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Monte Carlo model of ion mobility and diffusion for low and high electric fields
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A Monte Carlo method is described to model the mobility and diffusion of ions drifting in response to an
electric field in a neutral gas. The model uses a collision frequency that is dependent upon the ion velocity and
neutral gas thermal velocity. When implemented with a constant collision cross section for momentum transfer,
the model gives a mobility that is constant for small electric fiétdsse giving a subsonic drift velocitand
that for larger fields falls inversely with the square root of the electric field. For argon ions drifting in argon,
the model gives a close agreement with experimental data for the mobility for a wide range of electric fields
when implemented with an energy-dependent cross section. For modeling of transverse diffusion, agreement
with data is improved if the collisions are a combination of idealized charge-exchange collisions and hard-
sphere collisions.
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[. INTRODUCTION In Sec. Il below, the velocity dependence of the collision
frequency is discussed and the theory of ion mobility is re-
The mobility of ions in weakly ionized plasma is often viewed for both the low- and high-field cases. It is shown
assumed to be constant, however, at higher field strengthsthat these two limiting cases and the transition between them
is a decreasing function of the electric field. The decreas€an be described by calculating the collision frequency using
begins at approximately the field strength that causes thée mean velocity of collisions for ions drifting in a Max-
drift velocity to exceed the thermal velocity of the neutral Wellian gas. In Sec. Ill, comparisons are made between com-
gas. In this work, a Monte Carlo model is described thatPutational models with fixed and velocity-dependent colli-
gives good agreement with experimental data for the mobilsion frequencies. The collision cross sections are assumed to
ity of Ar " ions drifting in the parent gas for a wide range of be fixed or energy-dependent and the types of collisions are
electric field values. The computed mobility has the correcessumed to be hard sphere, charge exchange, or a combina-
field dependence as a consequence of using an ion_neutmn of these. Computed values for mObIlIty and transverse
collision frequency that is a function of the ion velocity. In diffusions are compared with experimental data. A summary
the development of this model, agreement with drift tubeand conclusion are presented in Sec. IV.
data for both mobilityf 1,2] and transverse diffusidi8,4] has
been used as a guide. The transverse diffusion of drifting Il. THEORY
ions is more sensitively dependent upon the nature of the
collisions than is the mobility. A combination of hard-sphere
and idealized charge-exchange collisions is found to better The general expression for the collision frequency for a
reproduce data for transverse diffusion than either type ofest ion of velocityd; within the neutral parent gas [48]
collision used alone. Combinations of types of collisions
Qﬁ;(reggg[%vlciuz]s'ly been employed in modeling rf and dc dis V(ui):nnJ o (| — ) — G, f () d%u, (1)
Plasma properties are often diagnosed by measuring the
current-voltage characteristics of wire probes. For collisionwhere n, is the neutral gas density, the integral is carried
less plasmas, the theory of probes is well developed, however the velocity distributiorf(U,) of the neutralgfassumed
ever, for collisional plasmas much less has been done in botlo be Maxwellian, and the collision cross sectianis writ-
theory and experiment. The frequently cited collisional probeten as a function of the relative velocities of the particles.
theorieq 13,14 are based upon models in which the electronThe probability that an ion will have a collision in a differ-
and ion motions are described by a constant mobility. Theential time stepdt is »(u;) dt. This probability is indepen-
electric field, however, increases rapidly as the probe is apdent of the choice of collision partner, because the integra-
proached and thus the ion mobility moves from the low-fieldtion removes the dependence updp Thus, in the Monte
regime to the high-field regime except for very small probeCarlo model, it is not necessary to select the collision partner
voltages. The use of a constant mobility limits these colli-until after the decision to have a collision has been made.
sional probe theories to a relatively small range of voltage The relative probability of a collision with an atom of
when ions are collected. A goal of the present work is to findgiven velocity i, is determined by the dependence of the
a microscopic model for ion motion in plasmas that can bentegrand upori,. For collisions of electrons with atoms,
incorporated into computational models for ion collection bythe product of the cross section and relative velocity is often
probes[15,1€ and aerosol particlegsl 7]. The model should nearly a constant and may be taken out of the integrand. In
also have applications in describing the sheaths in plasmthis case, the distribution of collision partners is the same as
processing. the distribution of neutral gas atoms. In the case of charge-

A. The collision model
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exchange collisions of ions with atoms, there is a range of 6 T T : T . T . T
energies for which the cross section is nearly a constant. In
this case it is appropriate to take the cross section out of the
integrand and to use for it a single value at a representative
collision energy. The remaining integrand is small where ei-

ther f(d,) is small or for values ofi, that are near tai; .

The collision partners are therefore chosen using the weight-
ing function

g(aiuaa):|ai_ﬁa|f(aa)- 2

If the collision partners were chosen from a simple Maxwell-
ian (i.e., no multiplication by the relative velocitycollisions
of atoms and ions of low relative velocity would be chosen at
a too high rate and collisions of high relative velocity would 0 e . ' . L . L
be chosen at a too low rate. The consequences of alternate 0 1 2 3 4 5
methods of choosing collision partners are discussed in the u/u
Appendix. '
The choice of partner is implemented in the model by FIG. 1. The mean relative velocity between a test ion of speed
using the rejection methofil9] applied tog(y;,d,). The  uy, and the Maxwellian parent gas atoms. The solid line is from the
three components of a trial value Gf are selected on the integral in Eq.(3), the dotted line is the approximation with= 2.
domain (—3uy,,3uy,), whereu,,= (2T/m;)*?is the thermal  The velocities are normalized to the thermal spagd
speed with the temperatufieexpressed in energy units and

m; is the mass of both the atoms and ions. The value of aug) Y2

g(U;,ly) is then compared to the value ONgngom w(u;) T

Xmaxg(G,0y)], and if the former is larger then the trial v(uj) = N X , 4
value of(, is kept for the collision. Otherwise, the random MFP MFP

selection ofl, is restartedN, nqomiS defined as a random
number on the0,1) domain and max(l; ,0,)] is the maxi-
mum value of theg(U;,u,) function, which can be approxi-
mated as (; + 0.5uy;,).

The integral in Eq(1) is found approximately by taking
the cross section outside the integral and definir{g;)
=n,o(w(u;))w(u;), wherew(u;) is the mean relative veloc-
ity of collisions obtained from an integral over relative ve-
locities. The mean velocity of collisiong/(u;) for a test
particle of velocityu; moving among Maxwellian field par-
ticles is, after integration over solid andl20],

where \ yep=1/n,0 is the mean free path. This velocity-
dependent collision frequency is used in the computational
model.

The velocity-dependent collision frequency may be used
in conjunction with the null collision methd@1-23. In this
method, a collision frequency.y is defined which is the
largest value that is taken by(u;). The probability of a
collision per time step is initially defined asg,,,dt. If a col-
lision is made, the true probability is calculated and the frac-
tion v(u;)/ vmax Of these collisions is completed. The colli-
sions that are not made are referred to as null collisions. This
method has the advantage that the possibly complicated ex-

2,2 X . ) )
w(u)= 4 ui 3ui+u uze‘uz/”tzhdu pression forv(u;) is evaluated only for the fraction of colli-
: Ufh\/; o 3y sions that are real collisions, e.g., not in every time step.
n f“’ 3u’+uf u2e-Wldu B. Mobility as a function of the electric field

y 3u In the fluid description of plasmas, the mobility is found

A2\ 22 1a from the momentum equation. The collisional drag is in-
= (_”‘) +ud 3) cluded by the term-n;m;uyv,,,, wheren; is the ion density,

™ ' vy is the ensemble-averaged momentum transfer collision

frequency, andiy is the ion fluid drift velocity. Assuming a

The final expression, plotted in Fig. 1, is an approximationsteady state, the fluid transport equation in one dimension is
that is correct to within a few percent with=2 and to  obtained as

within a few tenths 011‘/23 percent wita=2.14. In the limit g

ui—0, w(u;)—(4/7) Uy, and in the limit u>uy,, B B n;

w(u;))—u;. For subsonic ion velocity, the collision fre- Ti=niug=uinE=D; dz’ ®)
qguency is determined primarily by the mean speed of the

neutral gas atoms and is only weakly dependent upon the testhere I'; is the ion flux, u;=qg/m;v,, is the ion mobility,
particle velocity. For supersonic ion velocities, the collisionD;=T/m;v,, is the ion diffusivity, andq is the elementary
frequency is approximatelp,o(u;)u;. The dependence of charge. The electric field is assumed to be uniform and
the collision frequency upon the ion velocity is aligned with thez axis. In generalD; is a tensor quantity
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with differing values parallel and transverse to the electric [ 7 AR
field. The momentum transfer collision frequengy; is, in
general, different from the frequency of computational colli-
sionsv(u;). 1000
Often it is assumed that the mobility and diffusivity are
constants and independent of the drift velocity. However, this
is true only for drift velocities much smaller than the thermal—
speed. Wannier24] identified three different regions for the g
mobility: (1) At small electric fields causingy<u,, the 5 100 L
collision frequency of the ions is a constant and the mobility >
is independent of the drift velocity. There is a generalizec
Einstein or Nernst-Townsend relation between mobility anc
diffusivity, D;/u;i=T*/q, whereT* is an effective tempera-

T

ture [25]. In the limit of small electric field,T* is the tem- ("

. . . . 10 2 bl i N e | n I A W W
perature of the n'el'JtraI gaR) At h|gh electric f|elds causing 100 1000 10000 100000
Ug>Uy,, the collision frequency increases linearly with the
drift velocity and it is the mean free path that is approxi- E [Vim]

mately a constant. The collision frequency in this case can be
expressed as,,(Uq) =Uq/Ayep. This relation placed in the
momentum equation without a density gradient yields

U A\ viFp 1/2E

FIG. 2. The drift velocity as a function of electric field for Ar
ions in the parent gas at 1 Torr pressure and 300 K. The solid line is
experimental data from Ref2], the dotted line is a fit by Frost
(Ref.[27]), and the dashed line is from E(R).

The drift velocity from Eq(9) may be divided by the electric
A . . field to show that indeed the mobility is constant at &y
where the mobility is now a decreasing function of the elec'varies a2 at highE, and that the transition occurs in the

tric field intensity.(3) At intermediate electric fields, the drift region where the drift velocity is comparable to the thermal
velocity is of the order of the thermal speed. Laboratoryvebcity_

measurements of the ion drift velocity show a very gradual
change from a linear dependence ufiorto a dependence e parent gas, mobility measurements have been fit to a
uponE"“ asE is increased26]. This transition occupies a fynction of the form[27]

large part of the parameter space and is treated in more detaﬂ

in the following section.

For the noble gas ions helium, neon, and argon, drifting in

Mi,
wi(B)= — 2, (10

C. An approximate expression for the drift velocity

Equation (4) that relates the collision frequency to the

speed of the test ion is similar to an approximation suggeste\%hereﬂm is the mobility extrapolated to zero electric field,

by Wannier[24], which uses a root-mean-square velocity tOp is the neutral gas pressure, aidds an adjustable constant.

calculate the average collision frequency in the fluid AP The drift velocity for argon based upon this formula with

proach coefficients to fit experimental daf&7] is shown in Fig. 2
3 112 along with the drift velocity from Eq(9) evaluated using the
§u$h+ u3 cross section for momentum transf@s] at ~1 eV of o,
TUg) = . (77 =1.15<10**m’. The close agreement shows that the
Nmrp velocity-dependent collision frequeneyu,y) gives accurate

) . _ . values for the mobility at low, intermediate, and high values
This equation applies to the collision frequency averagedyt g \hen incorporated into the analytic model, E8). This
over all ion velocities rather than to the collision frequencygggests that a computational model based upon the collision
of individual ions. Itis thus a function aig rather tharui.  fequency»(u,) should also be accurate. It is possible to
The drift velocity may be obtained by using EQ) in the  j¢|de the energy dependence of the collision cross section,
fluid momentum equation without a density gradient which has so far been ignored. This is discussed in more

12 detail in the following section.

3.2 +u? _9BNwre @) The relationship between the mobility and a constant
Ug| 5 Up T Ug ) . )
2 m; charge-exchange mean free path has been discussed in some
. . detail by Wannief18,29 His analysis assumes an idealized
which can be solved to find charge exchange, in which the ion and atom exchange

identity. He finds that the distribution function of drifting

ions in the limit of a strong field is approximately a one-

sided Maxwellian. The problem of relating the momentum
(9)  transfer cross section to the charge-exchange cross section

ul (E)= —3ut2“+1
d 4 2

3ui\? E |2
%2 e
2 miN,o,

1/2] 1/2
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has been discussed by Phelg8]. This relationship depends — Tt T T =7
upon the differential cross section for which there are only 300 - T
limited data, especially at low energies. The differential cross
section[30] is peaked at 0° and 180° in the center of mass 250 |- 7
frame, which indicates that the commonly used hard-sphere

model (isotropic in the center of mass frainis a poor ap- 200
proximation. The small angle scattering has little effect on £ | |
transport, and the backward scattering can be modeled a<" 450 | 4
180° backscatter. Pheld28] suggests modeling the colli- ,; I
sions as the sum of two processes: one in which there is €& 100
180° backscatter and a second in which the scattering is iso
tropic. These are described by separate cross sections. TF

50 F .

isotropic part of the cross section falls more rapidly with
energy than the backscatter part, thus the backscatter is a
increasing fraction of the total cross section as the collision 0 —_
energy is increased. The idealized charge exchange used t 0 30 60 90 120 150
Wannier[18,29 is indistinguishable from 180° backscatter. tv
Ill. THE MONTE CARLO MODEL 300 - 7
A. Versions of the model 250 | i

Computational models with increasing levels of complex-
ity were compared in order to find the level necessary to give  oqg
accurate values for mobility and diffusion for a wide range of o
E. The simplest models use dimensionless variablesn, < 150
=uy=E=1 and the results can easily be compared to ana- =,
lytic results. The more complicated models use values in SI%
units near to those in drift tube experiments. There are two
types of collisions investigated(l) The identity switch
which is the idealized charge-transfer collision, where the 50
postcollision ion has the velocity of the neutral atom entering
the collision, and(2) the hard-sphere collisionwhich is a 0 . L
random reorientation of the ion velocity vector in the center 0 30 60 90 120
of mass frame. The neutral gas is either assumed cold or witt tv
a Maxwellian velocity distribution characterized by, . The
collision partner is chosen either from a simple Maxwellian ~ FIG. 3. Plots of the positions of ions along thexis for the(a)
or from a velocity-weighted Maxwellian as described in Sec.hard-sphere andb) identity-switch models. A constant collision
Il A. An earlier version of the model with infinitely massive frequencyr=1 and cold gas are assumed. The thick straight lines

neutrals was used to describe electron mobility and diffusior}'® linear regressions .that Qetermlne the mean velocity. For clarity,
[31]. only ten of the 128 trajectories are shown for each case.

100

150

The motivation for developing the model is applications
in which the electric field is not uniform. The model is
tested, however, with uniforr, which allows the equations

of motion to be_ mt_egrated an_aly_tlcally. In the mod_el_, theIowed is >256, and these are followed for256 collision
motion of a test ion is followed in time steps. The decision to,. g ; : e .
times. The statistical uncertainty in the diffusion values is

have a collision is made in either one of three ways. In the L e
) o o .. about 2% and the uncertainty in the mobility is smaller.
constantr versions, the probability of a collision per unit
time has the same value for all ions. At each time step the
collision probability isv dt. The time step is adjusted so that
there are~20 steps over the average collision time. This The first computations were done for the constactse
gives a small probability of a collision on each time step. Inwith dimensionless variables and= 1. Figure 3 shows typi-
the constankyep versions, the collision probability is cal results for position as a function of time for the hard-
ds/\yep, Wheredsis the differential path length in time step sphere and identity-switch models, both for a cold gas. The
dt. Again, the time step is adjusted for a small collision prob-linear regressions indicate that the drift velocities are 2.03
ability. In the variabler model, Eq.(4) is used to determine and 1.00, respectively. These are the expected values to
the collision frequency from the ion velocity andyep  within a few percent. The drift velocity in the hard-sphere
=1/n,o. The mean free path is evaluated from either a conmodel is twice as large as in the identity-switch case. This is
stant cross section or an energy-dependent cross sectitecause the identity-switch collisions are twice as effective
evaluated at the mean velocity of collisions from E8). removing the ion’'s momentum, thus,=0.5 for the hard-

In the time between collisions, the ion freely accelerates
in an electric field along theaxis and moves along the other
two axes at constant velocity. The number of particles fol-

B. Mobility in dimensionless variables
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100k A om(€)=1.15x10 8 041+ 0.015£)°5, (11

] with the collision energy expressed in eV. This cross sec-
tion varies approximately as %! for £>0.015eV. For

E these energies, the removal of the cross section from the
] integrand in Eq(1) is justified and Eq(2) is a good approxi-

] mation.

4 The third cross section is a net cross section that is the
] sum of two parts,

0L Tnel ) = o(£) + 03(2), (12)

whereoy (&) is the cross section for 180° backscatter in the
center of mass fram@dealized charge exchangend o;(¢)
0.0 —— sl is the cross section for isotropic scatterii@$] (hard-sphere
0.01 0.1 1 10 100 o . . ; X
collision). Data for the differential scattering cross section
E has been used to deduce the isotropic part of the collision
cross section28]:

FIG. 4. The drift velocity as a function of the electric field for
the constant: (dash-dotted ling constantx = (dashed ling and 2%10-19 3% 10-1%
variablev (solid line) models. The calculations are for dimension- oi(e)= s + -3
less variables using the hard-sphere model and cold gas. The elec- e A(1+e) (1+el3)~
tric field is in units of one ion temperature drop over a mean free
path. Using a Maxwellian distribution for the field particleg, The backscatter cross sectiog(e) can be deduced by sub-
=1 changes with the drift velocity by less than 2%. tracting the isotropic part of the cross section from the cross

section for momentum transfer, taking into consideration the
sphere case and,= 1 for identity switch. The spread in the fact that backscatte_r collisi_ons remove twice the momentum,
2(t) trajectories is a measure of the longitudinal diffusion. o @verage, as the isotropic collisions. The momentum trans-
The deviations are smaller for the identity-switch case, bef€f Cross section can be expressed @g(s)=20y(e)
cause the difference in trajectories arises only from the ran® 9i(¢). The backscatter cross section is them(e)
domness of the times of collisions. The constagt, model ~ =Lom(&) —0i(e)1/2 andone(e) =[om(e) + oi(e) /2. In the
with A\yep=1 was also run for the two types of collisions. Model with the net cross section, the valuengf{e) is used
For the hard-sphere model, the drift velocity Bt 1 was to make the decision for a colllspn, and the comparison of a
1.13, which is nearer to Wannier's theoretical vajaé,37 ~ random number tari(e)/one(e) is used to select either a
of 1.147 @Enyer)Y2 The identity-switch collisions gave hard-spher_e_colhsmn ora backscatter collision. _
0.785 for the drift speed at the same conditions, which is The collision energy is calculated from the mean velocity
nearer to the value of (2)2 derived by Wannief18]. of coII|S|onsyv(ui) accordlqg to Eq(3). The smallest colli-

The scaling of the drift velocity with electric field was SIOn energy is then approximately the thermal energy and Eq.
investigated for a wide range & using cold gas with both (12) is never evaluated at energies below 0.03 eV where the
the constant, and the constantyep models, Fig. 4. Linear CT0SS section begms to dllverge. The calculated drift veloci-
regressions show scaling in the constantase with the (€S obtained with the different cross section models are
1.000 power ofE and in the constantyep case with the shown in Fig. 5 and .Ilsted in Table 1. Measured drift veIQC|—
0.499 power ofE. The variable collision frequency was ties ff(?m two .experl'ment$1,2] are also listed. The dnft'
implemented by using Ed4) with \p=1. Collisions were velo_cmes obtained with th_e energy-dependent cross sections
with Maxwellian gas withu,,=1. The dependence of the &€ I gopd agreement with the dat_a, but the constant cross
drift velocity upon the electric field, the solid line in Fig. 4, section gives values that are too h|gh at I.OW electric field.
shows a smooth transition from the constartase at low This is partially a consequence of using a fixed value for the

values ofE to the constankuco case at high values. cross section that is ingppropriatg for low velocity coIIision§.
MFP g In most of the calculations for Fig. 5 and Table I, the colli-

sion partner has been selected from a simple Maxwellian. In
column 5 of Table I, a second number is given which is the

Argon is one of the most widely studied gases and therelrift velocity calculated for the energy-dependent cross sec-
are many measurements of mobility, diffusion, and collisiontion o,(¢) using collision partners selected from the
cross sections. The computations were repeated foridns  velocity-weighted Maxwellian. The velocity-weighted selec-
using variables in Sl units. The neutral Ar gas was modeledion reduces the drift velocities because of the favored selec-
with n,=3.535< 10?2 m~3 and 300 K temperature giving tion of collision partners with velocities in the opposite di-
ugn=352m/s. Three collision cross-section models wererection from the ion. This occurs becayse— U, is greater
used. The first is a constant momentum transfer cross setor these partners. The difference in drift velocities is smaller
tion, o,=1.15x10 ¥ m2. The second is an energy- for high drift velocity, where the relative important of, is
dependent cross sectip8] smallest.

(13

C. Modeling mobility of Ar * in Ar gas
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LR — TABLE II. The effective temperature$* from transverse dif-

1 fusion obtained from experimentsolumn 2, from computational
models with idealized charge-exchange collisi¢oslumn 3, and
from hard-sphere collision&olumn 4. The last column is from a
model using a mixture of hard-sphere and idealized charge ex-
change. The first number is for collision partners chosen from the
simple Maxwellian and the second number is for the velocity-
weighted Maxwellian.

v, [m/s]

T*=D¢/p (MmeV)

Identity Hard

Sejkora switch sphere Mixture
E (V/m) et al.[3] Om Om op(e)+oi(e)
102 . sl . NN 1250 28 24/25 27/28 24/29
10° 10 10° 2500 31 24/26  33/35 25/29
E [V/m] 5000 38 26/25 49/51 30/33
10000 48 26/26 83/86 37/39

FIG. 5. A comparison of the experimental drift velocity from
Hornbeck[1] (solid squaresand Beaty[2] (open triangles with
mobilities computed using a constant cross sedtsatid line), and

the energy-dependent net cross section in @d) (dashed ling ) ) ) o
See also Table I. dimensionless variables and hard-sphere collisions. The

computational collision frequency was set ite=2 so that
The model was not run for argon with a constant collisionvy,=1. The diffusivity was determined from a linear regres-
frequency or mean free path. It is clear from inspection ofsion using the relatior?)=6D;t, where(r?) is the root-
Fig. 3 that mobilities calculated in either of these ways will mean square of the radial distance from the origin. The mea-
have significant error at either high or low values of electricsured slopes for five repetitions of the model gave an average
field. Experimental mobilities for argon for a wide rangebof  of 3.01 with a standard error of 0.09 indicatingD;=0.50
have been reproduced in the Monte Carlo model of Nanbu-0.02. This is near to the expected diffusivity;
and Kitatani[33], who used cross sections with adjustable:-r/mijm:o_a where in the dimensionless urifts 0.5 and
cutoffs. The model presented here has no adjustable paran): —m,=1. Sampling of the atom and ion velocities verified
eters. that the mean-squared velocity?)=1.5 is for both(see
also the Appendix
D. Transverse diffusion The diffusion of argon ions transverse to an electric field,

lon diffusion with zero electric field was investigated for D7, was also investigated, because it is a sensitive indicator
Maxwellian field particles using the constantmodel with ~ Of angular scattering. A linear regression was used toDind
from the relation(r?)=4D+t. Experimental values for the
TABLE I. A comparison of measured drift velocities for argon €ffective temperaturd@™ are available[3,4], thus D+ was
with velocities from four computational models using different col- divided by the mobility(obtained fromug/E) to find T*. A
lision and cross-section models. The collision frequency is given bycomparison is given in Table Il for different collision types
Eg. (4). The second number in the fifth column lists drift velocities and different techniques for the selection of collision part-
where the velocity-weighted collision partner selection was appliedners. For identity-switch collisions, the temperature of the
The listed experimental values were obtained from the referenceseutral gas determines the transverse motion, and the trans-
by interpolation. The statistical uncertainties in the computationalverse diffusivity does not change wifa If there is a mo-

values are below 2%. mentum transfer, as in hard-sphere collisions, tBgnand
: — T* are increasing functions &. These two collision models
Drift velocities [m/s] were run with warm gas, collision partners chosen from a
Hombeck Beaty From  From From simplg Maxwellian, and constant collision cross se'ctioln. The
E (V/Im) [1] [2] o on(e)  aple)+oi(e) experlmen_tal data falls _be_ztween the two cases, indicating that
the argon ion-atom collisions have a momentum transfer be-
1250 159 138 205  151/131 152 tween that of hard-sphere collisions and idealized charge ex-
2500 284 256 346  278/251 273 change. The effective temperature from the model is closer
5000 481 447 547  474/445 461 to the experimental values when mixed collisions with their
10000 769 732 817  756/729 735 corresponding energy-dependent cross section are used. The
20000 1173 1125 1196 1163/1139 1132 values are consistently low by more than the experimental
40 000 1730 1592 1719 1737/1711 1706 error, suggesting that the collisions have a larger isotropic
80000 2502 2252 2451 2583/2543 2529 component. The energy-dependent cross sections result in

about 40% of the collisions, being idealized charge ex-
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T ] the same as SkullerudB+ and about 10% lower than his
D,.

The mean energies of the ions were also computed and
found to be 0.8%0.05 of the value suggested by Heimerl
et al.[36],

1 ) T 5 3
Emi(u >=Zmiud+ ET’ (14

D [m?/s]

throughout the range & investigated. This formula is simi-
lar to one given earlier for the constamtease by Wannier
[24], in which the first term on the right has a coefficient of
unity rather thanm/4.

10-3 N " NP | N N A s
10° 10’ 10°
E [Vim] IV. CONCLUSIONS
FIG. 6. Diffusivities D, (squares and Dy (open circley for A Monte Carlo model in which the collision frequency is
argon ions drifting in argon. The solid line B*. calculated from the mean velocity of collisions has been

found to accurately reproduce the electric field dependence
of the mobility. The drift velocities scale linearly with at
. . . 1/2 . . .
change, at E=1250V/m and about 65% atE :;)Vf{’ e_IecTtrlgl f'TldS and W'tthE d '?tt h'?h _slec'irrictflelds.b'lt'h_e d
=10000 V/m. Selecting the collision partner from a atan fable | compare the driit velocities that are obtaine
with models of differing complexity. Comparison of column

velocity-weighted Maxwellian, the second numbers in Table4 with constant cross section and column 5 with an energy-

u' w(;creises S“ﬁht.ly the effective temperature obtained W'thdependent cross section show that including the energy de-
ard-sphere collisions. pendence significantly improves agreement with drift tube
data at the smaller values of drift velocity. Note, however,

E. Longitudinal diffusion with hard-sphere collisions that the constant yalue of the cross section useq for coIL_Jmn 4
was selected to give good agreement at high drift velocity. If

For argon ions in argon, longitudinal diffusion is too small & 1arger cross section had been used, the agreement would

for accurate experimental measurements to be made. THVE been better at low drift velocity and poorer at high drift

model was therefore run with only hard-sphere coIIisions,VeIOCity' Comparison of the drift velocities in column 5 for

and the results were compared with the theoretical results fcj'rl_ard—tsphere ﬁolhsmt?]statr;]d column 6 forl a m'thrle gf colli- N
the same kind of collisions. The longitudinal diffusion was sion types shows that the more complex model does no

found from the deviations of individual trajectories from the S|gn|'f|.car'1tly change the drift velocny. Thl.JS if reproduqng

: L : mobility is the only concern, there is a little to be gained
mean trajectory. The squares of these deviations increase A3m using a mixture of collision types. On the other hand
2D, t. BothD_ andD+ from this model are shown in Fig. 6 ’

T . : — the drift velocity is significantly change@econd number in
for a range of electric fields spanning the low- and high-fielde,ymn 5 if collision partners are chosen correctly using the

cases. At the smallest value & investigated,Dr/ui  velocity-weighted Maxwellian. The computed drift velocities
=0.025eV andD, /u;=0.023 eV which are nearer to the in this case are nearer to the drift tube data of Béaiy
expected value of 0.026 eV. Diffusivities with a constant Calculated transverse diffusivities are too large when a
mean free path34] can be written agu)\yee/3 in the limit  hard-sphere collision model is used and too small when an
of zero electric field. If the mean speed) is interpreted as idealized charge-exchange model is used. Diffusivities nearer
w(ug), a characteristic diffusivitp* =w(ug)\yep/3 can be  to the experimental values are obtained by using a mixture of
defined for convenience that has approximately the corrediard-sphere and idealized charge-exchange collisions calcu-
scaling withE. The computed values @ are nearer t®* lated from separate energy-dependent cross sections. The
for low E and fall to 0.88D* at the highesE investigated. data in Table Il suggest that the fraction of the cross section
The longitudinal diffusivity is nearer t®* at low electric ~ that is isotropic is greater than indicated by the cross section
fields but falls more rapidly approaching OB* at high in EQ. (13). The selection of collision partners using a
field. Skullerud[35] points out that for longitudinal motion, Velocity-weighted Maxwellian increases slightly the diffusiv-
the ions that are in front of a group are moving the fastest'y Py increasing the population of high velocity ions.

and thus have the highest collision frequency. This tends to
slow them causing a bunching effect that reduces the longi-
tudinal spread. SkulleruB5] has investigated the high-field
case with a Monte Carlo code and find®r The authors acknowledge valuable discussion with Art
=0.32EN3yep/m) Y2 and D =0.22(EN3yep/m)Y2  Phelps and Mihaly Horanyi. This research was supported by
The values found here at the highest fields are approximatelhe U.S. Department of EnerdiFusion Energy Sciencis
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APPENDIX: CHOICE OF COLLISION PARTNERS 1.2 T T T T T T v T

It is expected from statistical mechanics that in the ab-
sence of an electric field, the ion distribution will become
Maxwellian as a consequence of collisions with atoms that
have a Maxwellian distribution. The adoption of a collision 0.8
frequency that increases with velocity, Hg), reduces the
lifetime of the suprathermal ions. If the ions created by col-
lisions initially have a Maxwellian distribution, then the
higher collision frequency of the faster ions will result in
their being preferentially lost and are thus under-representec
in the distribution. This effect is illustrated in Fig(af where

1.0

0.6

)

f(u

the ion distribution functions obtained with two collision 0.2
models are compared with a Maxwellian distribution. Both
distributions were obtained by following one ion for10 0.0
collisions and sampling the velocity at equally spaced time 0.0

intervals longer than several collision times. In both models
the collision frequency is velocity dependent and is given by
Eq. (4). The measured distribution is nearly Maxwellian  FIG. 7. The ion velocity distribution obtained from the compu-
when the collision partners are chosen using the velocitytational model usingE=0 and dimensionless units. The solid
weighted Maxwellian. The measured distribution has too fewsquares are the ion distribution obtained from the variahtase
high energy particles and too many low energy particlesWith selection of collision partners from the velocity-weighted
when the collision partners are chosen from the simple MaxMaxwellian. The open triangles are from the variablease with
wellian. This is also indicated by the second moments of th@artners selected from the simple Maxwellian. The solid line is a
distributions. The root-mean-squared velocities in the twdVaxwellian distribution. The distributions are normalized to the
cases are 1.51 and 1.29, respectively. If a constant collisioPme number of ions and the velocity is hormalized to the thermal
frequency is used and the collision partners are chosen frofflOcity-

the VeIOCity-Weighted Maxwe”ian, the observed diStribUtiongenerating the h|gh Ve|ocity jons at a greater rate. As dis-
is shifted toward higher velocities, and the root-mean-cyssed in Sec. Ill C, the effect of choosing collision partners
squared value is 1.74. This indicates that choosing collisiofvith the velocity weighting is to reduce the mobility at low
partners from the velocity-weighted Maxwellian “corrects” values ofE and to slightly increase the diffusivity at all val-
the effect of the velocity-dependent collision frequency byues ofE.
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