., effective occupation numbeﬂym (from Mulliken density radiusr, ,, effective occupation numbeﬂyn, (from Mulliken
population analysjs and weighting factorsgL,n, of the CHF, molecule population analysjs and weighting factorsgk,n, of the CHF molecule
calculated at the MP2/6-311G level. The molecular orbital energy markedtalculated at the MP2/6-311G level. The molecular orbital energy marked

with an asterisk is the experimental first ionization potential(dE text). with an asterisk is the experimental first ionization potential(dE texy.
Molecular level Atomic _ _ Molecular level Atomic _ _
and energyeV) U (eV) N Fanl orbital Anl Ghni and energy(eV) U (eV) N IAnl orbital Anl Oani
6.4E-09 C(2p) 0.214 2.358 6.44E-09 C(2p) 0.187 2.406
(2by) 12.7% 64.013 2 52E09 H(1ls) 0.520 3.003 (2e)12.47 59.571 4 5.29E09 H(1s) 0.121 3.063
3.8E-09 F(2p) 1.266 2.358 3.81E-09 F(2p) 3.692 2.406
3.8E-09 C(2p) 0.132 1.792 (5a,)17.204 67.207 2 6.44E09 C(2p) 0.328 1.744
(6a,) 16.738 75.861 2 5.29E09 H(1ls) 0.202 2.282
3.81E-09 F(2p) 1.666 1.792 381E-09 F(2p) 1.672 1744
(4b,) 16.965  90.453 2 3.81E09 F(2p) 2 1.768 6.44E-09 C(2p) 1.184 1.631
(1e)18.394 54801 4 5.29E09 H(1ls) 0.274 2.077
(1a,) 17.897 88.225 2 3.81E09 F(2p) 2 1.676 3.81E-09 F(2p) 2.542 1.631
(3b,) 19.627 75.744 2 6.44E09 C(2p) 0.555 1.528 6.46E-09 C(2s) 1.046 0.763
(4a,)26.201 44.402 2 5.29E09 H(1s) 0.240 1.458
3.81E-09 F(2p) 1445 1.528 406E-09 F(25) 0348 0.763
6.44E-09 C(2p) 0.608 1.480 381E-09 F(2p) 0366 1.145
(5a,) 20273~ 66.035 2 529809 H(ls) 0162 1884  (353)47193 100636 2 4.06E09 F(2s) 200 0.474

3.81E-09 F(2p) 1.230 1.480

6.44E-09 C(2p) 0.838 1.428
(1b;) 21.007 51.299 2 529E09 H(ls) 0.482 1.818 )
3.81E-09 F(2p) 0680 1428 Wwere conducted with the standard methods already referred

646E00 C(2) 1000 0.748 to and the results are also plotted in Fig. 4. By far the method
(4ay) 26.741 57070 2 520609 H(ls) 0498 1428 tr;at best fit the experlmenta_ldreSlijltg O\r/]er tKh_e v'\;holedlnﬁldent
406E-09 F(25) 0211 0748 electron energy range considered is the Kim- @BRd the
38l1E-09 F(2p) 0201 1121 Khare-BEB, not plotted but similarcomputed at the
MP2/6-31G() level, in preference to the MP2/6-31 )
(2b;) 43.128  105.308 2 644809 C(2p) 0137 0696 - \p2/6-311G>MP2/6-31+G(d,p)>MP2/6-311G(d,p).
4.06E-09 F(2s) 1.863 0.464 Aconcomitant shift towards higher energies, of c.a. 1.8 eV, is
also observedFig. 1(a)]. With the 6-311G basis set the se-
quence of the good fittings levels are MPRIP4
>CC>CISD>HF. At the HF level the quality of the fitting
follows the sequence 6-31@) [~6-31G(d,p)]>6-311G
>6-31+G(d,p)>6-311+G(d,p). For the Khare-BEB com-
_ _ _ puted profiles the trends are very similar to those of Kim-
essentially comes from the inaccuracy of the lightest fragBEB and their results have not been drawn in Figs. 4—7 for
ments partial ICSs, released with a considerable kinetic ensimplification purposes.
ergy so that a non-negligible portion of ions is lost during  The TICS profiles computed by the DM method have
their flight to the detectot* Moreover, their contribution to  maxima lower than the experimental ones and the results
the TICS is small and the experimental accuracy in our meacomputed by the Kim-BEB metho@f. Fig. 4). The overall
surements is estimated to be better thal0%?" In the fol-  difference and maximum energy shift to lower incident elec-
lowing a detailed discussion of the results for the specifiaron energies is substantial. The empirical MAR and to a
fluoromethanes is presented. lesser extent the HV methods, as in most cases for semi-
A. CF, empirical approximations, provide satisfactory rough results

if compared with the computational effort and straightfor-
The CR, molecule is by far the best and most studiedyard application.

fluoromethane either at the theoretical or experimental levels

and Fig. 4 collects the most reliable sets of reported experi-

mental measuremerit};*®> as well as Christophorou B. CHF,

et al’'s'”"*recently “recommended” values, an averaging of The expected lower maximum of the TICS CiH#rofile
former reliable determinations, and the Kim-BEB TICS compared to that of CHs not confirmed by the experimental
calculation®® In addition, the plot includes our own measure- measurements, some of them considerably highgn the
ments, which may be regarded as a study of the set of flucange>8.0x 10 2°m? (Ref. 44 and >6.0x 10" 2°m? (Ref.
romethanes carried out under identical conditions and meth45)] and others much lower, ca. 430 2°m?.%64" The big

ods and which are, in fact, in excellent agreement with thealifferences of these TICS in one of the best characterized
latest recommended profild$. TICS calculation profiles simple molecules illustrates the large discrepancies in the

(3a;) 44525  96.060 2 6.46E09 C(2s) 0.247 0.449
4.06E-09 F(2s) 1753 0.449
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reported experimental results. Our own determinations for 6
CHF;, with the experimental setup calibrated with CRAr, Total Kim

and Kr atoms yield a profile with maximum at 4.5 AN
X 10 2°m?, are presented in Fig. 5 along with our theoreti- Total Khare <

cal calculations. Furthermore, the scarce available experi-S | e e
mental data shows notable discrepancies as reflected irg 44
the recommended ICS by Christophorait al. in their
first'84445and second reviet¥*® which point out the neces-
sity of new experiments to assess the TICS. Indeed, the ex-
perimental determinations obtained in this work provide a
new 4sﬁet in excellent agreement with those reported by Jiao
et al.

n M10%m’

tion cross sect

....................

niza
N
1

Kim’s method calculations on the CHHICS profiles
are in good agreement with those of Jiabal. and those
provided in the present work. In fact, at an electron-impact AT
energy of 80 eV the computed TICS is 420 2°m?, that 0 T -

: 0 40 80 120 160 200
matches very well to the experimental value of 4:8)5)
X 10~ 2°m?. The best fits for calculation basis sets and levels Electron energy /eV
follow the same trends as the full fluorinated Q®olecule.
The empirical MAR method yields aTICS profile very close FIG. 2. EIectron-impacF total ionization cross sections for the @6lecule, '
to that of the Kim-BEB method. their profiles cross at ca. 35as _calculated by the Kim and_ Khare methods. The Mott and Bethe contri-
h ’ - > butions to the TICS are also indicated.
eV and the ICS difference at the maxima is but 0.5
X 10" 2°m?. Systematic lower values than those of Kim-BEB
are provided by the DM formalisMAICS=0.4x10"°m”*  same levels as for other fluoromethanes, yield the same se-
for 25eV<electron energy 90 eV) with a significant elec- quence in the profiles, of which only the MP2/6-311G profile
tron energy shift in the maximum. Finally, the HV method s plotted in Fig. 7.
grossly overestimates the TICS at low energies (15&V An overall comparison of our TICS experimental results
<100eV) and also again over 300 eV. and the Kim-BEB computed profiles for the family of fluo-
romethanesFigs. 4—7 leads to the trend that the higher the
number of H atoms in the molecule, the lower the experi-
C. CH,F mental TICS profiles with respect to the calculated ones. The

Both experimental and theoretical TICSs profiles for theexpected effect has its origin in the TICS decrease with the
CH,F, molecule are plotted in Fig. 6, and the fitting for the number of electrons and in the large kinetic energy of the
series of basis set and calculation level studied are shown igiected lightweight fragments. In fact it has been shdwh
Fig. 1(c). The experimental partial and total ICSs for the that following the electron impact the lightweight fragments
molecule have recently been reported elsewhtpdthough  are ejected with much higher kinetic energies than heavier
the two hydrogen atoms in the molecule suggest the appeamass ones, and thus special care should be taken to avoid
ance of high kinetic energy light ion products following elec-
tron collision, the fitting of the experimental data to the Kim-

BEB profiles is excellent in the whole energy range studied. ¢ , —m  r- n onal levels:

a. HF/STO-3G population analysis HF/STO-3G

Total io

e
-

The DM calculation yields considerable differences with - b HF311G binding energies  MP2/6:311G
the Kim-BEB profile and the same trends as other halom- T €7 |__. & uraesnic )
—--=- e.MP46311G

—@— This work (experimental
----- f.CC/6-311G e N —O— Christophorou™®
-------- g.CISD/6311G

4 & \ ~‘
4] "' ..... 5 C\%

ethanes already reported. While the differences at energies
lower than 80 eV may be considered small or acceptable, at
higher energies the difference increases considerably. Com-
pared to the Kim-BEB, the MAR profile is very good for a
semiempirical method while the HV grossly overestimates
the ICS.

Total ionization cross section / 10%°

D. CHqF

Vallanceet al?° have reported the TICSs of a series of
halomethanes C{X (X=H, F, Cl, Br, and ) at an electron Ty T
impact of 0—180 eV using the total ion current metiod Electron energy /eV
mass selection Their data for the CEF molecule together
with those obtained in this work by mass-resolved TOF SpeCElG- 3. Experimental and DM computed total ionization cross-section pro-

: : : iles for the Clz molecule. Similar dependences with the calculation method
troscopy are plOtte.d for ComparISOh E)urposes n F!g. 7. Thgand basis set are observed for GHEH,F,, and CHF molecules. Calcu-
TICS Co_mpute(_j W'_th the re_“al_)le Kim's _methOdv using elec-ations were carried out using the calculated molecular orbital energies ex-
tron orbitals, kinetic and binding energies calculated at theept for the external one that was substituted by the first ionization energy.
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6
- — = Kim-BEB MP2/6-311G

NE 6 —— DM MP2/6-311G - - -Kim-BEB MP2/6-311G
o .- MAR o —— DM MP2/6-311G
L= | T HV 13 —-—--MAR
c g |- HY
[~ o
£ =
3 E
o q 8 47
. 3
S "
c [
g 8
- =
g O Christophorou et al.” °
T 24 c
2 v Bonhametal.” 2 24
= o Polletal® R
Ig A Bruce etal® E

®  This work "_:

0 ; 5 | —@— This work and [Ref. 21]
10 100
Electron energy /eV 0 -
. . L . 10 100 Elect eV
FIG. 4. Experimental electron-impact total ionization cross sections of the ectron energy /e

CF, benchmark molecule as a function of electron-impact enérgys. 19, ) ) o ) )
41-43. The calculated profiles were carried out with the following meth- FIG. 6. Experimental electron—lmpact total |on|zqt|on cross-section profile
ods: Kim (dashed ling DM (thick solid line, MAR (dash-dot ling and HV of the CHF, molecule as a function of electron-impact energy. The only
(dotted ling. experimental data available for this molecule has been reported recently
(Ref. 21 (closed circles The calculation profiles were determined by the
following methods: DM(thick solid ling, Kim (dashed ling HV (dotted

. . line), and MAR (dash-dot Ii
loss of atoms flying to the detector. In general, corrections tome) an (dash-dot fing

the TOF method must be included to avoid systematic errors,

which obviously increase at higher electron impact energieseries  6-31166-31Gd)~6-31Gd,p)>6-31+G(d,p)>6-
(over 40 eV, cf. Fig. Y. In consequence, the TICSs reported 311+ G(d,p), while MP4 vyields better but close fits
by Vallanceet al. should be regarded, in principle, as more (MP4~MP2>CC>CISD>HF). Furthermore, the Kim
reliable than our own results without corrections, although inTICSs fit the experimental results better if diffuse and polar-
contrast it neglects other effects such as field inhomogenedzation functions are not included in the computation. The
ities near the edge extraction plates, which may lead to asffect seems to be related to the balance between hard and
overestimation of the ICS. Studies on experimental correcsoft collision contributions. As the basis set is enlarged the
tions are being pursued in our laboratory. The same argufICS contribution of the Bethe term increases and the Kim
ments apply to the discrepancies between the Kim calculaapproach underestimates the Mott cross section.
tion and our experimental results. The comparison of TICS profiles supplied by the DM
Figures 1a)-1(d) show that the electron correlation and the Kim-BEB methods leads to the following conclu-
methods produce an increase in the TICS, with an apparegions: DM underestimates the TICS and shifts their maxima
saturation limit. In addition, the computed profiles systematitowards lower electron-impact energies. In the DM calcula-
cally fit better to the experimental results when the externation reported by Vallancet al. the weighting factorg,, for

electron energy is substituted by the experimental ionizatiorall the atomic orbitals are considered identical, neglecting the
potential. It is also noticeable for all the fluoromethanes

studied that for the MP2 method the smaller the basis set

the better it reproduces the TICS profiles, according to the L mBEE MPYEI11G
o~ ——DM MP2/68-311G
ﬁE —.—--MAR
L [ N HV
D g 4 el
o 84 --- Kim-BEBMP216-311G h& A Poll etal® 5 . +’aaog BN
. —— DM MP2/6-311G v Gotoetal® § .,’o . booo .
e || T MAR a6 0 . /):, e ~
= || ..... HY v O Jiao etal. » 4 ~ \DE[] ~
€ 6 VV a7 8 N
o A v O Beranetal 14
8 v —e— This work g
3 E .- (<]
® 8 2
o o R
€ = /
k] 8 A _/}-'« 20
‘§ g - O Vallance et al.
-g 2 ~@— This work
g 04 r ——— T r
- 0 10 100 Eiectron energy leV
»> Y e s s S
10 100

Electron energy /eV FIG. 7. Experimental electron-impact total ionization cross-section profile
of the CHF molecule as a function of electron-impact energy. The experi-
FIG. 5. Experimental electron-impact total ionization cross-section profilemental determinations are from Vallaneeal. (Ref. 20 (open squargsand
of the CHF;, molecule as a function of the electron-impact enefBgfs. this work (closed circles The calculation profiles were determined by the
44-47. The calculation methods were the following: Kitdashed ling following methods: Kim(dashed ling DM (thick solid ling, MAR (dash-
DM (thick solid line, MAR (dash-dot ling, and HV (dotted ling. dot line), and HV (dotted ling.
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