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ABSTRACT

A FORTRAN IV program has been written which uses an iterative tech-

nique to model ion transport and chemistry in a drift tube. The program,

named MULTIGATE, uses finite difference calculus to generate time arrival

histories at several points in the drift space for the case of three ion

species undergoing populating and depopulating reactions and at the same

time drifting with the electric field and diffusing in the radial and

axial directions. ?To facilitate comparison with drift tube data, the

computer output includes plots of the ionic currents versus time.
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GLOSSARY

Throughout the glossary the symbol A is used to refer to ion species

A. The symbols B or C may be substituted to form the FORTRAN variable

names applying to ion species B or C. Likewise, the symbol “k” may be

replaced by the symbol “1,” “2,” “3,” “4,” or a blank to refer to the

four intermediate and the final gates in the list of FORTRAN variable

names.

A

AP

PA

APP

AGAMk

DA

DAR

DAZ

DNA

DR

DZ

DT

E

EON

IAk

INGAk

Kk

Lk

Mk

M.AXAk

calculated value of the density at time T of ion species A

time derivative of the density at time T of ion species A

predicted value of the density at time T+M’ of ion species A

time derivative of the predicted density at time T+DT of ion
species A

array of length MAXZ in which the currents due to ion species A
at gate k are stored

total distance that the cell space for species A has drifted

radial diffusion coefficient for ion species A

axial diffusion coefficient for ion species A

initial density of species A measured at the peak of the
distribution

grid size in the radial direction

grid size in the axial direction

time step

electric field value (volts/cm)
2

ratio of electric field to gas number density (volts cm )

counter for storing the currents at gate k for ion species A

switch which indicates when distribution A has passed gate k

represents the distance from leftmost cell of the cell space A to
gate k (cell space assumed drifting from left to right)

represents the distance from the leftmost cell of the cell space
C to gate k

represents the distance from the leftmost cell of the cell space
B to gate k

internal switch which indicates when the cell space for species
A is traversing gate k

9



GLOSSARY (Contd)

MAXZ

PI

P2

RAB

RO

SING

T

TAk

TEMP

TING

VA

XKA

XKOA

XLk

XNl

XN2

YKAB

ZING

Zo

number of cells in the axial direction

pressure of the reactant gas through which the ions are drifting
(Torr)

pressure of the buffer gas through which the ions are drifting
(Torr)

frequency of the reaction producing ion species A from ion
species B

Gaussian halfwidth in radial direction of initial ion species
distributions

indicates whether resealing is necessary for species A in the
radial or axial direction

total drift time

array of length MAXZ containing corresponding times for AGAMk

temperature of the system

indicates whether resealing is necessary for species B in the
radial or axial direction

drift velocity of ion species A

mobility of ion species A

reduced mobility of ion species A

position of gate k

density of gas 1

density of gas 2

rate constant for ion species A converting to B

indicates whether resealing is necessary for ion species C in the
radial or axial direction

full Gaussian width in the axial direction of the inital ion
species distribution

10



I. INTRODUCTION

The performance of communications systems, radars, and other defense

systems are often predicted using phenomenology codes, some of which employ

simplified chemistry. Extensive chemical codes of the lower ionosphere

are being used to check the reliability of the simplified chemistry. The

development of these large chemical codes requires both in situ measure-

ments of ionic- and neutral-constituentnumber densities and laboratory

measurements of the relevant reaction rate constants. One of the labora-

tory tools that is particularly well suited for studying ion-molecule

reactions is the drift tube. One of these is now in operation at the

Ballistic Research Laboratories (BRL).

A typical drift tube configuration is shown in Figure 1. Ions are

produced in the ion source. An axial electric field causes them to drift

down the tube, and most of themimpact the end wall. Some of the ions

are swept through the exit aperture into the mass spectrometer. Typically

the source runs continuously,with one of the pairs of electrical grids,

called “shutters,” serving as the point of origin for a swarm of ions.

That shutter, the “starting shutter,” is electrically biased to stop the

drift of ions; then it is opened by applying a pulse of dc voltage for a

few microseconds to allow a spatially small group of ions to start down

the tube. As the cloud of ions drifts, it diffuses both axially and

radially, and the ions react with the gas molecules in the tube to form

other ions which have their own drift velocities and diffusion coeffi-

cients. The mass spectrometer is used to select ions of one mass number

from the ions that emerge from the exit aperture, and the signals due to

the arrival of ions of that mass are sorted and stored in a multichannel

analyzer as a function of the time since the starting shutter was pulsed

on. Typically, fewer than one ion per ion group negotiates the drift

tube and mass analysis chamber and is counted, so that the starting

shutter must be pulsed many times before statistically significant arrival

time profiles for the several ions are accumulated. A complete set of

these profiles for two gas pressures at a convenient value of E/N, where

E is the drift field strength and N is the gas number density, contains

11
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the information necessary to deduce the drift velocities (and thus

nobilities) and the reaction rate constants. Unfortunately the rate

constants and some of the drift velocities cannot be easily deduced from

the arrival time curves. One approach is to compare measured arrival

time curves with curves calculated for a variety of parameters to insure

that the desired physical quantities are uniquely determined. In gen-

erating the calculated arrival time curves one must take into account all

the known physical phenomena which will affect the shapes of the curves,

including all possible reactions of all emerging ions. A computer program,

MULTIGATE, has been developed at the BRL which permits numerical modeling

of the drift, diffusion, and reactions of several ions in a drift tube.

MULTIGATE is a FORTRAN IV program, originally conceived of by Kregel,

that uses an iterative numerical technique for drift tube modeling.

MULTIGATE uses finite difference calculus to generate time arrival his-

tories at several points, or “gates,“ in the drift space for several ionic

species. The modified Euler method is employed for performing the actual

numerical integrationphase of the program. At present, the program is

written for - though not limited to - three ion species and four inter-

mediate gates, and one end gate, hence the name MULTIGATE.

In the program finite cylindrical geometry (rjz) is assumed with

the drift space divided into four concentric shells of equal thichness DR

which are each in turn subdivided along Z into sections of length DZ.

Ion densities are defined at the center of each of the resulting “rings”

and are assumed to vary linearly between the centers. Each ring defines

a cell for computationalpurposes. It has been found that 63 divisions

along the z axis (making a total of 252 cells in all for each species) are

adequate to effect a reasonable compromise between truncation error and

computational time. The number of cells in the cell space for each ion

is arbitrary provided that it is sufficiently large. One unique feature

of the program which allows a significant reduction in the number of cells

required is to have the cell space for each ion “drift” with the drift

velocity of the corresponding ion species. This permits the peak of each

ion cloud to remain more or less centered in its corresponding cell space.

13



II. MAIN PROGMM

The primary purpose of the main program is to control the flow of

computation and to control all output. It initially sets the limiting

values of the variables, determines the size of each cell, sets the gate

distances, and generates an initial distribution for each ion species in

the appropriate cell spaces. At the beginning of each run, the following

parameters are initialized:

Symbol Used
in the Pro~ram Svmbol Definitions

XKOA, XKOB, XKOC

DNA, DNB, DNC

ZO, RO, XL

Pl, P2, TEMP, EON

YKAB

YKBA, YKAC, YKCA,
YKBC, YKCB

The reduced nobilities of ion s ecies A, B,
Yand C, respectively (cm2V-lsec-).

Initial densities of species A, B, and C
measured at the peak of the distribution.

Full Gaussian width of the initial ion
distributions in the axial direction, the
Gaussian half width of the initial ion
distributions in the radial direction, and
total leng~.hof drift space (initially,the
ion distributions are centered at Z=O and
later drift to Z=XL).

Pressure of the reactant gas through which
the ions are drifting (Torr),pressure of
the buffer gas, temperature of the gases
(K) (assumedequal), and ratio of elec ric

$field to total gas number density (Vcm ).

Rate constant for reaction which forms B
from A, or “A + B.”

Rate constants for reactions B + A, A + C,
C+A, B+C, andC+B.

The main program also sets certain internal switches and counters

used in the various subroutines to determine the state of the computation

(definedbelow for gate 1):

MAXA1, MAXB1, MA)(C1 Internal switches for indicating when the
cell space for species A, B, and C, respec-
tively, is traversing gate 1.

IAA1, IBB1, ICC1 Counters used to indicate where the values
for the currents and corresponding times
for ion species A, B, and C, respectively,
are stored.

14



INGAl, INGB1, INGC1 Internal switches for indicating when the cell
spaces for species A, B, and C, respectively,
have traversed gate 1.

Kl, Ml, L1 Counters used to indicate the position (in
units of cell thickness) of gate 1 with
respect to the cell spaces for species A,
B, and C, respectively.

The program contains similar internal switches and counters for the

last four gates.

III. SELECTION OF DT

Throughout the computation the time step, DT, used in the integration

of the ion densities is maintained at each time step at a value that will

assure stability and minimize run time.

The maximum time step permitted by diffusion for each of the three ion

species is computed by the following method. The particle current density

~ due to diffusion is defined vectorially as

(1)

where D is the diffusion coefficient and n is the particle number density.

Since cylindrical symmetry is assumed in our case, ~may be approximated

using finite difference calculus as

(2)

(3)

in which ~ and ~ are unit vectors in the z and r direction, respectively,
z r

and An, Ar, and Az are finite differences denoting differences in density,

in distance in the ~r direction ~ direction,and in distance in the ~

respectively.

In the following discussion we shall consider a cell of thickness

Ar and length Az located at r. and Zo. From the continuity equation

(also cast into a finite difference equation) we know that the particle

15



current density evaluated at a particular surface of a cell times the

surface area summed over all cell surfaces when divided by the cell

volume will approximate the negative of the time rate of change of the

density, n, in that cell. Current is defined to be positive if it is

directed in the direction of the appropriate unit vector. Thus the

instantaneous time derivative of n may be written as

dn ~
-A(zo)J~z~+A(zo+dz) JZ(ZO+ AZ) -A(ro) Jr(ro)+A(ro+Ar) Jr(ro+Lr)

‘m 9
2mroArAz

(4)

where A(zo) and Jz(zo) denote the cell area defined by the surface for

which z=zr<r <r + Ar and the current through that surface,
o’ 0 0

respectively, aridwhere the other areas and currents are defined in a

similar manner. All areas are assumed to be positive in extent.

We shall let An denote the amount by which the ion number density

in the cell differs from the “average” density in each of the surrounding

cells, and shall assume that

Jz(zo) x -Jz(z + Az) ~ -Dz~
o

and

Jr(ro) - -Jr(ro + Ar) s -Dr~.

Substitution yields

[ 1An
[

An
dn ~

Dz A(zo) + A(zo + Az) ~+ Dr A(ro) + A(ro + Ar) ~
-—
dt

. (5)
2mroArAz

If

and if

A(zo) = A(zo + Az) z 2’rrroAr

A(ro) = A(ro + Ar) = 2nroAz ,

16



then,

dn~ ~ ‘zAn + * ‘rAn
‘m 2 2* (6)

Az Ar

Equation (6) emphasizes the fact that if An is positive, the time rate of

change of the ion number density is negative; that is, there is a net 10SS

of ions from the cell. If An is assumed to vary linearly in time in the

interval At and if coupling between the densities in the other cells is

neglected, the time increment associated with a change of An in the den-

sity in a cell can be expressed, in terms of finite differences, as

At~{~+>jl . (7)

Limiting At then limits the possible An in any one time step. To insure

stability of the solution, At is set to 0,75 times this value in order to

damp out any “noise” on n.

Current calculations take place as cells drift a distance XL in the

x-direction, that is, as they pass the imaginary end plate. Consideration

must be made of the effects of the distance that each cell space drifts

during a single time step. If the time step were so large that a cell

space drifted a distance equal to several DZ, there would be fewer

current calculations than there were axial cells for that ion, thus

diminishing the desired output of the program, Therefore we calculate the

maximum size of the time step permitted by the drift velocities of the ions

by the formula

gXDZ
At=v 3 (8)

max

where

equal

step,

v is the drift velocity of the fastest ion, g is a control factor
max
to the number of cells which may drift past the end plate in one time

and DZ is the axial grid size. This procedure insures that there will

be about MAXZ/g current calculations for the fastest ion. We usually set

g = 1.5.

17



Associated with each reaction is a rate constant, e.g., yKAB, and a

frequency of reaction, e.g., RAB. The quantity l.O/RAB is the time

constant for the reaction whose rate constant is YKAB. The At for this

reaction is set at 0.8 x l.O/RAB, again to insure stability of the

solution.

The program sets DT equal to the minimum time step calculated for

diffusion, drift, or any of the reactions.

Iv. INITIAL DISTRIBUTION

Initially the program assumes Gaussian distributions in both the

radial and axial directions for the densities of all of the ion species.

The distribution of ion species A is calculated from the relationship:

A(r,z)
[

2

1
= DNA x EXP -ar2 - 6(z - Zo) , (9)

where DNA is the initial value of A(r,z) at the peak of the distribution,

a is calculated by the program from RO, the Gaussian halfwidth in the

radial direction, to make the density in the fourth radial zone approxi-

mately l/e its value at the center, and B is calculated from 20, the full

Gaussian width in the axial direction, to make the full width of the

density profile in the longitudinal direction approximately ten cells.

The parameter 20 insures that the initial distribution is centered in the

cell space. The program then initializes the distributions for ion

species B and C according to

B(r,z) = A(r,z) x DNB/DNA

and

C(r,z) = A(r,z) x DNC/DNA ,

so that all species have initially the same distribution shapes.

v. DERIVATIVE SUBROUTINE - S

(lo)

(11)

Subroutine S is used to calculate time derivatives of the ion number

densities and of predicted ion number densities in the cells in the three

inner radial shells. Effects of drift, diffusion, and chemistry are

handled in S. 18



The calculation begins by approximating the current density at the

four boundaries of each cell using second order difference calculus.

These four current densities are then multiplied by the corresponding

incremental areas and summed. This resulting sum is then divided by the

incrementalvolume of the corresponding cell to yield the time rate of change

of density due to diffusion. Effects of mobility are taken into account

automatically since the cellsare allowedto’’drift”with the drift velocity

of the corresponding ionic species.

The time rate of change of the density due to chemistry for each ionic

species at each cell is easily calculated by multiplying the rate constants

by the appropriate densities of the interacting ionic species evaluated at

the center of that cell. First order extrapolationtechniques are used

for this.

Thus, in generating the derivatives due to diffusion the subroutine

calculates the current densities times the incremental area in consecutive

cells in the radial

in subroutine S:

HAfs

GA’s

HAP

HA

HAR

GAZP

GAZ

GARP

GAR

In addition to

and axial directions. The following names are used

Represent densities of A.

Denote product of current density and area or the
number of ions/see passing through an elementary area.

Density of A in cell (j=l,2,3, or 4; k=l,2j3,..., or
MAxz)●

Density of A in cell (j,k+l), in increasing axial
direction.

Density of A in cell (j+l,k), in increasing radial
direction.

Current flowing into cell (j,k) in axial direction.

Current flowing out of cell (j,k) in axial direction.

Current flowing into cell (j,k) in radial direction.

Current flowing out of cell (jjk) in radial direction.

the ion diffusion, the program must also calculate

the effects of chemical reactions upon the three ions. Since the cell

spaces of the three ions, in general, do not drift at the same speed, the

program must keep track of the relative shift of the cell spaces in order

19



to “bring together” the points of equal drift distance of the three ions.

To accomplish this, the main program records the drift distances of the

three cell spaces in DA, DB, and DC. Each drift distance is, of course,

the sum over time of the correspondingdrift velocity times the appro-

priate time step.

VI. SCALING - BANGR, RAP, BANGZ, AND ZAP

During the calculation, tests are made each time step to determine

whether resealing is necessary in either the radial or axial direction.

The subroutine BANGR is used to determine whether resealing is necessary

in the radial direction. Since the ion distributions tend to remain

centered in their respective cell spaces, it is only necessary to test

in a plane perpendicular to the axis halfway down the cell space of each

ion. Resealing in the radial direction occurs only when, for any ion

species, the ratio of the density in the cell in the outer radial shell

to the cell in the innermost shell is greater than 0.9, a number chosen

by trial and error. Number densities corresponding to an expanded radial

grid are calculated in subroutine RAP.

To determine whether axial resealing is necessary, densities in the

cells in the innermost radial shells are tested in BANGZ. The sum of the

densities in the first six cells, SUMA, and the sum of the densities in

the last six cells, SUMB, are compared with the sum of the densities in

all the inner cells, SUMC. If one of the ratios SUM.A/SUMCor SUMB/SUMC

is greater than 0.00001

of the axial cells by a

ratio is greater than 0.

indicating that the ion

and the other is greater than 0.000005, resealing

factor of 2 is called for. If, however, one

00001 while the other is less than 0.000005,

cloud is leaving the cell space at one end

because of chemistry, the number densities are shifted by one cell to

reduce the problem. If resealing of the cell space has been called for,

due to diffusion or chemistry, the new number densities, corresponding to

an expanded axial grid, are calculated in subroutine ZAP. The main

program suppresses axial resealing if the center of the cell space of the

most slowly drifting ion has drifted a distance greater than the length

of the drift tube.
20



VII. INTEGRATION OF PREDICTOR-CORRECTORMETHOD
USING CAL1, CAL2, AND S

Calculation of number densities in the cell space of each ion begins

atT= O with the initial values mentioned in Section IV. For convenience we

shall describe the process only for species A. The appropriate DT is

computed, and the time counter, T, is incremented by this factor. The

first application of subroutine S in each iteration computes the time

derivative of the initial number density, A, for all cells in the three

inner radial shells and stores these values in AP. Then CAL1 uses A and

AP to compute the predicted value of the number density at time T,

denoted by PA, in all cells in the three inner radial shells by the

first order Euler method

PA = A+ APxDT. (12)

CAL1 assumes that the radial distribution of any ion at any axial position

is Gaussian in order to compute PA for cells in the outer radial shell.

The technique uses the PA’s for the three cells directly inside that outer

cell and a relation linking segments of a Gaussian distribution, as

follows:

AP(cell 4) = AP2(cell 3)/AP(cell 1) , (13)

where the inner cell is cell 1 and the outer cell is cell 4. The

time derivative of the predicted value of A

all cells in the three inner radial shells,

APP. Finally, CAL2 calculates the value of

the old value of A. For cells in the three

order Euler method is used.

is next calculated by S for

and the values are placed in

A at the time T, replacing

inner radial shells the second

A= A + (1/2)*(APP+ AP)*DT , (14)

where we have written a FORTRAN statement defining A over the time

interval DT. For cells in the outer radial shell, the new A is also

calculated assuming Gaussian radial distributionsby the formula

A(cell 4) = A2(celi 3)/A(cell 1) . (15)

At this time BANGR and BANGZ test for the need for resealing, and RAP and

ZAP are used for this purpose as needed. A new DT is calculated, T is

advanced, and calculations begin again at S.
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VIII. CURRENT CALCULATION - CURNT

In subroutine CURNT, the currents reaching each gate are calculated

and stored in AGAM, BGAM, and CGAM, etc. The routine determines the

position of the gate in each cell space and calculates the current from

the densities of the two adjoining cells which straddle the gate at the

time T. That is, the value is calculated according to the formula

rz=-Dz~+Vzxn, (16)

where I’~, Dz, An/Az, and v= are the values at the gate of the current,

diffusion coefficient, space rate of change of number density, and drift

velocity, respectively, in the axial direction, and n is the number density

at the gate. The value of n in Equation (16) is determined by linear

interpolation. If all of the cells in the cell space have passed the gate,

the calculation of the current is terminated for that ion at that parti-

cular gate. When the cell spaces for ions A, B, and C have all passed the

final gate, the entire calculation is stopped and the program prints output

values.

IX. EFFECT OF CHANGING MAXZ

A comparison of results obtained from running the code for differing

values of MAXZ is shown in Figure 2. The initial parameters of the

calculation are shown on the figure. The use of MAXZ = 63 or greater is

seen to produce essentially identical results, except that the use of

larger values of MAXZ yields more data points on the arrival time curve.

The run time for the code also increases as MAXZ increases, however.

x. COMPARISON WITH ANALYTICAL CODE

Woo and Whealton
1*

have developed a three-dimensionalanalytical

model of a drift tube which considers drift, diffusion, and one reaction.

Figure 3 shows a comparison of a calculation by their code to a calcula-

tion made using MULTIGATE, with the initial conditions for each calcula-

tion set as nearly identical as possible. The arrival curves were

normalized to produce the same height peaks, but are otherwise unchanged.

The agreement could be improved with a few-microsecond shift of the time
*
References may be found on page 26.
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axis, but the curves are seen to be in agreement, in spite of the

drastically different methods used to calculate them. It is not known

if the shift disagreement is due to assumptions used in the analytical

model or to truncation effects in the numerical model.

XI. SUBROUTINE PLOT

Subroutine PLOT was written to provide a rough plot of the three

theoretical current distributions on a single computer output page. The

height of each distribution is independently scaled with ordinate values

referring to ion A only.

PLOT uses two other subroutines,

the Y-scaling and returns the minimum

SETUP and SORT.
2

SETUP is used in

Y-value, the scale factor, and

the width, defined as the maximum minus the minimum value. After scaling,

points are plotted on a 50 x 120 grid using the letters, “A,” “B,’tand

“co”In the event that two points fall in the same position, a “Dttis

printed,

XII. suMMARY

A FORTRAN IV program has been written which models ion transport

and chemistry in a drift tube. While the program presented in this

report is concerned with three ions, the program could be extended to four

or more ions, if desired, Similarly, the program could accommodate any

conceivable ion distribution at the beginning of the ion drift. The

program can therefore be used to model the ion transport and chemistry

of any conceivable drift tube experiment. It can also be used to check

analytical drift tube models as well as to determine the conditions under

which one-dimensionaldrift tube models, whether analytical or numerical,

can be safely used.

2s
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APPENDIX

LISTING OF PROGMM WITH OUTPUT

A complete listing of the program and its output is reproduced on

the following pages. This calculation took 3.4 min on the BRL computer;

it could be expected to take somewhat less than 1 min on a CDC 6600

machine.
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