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A molecular dynamic$MD) method has been developed for the simulation of the motion of ions in
neutral gases under the influence of homogeneous electrostatic fields. The method treats the
translational motion of the ions and gas molecules classically and thus requires as input the ion—
molecule interaction potentials. The continuous dissipation of a part of the ion-energy to a thermal
bath is accomplished through the introduction of “iconical interactions” between ions and images
of the neutrals created and stored in the memory of a computer during ion—atom encounters. The
steady ion motion is then simulated by usual equilibrium MD methods using periodic boundary
conditions. The resulting ion mobilities, effective temperatures, and third other velocity-distribution
moments, expressed as skewness parameters, compare well with available results derived from the
moment solution of Boltzmann equation and Monte Carlo simulations using the same interaction
potentials in the cases of'’Kin He and Ar, as well as of Bain Ar. The additional reproduction of
experimental data provides an independent test for the accuracy of the employed model potentials.
Although the method has been applied to atomic systems it is easily extendable to the more complex
molecular systems but at the expense of computer timel9@5 American Institute of Physics.

I. INTRODUCTION work. Here we will primarily be concerned with atomic sys-
tems and the three first moments of the ion velocity distribu-
The motion of ions in neutral gases under the influencejon function, from which the ion-mobility, mean kinetic en-
of homogeneous electrostatic fields has been studied extegrgies or effective temperatures and skewness parameters are
sively over the last decades, due primarily to the advent ofjetermined. The method requires as input the external con-
drift tube mass spectrometers which enabled the productiogitions that characterize the steady motion of the ions in drift
and accurate characterization of steady ion currents in buffe{;nes that is the gas temperatdrand the ratio of the field
gases. Thus, many ion—gas combinations have been StUdiegtrength to the gas number densiyN, as well as the ion—
experimentally and the corresponding measured ion mobiligy,jecyle  and molecule—molecule interaction potentials;

Ees ﬁnd c;l]lfqumln coeff|C|_ents fhlave b.ezn codmf||alled s far. .though the interactions between the neutral molecules do not
urther, the implementation of laser-induced fuorescence 1q .+ the results of the simulation significantly. Although the

driit tube experiments enabled the determination of mea_rﬂ)rocedure can be extended straightforwardly to the case of

lon-kinetic energies parallel, perpendlcul_ar, and at IntermeOIIFnolecular ions, results for such systems are deferred to a
ate angles to the field as well as of third and fourth order,

moments of the ion velocity distributidt, though for selec- future application. - . . .
. - . : L Normally, such a realistic reproduction of the ion-motion
tive systems only. In similar studies, the population distribu-

tion of rotational states and alignment of Nh drift tube$ which follows th.e evolu.tion of the system of ipns and mol-
has been probed. In addition, vibrational deactivatiand ecgles thr_ough |nt_egrat|on of Newton's e_quat|ons would re-
chemical rates of the drifting ioh4® have been measured. avire the introduction of a thermal bath, in order for the gas
though with less accuracy " temperature to remain constant throughout the simulation.
The interpretation of the transport data has beenThiS is so, because a part of the energy of the ions which is

achieved through the moment solution of Boltzmann—typegained from the electric field is continuously dissipated to
kinetic equations but has been restricted mainly to atomidhe gas through the ion—gas collisions. .
systems with the exception of Viehland and co-workers on ~ 'NStéad, to avoid complications related to continuous
Li* in N, and CO Recently, attempts are made for the Control of the state of the gas which would slow down the
application of the analytic theory to molecular ion systéfhs. Procedure, we prefer to maintain the gas at equilibrium by
Parallel to the analytic theory, Monte Carlo methgdé  not gllowmg the_gas moIe_cuIes to feel the ions. What is
have been developed which can also provide transport progrucial however, is for the ions to feel the forces of the gas
erties from cross sections. Such methods depend on stochdBolecules. Such a situation can been implemented in a com-

tic models for the determination of free flight times of the puter through the introduction of “iconical interaction,” that
ions. is, interactions of ions with images of the neutral molecules

An alternative approach to the simulation of the ion-which are created during collisions. These considerations are
motion independent of stochastic models and thus easily exsonsistent with drift tube experiments where tenuous
tendable to molecular systems is provided by molecular dyamounts of ions are introduced into the buffer gas, with very
namics (MD). A new such procedure is presented in thissmall relative density, thus allowing efficient transfer of ther-
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mal energy to a bath without disturbing the gas from equition. Second, the fast restoration of equilibrium Gaussian
librium. v-distribution of the gas indicates that the motion of the gas
As prototype systems for testing the reproduction of ion-molecules could be simulated independently from the ions
mobility we have chosen Kin He and in Ar because they with an equilibrium MD method, provided the ions interact
both have been extensively studied experimentally, as well airough an effective mechanism with them. For this reason
through the analytic theory and by stochastic simulations uswe choose to simulate the gas without adding to the forces
ing the same ion—atom interaction potentials. In addition tdfelt by the neutral molecules the forces due to the presence of
the reproduction of the mobility, the determination of thethe ions. However, since the neutral molecules will not be
next two higher moments of thedistribution, expressed as affected by the presence of ions, it is obvious that the ions
effective temperatures and skewness parameters, respegtiould not feel the forces dhese moleculegither, other-
tively, have been tested against results of analytic calculawise the collisions would not be realistic. A way out from
tions and experimental data for Ban Ar. this contradiction is achieved by not allowing the ions to
The results of the present procedure can converge to ariteract directly with the gas molecules, but only with im-
predetermined accuracy but improvements of convergencgges of them generated in the memory of the computer at the
below a few percent require expense of large amounts oftarting point of each ion—molecule encounter. The images
computer time. We find that a workable accuracy is withinevolve independently from other ions and gas molecules as
+2.5% for the mobility and 5% for higher moments. Theselong as the interaction takes place, and at the end of the
errors are comparable to convergence limits of the analytigollision they are erased from the memory of the computer.
theory (generally 0.2% and 2%, respectively, but in someThese interactions, named here “iconical interactions,” al-
cases as much as1% and~5%), and of stochastic simula- |ow the efficient loss of excess energy from the system in a
tions (~1% and ~2%), as well as to experimental errors realistic way.
(2%—-5% and~5%), as to allow meaningful comparisons for In support to the above considerations, we mention that
ConSiStency with theoretical calculations and meaSUremengm"ar assumptions have been utilized in the moment solu-
to be drawn. The overall consistency is found to be good angon of Boltzmann-type kinetic equations. There, the interac-
in line with eXperimental data, as it should be, since thqions between the ions have been neg|ected and the
interaction potential used in the calculations were determineg.gjstribution for the gas has been considered spherical and
primarily from inversion of mobility data. Gaussian. In addition, the theory itself is based on the as-
We proceed by first presenting the developed moleculagymptions that only two-body interactions take place and
dynamics procedure and the conditions of its operation. Segnat consecutive collisions are uncorrelated. The latter re-
ond, the results for the selected ion—atom test systems atgrictions for the ion—gas molecule collisions have also been
presented and compared to theoretical results and experimeftroduced into our method indirectly through the iconical
tal data. Finally, in the conclusions we comment on the poSinteractions which exclude multiple scattering and correla-
sibility of the extension of the current procedure to moretion petween the ions and the gas. We should thus expect the
complex systems with internal degrees of freedom. present procedure to be consistent with the analytic theory,
and since at the very low density experimental conditions the
IIl. MOLECULAR DYNAMICS METHOD above considerations are reasonable, the present method
We are interested in simulating drift tube experiments inshould reproduce, in addition, the experimental transport
which a small amount of ions is moving through a low den-data successfully.
sity neutral gas under the influence of a homogeneous elec- To explain the technical role of the iconical interactions,
trostatic field. The ions after being injected in the tube followwe can say that at each instant the MD simulation of the gas
a short relaxing stage and finally attain steady motion duringprovides initial conditions for the exact scattering of the ions.
which the energy they acquire from the field is continuouslyAs designed, these interactions allow the use of usual MD
dissipated, through the ion-neutral collisions, to the buffermethods for the integration of neutral and ion trajectories,
gas at steady rate. The gas, in turn, efficiently transfers theuch as the Verlet algorithtfiwith periodic boundary condi-
heat to a thermal bath without being disturbed from equilib-tions, even though the ion motion has cylindrical symmetry.
rium. This is so, because usually the ratio of the ion density Despite the above simplifications, two other problems
to the neutral one is of order ' Since in computer ex- have to be overcome. First, the low density of the gas re-
periments a reasonable value of this ratio is quite smaller, ofuires very long computer runs, therefore a scaling with re-
the order of 18 to 10, it is impossible to mimic the real spect to the density should be looked for. Fortunately, the
dissipation mechanism in a simulation and thus an effectivéon-transport properties at low gas densities depend on the
method has to be introduced for this purpose. Although conratio of the field strength to the gas densEyN. Thus higher
trol mechanisms have been developed and used in nonequiensities than the experimental ones can be employed in the
librium molecular dynamics simulations especially for densesimulation, provided the field strength is raised proportion-
fluids® we do not need to invoke them here because thally. In the present calculation we have increased the density
experimental conditions described above allow us to developy three orders of magnitude, in order to increase the speed
a simpler, more efficient and in addition realistic technique.of the computation by one order of magnitude.
First, the use of small amounts of ions in experiments allows ~ The second problem is the runaway phenomértbat
us to ignore safely the Coulombic interactions between theccurs at high field strengths, where the decrease of scatter-
ions and assume them independent during their steady maig cross sections allows the ions to accelerate continuously
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TABLE I. Potential parametetdor alkali ion—noble gas interactions, in atomic unitg=0.529 177 25 A

System  wv(e?/a;) e(@) Rm(a) as(@)  agad)  a(al)  Ce(eai)  Cs(e®ar)

K*—He 0.2690 0.8589 5.49 1.3831 2.4434 10.614 5.835 72.05
K*—Ar 1.202 0.9478 5.87 11.08 54.14 531.2 38.97 741.8

#The parameters are taken from Ref. 17.

and gain high energies. Such events, although rare, can occiar 2X10° steps of 10 s in order to achieve convergence
during a simulation below the actual instability point. To within a few percent in mobility and effective temperatures.
exclude them from the statistics, in cases where the real run the case of the skewness parameter twice as many steps
away instability has not been reached, we have set were required to achieve the same consistency. The overall
velocity-cutoff, after which the velocity of a runaway ion is accuracy of the results was established by using different
reduced to the instantaneous drift velocity of the rest of thanitial conditions, by doubling the length of the simulation,
ions. This approach allows us to obtain results safely even and by increasing the number of ions and neutral molecules.
very high field strengths. Better accuracies can in principle be achieved by extending
We have to mention also that the classical behavior othese operational variables.

the systems is crucial for the applicability of a MD tech- The neutrals were first simulated over 50 000 steps with
nigue. However, since quantum effects are known to contribmicrocanonical conditions starting from a fcc configuration
ute to the transport properties only at low temperatures, beand then were set free to evolve in parallel with the ions
low 40 K, and for species of low mass, such as H and He,without control of their temperature, though their state was
the range of application of the present technique should rezontinuously monitored throughout the simulation. We ob-

main wide. served that for a few hundred of thousands of iterations the
We turn now to testing the accuracy of the results of thegas remained at the preestablished equilibrium. Finally, the
developed molecular dynamics method. ions initially were randomly positioned in the unit cell with

Gaussianv-distribution of the gas temperature. They have to
evolve for roughly 30 000 steps in order to relax to a steady
state and thus averages for the ion properties were collected
We choose to test our method by studying the reproducafter 40 000 steps. The velocity-cutoff was set at 20 000 m/s
tion of the three first moments of the iondistribution  after experimentation with simulations at the experimental
against calculated and experimentally measured data. Sphkigh field limit under the provision that only a few ions had
cifically, the first moment provides the ion-mobility defined to cross the velocity limit during the whole duration of the
throughK=uv4/E, where the drift velocityp 4=(v,), is the  simulation.
mean velocjty in the dirgctipn of thg field. The second MO~ K+ in He and Ar
ments provide mean kinetic energies parallel and perpen-
dicular to the field, expressed here as effective temperatures, The transport properties of Kin He and Ar has been
Ti:(m/2kB)(Ui_<vi>)2v where the subscript indicates the calculated in the pasts through the analytic thébayld MC
direction of the motion parallel or perpendicular to the fieldsimulatiot®*® using in both cases the KMV model
andkg is Boltzmann constant. Finally, the third moment is potentiald’ among others. In order to study the consistency

lll. TESTS OF THE METHOD

expressed as skewness parameter, of our MD results on ion-mobilities with the results of these
methods, we employ the same ion—atom interaction poten-
— _ 311/3 2\ _ 2\1/2 !
0=[(vz=(v) "I ((vz) = (0™, (@) tials for the simulations. The model potential consists of two

defined only in the direction of the field, because the paramparts, one representing effectively exchange interactions and
eters perpendicular to the field vanish due to the cylindricathe other Coulombic interactions,
symmetry of the ion velocity distribution.
We test the results of the method against ion mobilites ~ V(R)=VedR)+V(R). )
of K* in He and A, calculated through the moment solution . N . .
of Boltzmann equation and by Monte Carlo stochastic simu—The Coulombic part of the pot_entlal, n tu_rn, IS descr_lbed t_)y
lation, as well as, against ion mobilities, effective tempera-a damped tr.uncated perturbatlon expansion for the induction
tures and skewness parameters for' Ba Ar calculated and dispersion energies,
through the analytic theory. All these quantities have also _
been measured experimentally and relevant comparisons Ve(R)=[Vind R)+Va(RIN(R), ©
against experimental _data esse_ntially provide new tests f%here, in atomic units,
the employed interaction potentials.
We have simulated all systems with 500 ions in 108 de(R)=ezad/2R4+ezaq/2R6+e2aO/2R8,
neutral molecules using the Verlet algorithm for the integra-
tion of the equations of motion, since the simplicity of the Vi R)=Cg/R8+ Cg/RE,
system does not necessitate the use of a more elaborate and
thus slower algorithm. The length of the runs was from 10 and
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TABLE 1. Mobility and effective temperatures for Kin He at 300 K

calculated at various field strengths by molecular dynamics simulation. 24
+,
E/N(Td) vg(m/9 Ko(cn?/V s) T)(K) T,(K) 22 K'in He
10 600 223 381 314 0 1
15 892 22.1 450 355 |
30 1716 21.3 869 552 181
60 3002 18.6 2008 1086 (ch*(fVS) | o Experiment
80 3690 17.2 2813 1500 I
100 4306 16.0 3388 2057 16 1
120 4840 15.0 4520 2529 ] T e
150 5624 14.0 5706 3515 M | TTMe
200 6563 12.2 8651 4527 .
400 8719 8.11 26450 19340 . 10 100 1000
E/N (Td)
2
h(R exp(1l.28R,/R—1)° for R<1.28R, FIG. 1. Standard mobility of K in He at 300 K. Circles are experimental
1 for R> 1.28R,,, data from Ref. 2, squares with 2.5% error bars are present MD results, the

solid line has been calculated through kinetic theory, Ref. 17, and the dotted
whereR,, is the position of the potential minimung; are line represents Monte Carlo simulations, Ref. 18.
dispersion coefficients, anal, are n-pole polarizabilities of
the atoms(d=dipole, g=quadrupole, and=octopolg. Fi-
nally, the exchange energy is determined by two unitless

empirical parameters and ¢ through Ve (RI=Wed{R/@),  enough to allow safe conclusions for consistency to be

where Vg, is a universal function of form Gy indeed, as can be inferred from Figs. 1 and 2, the

_ —aR__ - BR : — —
V§<(R)—Ae ?e . with A=146.98, B=70.198, eq approaches coincide with each other and all together
@=1.5024, and3=1.4041. All model parameters are pre- i, the experimental mobilities®22 The latter compari-

sentlczad |tr1hTapIe II. i fth bi £ 300 K h sons, actually, provide a test for the accuracy of the ion—
or the simulation of the noble gases a we have,, | interaction potentials.

employed Lennard-Jon€42-6) potentials because they are We mention also, that at very low field strengths the
simpler and faster in the computation than other more elabo- '

. ; ) results did not converge to the prescribed accuracy, due to
rate available ones. The quality of the calculations, however g P Y

is not affected by this simplification, because at low densitiesIarge lon-velocity fluctuations relative to the drift velocity

. ; : -which tends to zero at vanishing field strengths. Although

the gases behave ideally and thus their state is not sensitive . .

to small variations in the interaction potential. The employe mprovgd accuracy can be achleved by extending the length
potential parameters for the He gas are10.22 K and of the simulation, the low q.uallt.y of the results can pe com-

0=2.556 AZ and for the Ar gas aree=119.7 K and pensated by the fact that, in this case the mobility is almost
o=3.405 A% The resulting standard mobilities, that is mo- Ndependent from the field.

bilities reduced at standard gas conditions through

Ko=K(273.15 KIM)(P/101325 Py at various field strengths

represented aB/N in Td, (1 Td=10"2'V m?), are reported

in Tables Il and IIl. In addition, we report the resulting ef-

fective temperatures parallel and perpendicular to field for a4

future comparisons. The attained convergence in the mobil- ° expra) 00
ity, (=2.5%), at almost all the range of field strengths is good 321 ¢ ewr® o
o MD
3.0 — Theory
TABLE IIl. Mobility and effective temperatures for Kin Ar at 300 K at Ko 281 M
various field strengths calculated by molecular dynamics simulation. (cm?/Vs) 0 e vs
2.6
E/N(Td) vg(m/s) Ko(crmPIV s) T)(K) T,(K)
15 104 2.58 335 312 247
30 223 2.76 422 364 22 :
60 465 2.89 841 589 “ 10 100 1000
100 849 3.16 2026 1269 E/N (Td)
150 1311 3.25 4146 2419
200 1673 3.11 6030 3853
300 2287 2.84 10188 6793 FIG. 2. Standard mobility of K in Ar at 300 K. Circles represent experi-
400 2748 2.55 14199 9933 mental data from Ref. 2open circley and from Refs. 5 and 2Zfilled
500 3278 2.44 22060 15236 circles, squares with 2.5% error bars are present MD results, the solid line
600 3579 2.22 29910 18804 has been calculated through kinetic theory, Ref. 17, and the dotted line has

been determined from Monte Carlo simulations, Ref. 19.
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TABLE IV. Transport properties for Bain Ar at 305 K calculated at vari-

10000
ous field strengths by molecular dynamics simulation usin@.&, 6, 4 Bd'in Ar
model potential proposed by Viehland and Harhpt. 4000 4 T
E/N(Td) vg(m/s) Ko(cnm?/V s) Ty(K) T,(K) 8 .
20 98 1.82 343 315 0.422 T(K)6OOO
40 204 1.90 404 348 0.451
60 313 1.94 585 412 0.699 40007 o Expa
80 445 2.07 897 554 0.821 X Expb
90 508 2.10 1054 611 0.810 2000 - I Mb
120 765 2.37 2027 1011 0.871 — Theory
130 826 2.36 2201 1101  0.876 o , : : :
150 987 2.45 2889 1452 0.837 0 100 200 300 400 500
170 1105 2.42 3413 1741 0.808 ) E/N(Td)
200 1290 2.40 4114 2245 0.805 i
300 1834 2.28 6842 3996 0.783
400 2233 2.08 9353 5538 0.783  FIG. 4. Effective ion-temperatures parallepper curvé and perpendicular

(lower curve to the field for B4 in Ar at 305 K. Circles and crosses are
experimental data from Refs(&f and 7b), respectively, squares with 5%
error bars are present MD results, and the solid line has been calculated
through kinetic theory, Ref. 23.

aReference 24.

B. Ba® in Ar

Data for testing the results of the simulation of Ba Ar of experimentall’s and § at high fields. This inconsistency
consist of mobilities, effective temperatures parallel and perhas been attributed in the past to possible interference of
pendicular to the field, as well as of skewness parametersigher electronic states to the BaAr interactions. Further
which all have been calculated through the moment solutionests with model potentials of more flexible functional form
of the Boltzmann equatioff. As an ion—atom interaction po- could strengthen this assertion.
tential we employ the one used in the analytic calculations.

This is a Qqé 6, 4) potential, with n=7.5, y=0.7137, |/ CONCLUSIONS

€=0.00351(e“/ay), andR,,=6.5 a,y, which has been deter-
mined by Viehland and Hamfftunder the provision to re- We have presented a novel molecular dynamics tech-
produce accurately the experimental transport data throughique for the simulation of the gaseous ion transport under
the kinetic theory. Finally, for the atom—atom interactions wethe influence of an external electric field. The main feature of

have employed the same Lennard-Jones potential which h&Bis method is the dissipation mechanism, which has been
been presented in the previous subsection. introduced in order for the excess ion-energy acquired from

The results for B4 in Ar, summarized in Table IV, have the electric field to be dissipated as heat in the gas, realisti-
converged within 2.5% for the mobility and within 5% for cally and efficiently for the computation. This is achieved
the effective temperatures and the skewness parameter. THgough the iconical interactions between the ions and im-
comparisons against the analytic results and the experimentages of the neutrals, created and stored in the memory of a
data’ which are presented in Figs. 3—5, indicate consistencgomputer as long as the collisions take place. The buffer gas
between the two methods for all first three moments of the
ion v-distribution and, in addition, problematic reproduction

1.0
o e Ba in Ar
.
.
2.6 08 x x
Ba'in Ar "
2.4 7 0.6
8
2.2 ®  Exper. a
Ko 0.4 e
(cm®*/Vs) X Exper. b
2.07 O Mp
® Experiment 0.2 — Theory
1.8 0O MD
— Theory 0.0 T T T T
1.6 T 0 100 200 300 400 500
10 100 1000
E/N (Td) E/N (Td)

FIG. 5. Skewness parameters for'Bm Ar at 305 K. Circles and crosses
FIG. 3. Standard mobility of Bain Ar at 305 K. Circles are experimental are experimental data from Refg@ay and 7b), respectively, squares with
data from Ref. 5, squares with 2.5% error bars are present MD results, arlsb error bars are present MD results, and the solid line has been calculated
the solid line has been calculated through kinetic theory, Ref. 23. through kinetic theory, Ref. 23.
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lindrical symmetry of the ion-motion due to the presence of
the electric field.
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The two simulation methods and the analytic theory, lished.
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formed more easily on workstations and can attain higher E:;:'; i;zyggéggg?l%g%& (b) R. A. Dressler, H. Meyer, and S. R.
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with internal degrees of freedom, though with the expense o?og- Sm't?Aa”g N-_G-NAda’;‘f(aig?%a\S/el 'Ci” Chemistredited by M. T.
. . owers(Academic, New YOrkK, ol. 1.
an even higher amount of computer tu_ne. ) L. A Viehland, S. T. Grice, R. G. A. R. Maclagan, and A. S. Dickinson,
Here we have been concerned with the first three Mo- chem. Phys165 11(1992; L. A. Viehland, Phys. SciT53, 53 (1994
ments of the ion v-velocity distribution, however, the presentEL. A. Viehland and A. S. Dickinson, Chem. Physubmitted.
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be extended to account for internal degrees of freedom, suclg3997(1992.
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the well developed equilibrium molecular dynamics methods’a. b. Koutselos, E. A. Mason, and L. A. Viehland, J. Chem. P18g;.
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