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A FORTRAN PROGRAM TO ANALYZE
MASS SPECTROMETER ION OPTICS

by

Kurt Kaiser

ABSTRACT

A Fortran programis described for the computation
of ion-optical aberration coefficients through second order
for any number of tandem electric and magnetic sector fields,
such as those used in multistaged mass spectrometers. Also
computed are the image positions and their magnifications,
the system mass dispersion, and the inclinations of the
direction- and energy-focusing planes with respect to the
optic axis.

INTRODUCTION

Since 1950 extensive studies have been made of the ion-optical
properties of tandem electric and magnetic sector fields by Johnson and
Nier,(l) Voorhies,(z) Hintenberger and K'c'mig,(3) Ewald and Liebl,(4)
Tasman, Boerboom, and Wachsmuth, 5) and others. These studies formed
the basis for the computer program described herein, although other re-
sults were derived when needed.

This program considers ions having the following initial conditions
different from those of ions which traverse the systems optic axis (see
Fig. 1):

(1) an initial angle to the optic axis
a in the radial direction;

@, in the axial direction;

(2) a different velocity or energy

v
E

Vo(l +B) or
Eo(1 +m);

(3) a different mass

M = Mo(1 +7);
(4) an initial displacement to the optic axis

& in the radial direction;
6, in the axial direction.






lon A has

Mass = Mg (I1+y)

Energy =Eq (1+7)
Velocity = Vg (14+/3)

lon B traversin 3
the optic axis %as %
Mass = M LY
Energy = é>°
Velocity = Vg

75
ION B X
OPTIC AXIS %

AXIAL PLANE

Fig. 1. Figure Showing the Trajectories of Two
Ions through an Electromagnetic Sector
Field. The initial displacement of ion A
to the optic axis is resolved into the
radial component § and an axial compo-
nent &,. Also, its initial direction to the
optic axis is resolved into radial and
axial components & and @z, respectively.

The program calculates ion trajectories as functions of @, B, ¥, 6,
o,, and 6,. In the radial plane the trajectories are given as power series
to second-order terms, and in the axial direction to first-order terms. In
field-free regions the trajectories are straight lines given directly by the
program output. Points along the trajectories in the sector fields can be
found by subdividing the field into a number of tandem sector fields, zero
distance apart, and reading out computed data for each edge of the subfields.

The electric sectors may have curved boundaries and toroidal shape,
which includes cylindrical and spherical analyzers as special cases. The
magnetic fields are assumed homogeneous, but can have non-normal en-
trance and exit, as well as circularly curved boundaries.

INPUT DATA
The input data to this program are punched on cards, one card for
each field in the system. For convenience these data are divided into three

types, each of which is discussed below.

TYPE I DATA: A set of parameters for each field specifying its configura-
tion:

(1) For a homogeneous magnetic field, as shown in Fig. 2, the rele-
vant parameters are the field radius rpy,, the beam-deflection angle bm, the






radii of curvature of the entrance and exit boundaries, R', and R", and the
entrance and exit angles €', and €". A radius of curvature is positive
(negative) if the sector boundary is convex (concave) towards the field-free
region. Consider a perpendicular drawn to the sector boundary where it
intersects the system optic axis. Then the angle € is positive (negative) if
the optic axis is on the same (opposite) side of this perpendicular as the
sector center of curvature.

OPTIC AXIS

Fig. 2. Radial Section of a Magnetic Sector Field.
In this figure R' is positive, R" is negative,
€' is positive, and €" is negative.

(2) For a toroidal electric field, as shown in Fig. 3, the parameters
are the radius re, described by the optic axis, the beam-deflection angle ¢,
the radii of curvature of the entrance and exit boundaries, R] and Ry, and
two parameters, ¢ and Ry, describing approximately the electric field in the
neighborhood of the optic axis. Again, the radius of curvature of a boundary
is positive (negative) if the sector boundary is convex (concave) towards the
field-free region.

EQUIPOTENTIAL
SURFACE THROUGH
OPTIC AXIS

OPTIC AXIS

Fig. 3. Toroidal Electrostatic Sector Field.
The entrance boundary has a positive
curvature with its center of curvature
in the Median plane.

The two parameters c and R; are defined as follows:

S re/Rev






and

R

where R is the radius of curvature of an equipotential surface near the optic
axis and the other symbols are as defined in Fig. 3. The values of c and

Ry for a general toroidal sector are discussed by Tasman(é’) and Albrecht, 7)
To first order,

re(a+b)
~ bR, +aRy’

and

Ry - Ry
e
B = a+hb

Two special types of toroidal electric fields are frequently used: the cylin-
drical analyzer which has ¢ = 0 and R{ = 1, and the spherical analyzer which
has ¢ =1 and Rg = 1.

TYPE II DATA: A set of parameters describing the relation of each field to
its neighbors (see Fig. 4):

(1) On the card for the first field, one enters the distance from the
source slit to the first field entrance boundary (/').

(2) On the rest of the cards for the system, one enters the distance
from the exit boundary of the previous field to the entrance boundary of the
field considered (d), and also whether the deflection is in the same or oppo-
site sense as that of the previous field.

(3) On the card for the last field in the system, one enters the dis-
tance (£") from the exit boundary to the point where the program is to cal-
culate the aberration coefficients. Henceforth, this point will be referred
to as the collector point and the plane perpendicular to the optic axis at this
point as the collector plane.

(4) On each field card enter the sequence number of each field along
with the total number of fields in the system.
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Fig. 4. A Tandem Sector Field System
TYPE III DATA: Digits for controlling the following program options:

(1) For a single symmetric field, the program can calculate both
the entrance and the exit distances (£' and £"), so the point of first-order
angle (o) focus is the collector point.

(2) For any system of fields, the program can calculate the dis-
tance (£") from the last field to the point of first-order angle (&) focus and

use it as the collector point.

(3) The aberration coefficients can be calculated in terms of energy
differences 7 rather than velocity differences f.

(4) The coefficient and ray trace arrays, described under output,

may be read out if desired.

A detailed listing of the data card format is given in Table L

Table I

INPUT DATA CARD FORMAT

Card Fortran Explanation Punched on
Columns Lt Symbol P!

1-6 F6.0 Q Field deflection angle in degrees (ge or g p) all cards.

7-12 F6.0 R Field radius (rg or rp) all cards.

13-18 F6.0 DA The distance from the source slit to the first field card for the first field only.
(£ or Lpy) Not necessary at all if 1 is

punched in CC77.

19-24 F6.0 DB The distance from the previous field to the all cards except the one for
present field (d) the first field.

25-30 F6.0 DC The distance from the last field to the point card for the last field only.
where an aberration coefficient summary is Not necessary at all if 1 is
desired (collector point) (4 or ) punched in CC76.

31-36 F6.0 R1 The radius of curvature of the entrance field all cards that do not have a
boundary (R' or Ry 2 or 3 punched in CC74.

37-42 F6.0 R2 The radius of curvature of the exit field all cards that do not have a
boundary (R" or Ryp) 2 or 4 punched in CC74.







Table T (Contd.)

Card Fortran .

Columns Format Symbol Explanation Punched on

43-48 F6.0 EL €' indegrees for a magnetic field all cards except those mag-
0. for a cylindrical electrostatic field netic field cards that have
1. for a spherical electrostatic field €' =0.

c parameter for a toroidal electrostatic field

49-54 F6.0 E2 €" in degrees for a magnetic field all cards except those mag-

1. for a cylindrical or spherical electrostatic netic field cards that have
field gD
Rg parameter for a toroidal electrostatic field

55-59 5X Not used

60 I1 I9 1 in this column if the printer is to bring up a those cards where this
new page before doing any more printing option is desired.

61-66 I6 K1 The field number (fields to be numbered sequen- all cards.
tially beginning at the source end)

67-72 I6 K2 The total number of fields in the particular all cards.
system considered

3 I1 I1 1 for a magnetic field, blank for an electric field all cards.

74 I1 12 1 if R1 and R2 (CC 31-42) are both not equal to all cards.
infinity.

2 if R1 and R2 (CC 31-42) are both equal to
infinity.

3 if R1 (CC 31-36) is equal to infinity and R2
(CC 37-42) is not equal to infinity.

4 if R1 (CC 31-36) is not equal to infinity and
R2 (CC 37-42) is equal to infinity.

7 11 I3 1 if the deflection is in the opposite sense as the all cards except the one for
previous field, blank if it is in the same sense the first field.

76 I1 14 1 if the program is to calculate the distance card for the last field when
from the last field to the image plane which this option is desired.
gives first-order angle focusing - this distance
will be printed out (labeled DC) and used in
subsequent calculations.

7 I1 I5 1 if the program is to calculate the distance field card on which this
from the source to the first field - this feature option is wanted.
can be used for a single symmetric field only.

78 11 16 1 if the aberrations are to be obtained in the n all cards, blanks or ones
(energy) representation, blank for aberrations must be used consistently
in the B (velocity) representation throughout a system.

79 Tl 1/ 1 for the coefficient print feature card for field for which this

option is desired.

80 Il 18 1 for the ray trace print feature card for field for which this

option is desired.
Notes:

1. CC abbreviation for card column(s).

2. The distances required above may be measured in any consistent unit.

For each field-free space this program calculates the radial dis-
placement y to second order and the axial displacement z to first order
as a function of a, B, ¥, & 0y, and &5.
certain constants for each field, then altering the aberration coefficients

PROGRAM OUTPUT

by use of these constants with a subprogram.

This is accomplished by calculating

After each field is calculated the coefficients may be read out
This feature is called the coefficient print.

through a program option.







If this option is elected, thirty-six coefficients are read out for each field,
in the order C, to Cig, then D) to D,;3. This output is labeled by C followed
by the field number. Specifically, the C's and D's are defined by the follow-
ing equations, where the superscript

1 refers to the first field of a system,
L refers to the last field of a system, and

N refers to the Nth field of a system:

yN - N [c{"a +clp + clly + CN(%) +CNaz + clap + cNpg? + clNay + clpy + cliv?
" of

& 2
5
+ c{‘ga(ﬁ) +clN (—:’l) +c§‘§(—r‘5l) + cNaz + cNe, (i—f) i c{\g(r—lz) ]

+ XN[DII\IOL + DNB + DMy + DN (—5—l> + DNa? + DNap + DNp2+ DNav + DNBY
T

2 2 2
+ DNz + Dﬂa(él) + DYy (i)i» B (i) + DNaz + DNa, (ilz) + D{\g(é_lz) ]
r r

- I'l I‘l

zN = rN[Cyaz + C},\I(%iz)] + xN [Dé"az 2 DE‘(%)];

In these equations r is a field radius, XN is the distance along the optic
axis measured from the exit boundary of the Nth field, and YN and zZN are
the displacements measured in a plane located at xN perpendicular to the
optic axis. Note that YN is positive on the opposite side of the optic axis
from the field center of curvature, ZN is positive if above the optic axis,
and (X%, Y¥, Z*) are the coordinates in image space.

At this time twelve first-order coefficients: W, to Wy for the en-
trance boundary, and W; to W, for the exit boundary, may be printed out.
These twelve are labeled by R followed by the field number. This option
is called the ray trace. The W's are defined by the equations

vN

1

wNa + wNg + wiNy + wiis
and

zN = wlo, + wiis

z"

Just before the program summary a line labeled RS is read out, which
contains W,; to W, calculated at the collector point.

After the last field calculation has been completed, the program
begins a summary calculation. This summary includes the aberration
coefficients for the collector plane and other constants of the system.
Eighteen coefficients B; to B,g, labeled S1, are read out. They are

10






11

defined by the equations

N
o )
5 By + B,B + Byy + B4(—l) + B,a? + BgaB + By P2 + Byoa¥ + By, BY + By, Y2
Tr r
o) &\2
i Bxs"‘(—l) o Buﬁ(i)*' Bls(—) + By + Bnaz(ﬁ) + Bls(é—z)z
o rl rl rl rl
and
N )
= . Bsa, + Bs(—z)‘
rl l'l

Following the S1 readout is the last output record, labeled S2, which
contains the following six constants in order;

(1) the position of the axial focusing plane, i.e., the distance x4 to
the point where Bs = 0;

(2) the system mass dispersion per AM/M;

(3) the radial image magnification (measured at the point of
focus, i.e., where B, = 0);

(4) the axial image magnification (measured at the point of o,
focus, i.e., where B = 0);

the an 1T ion-iocusin makes ith the
) h gle o that the directio foc g curve k with th
Opth axis;

6) the angle (or ) that the velocity (energy)-focusing curve
g B ) ¥ gy g
makes with the optic axis.

The angles g and ¥p (or wn) (see Fig. 5) are defined as follows: the locus
of points of direction or @ focus described as an ion mass or ¥V is varied
will be a surface in image space. The intersection of this surface with the
system median plane is the direction-focusing curve Xg. The slope, in
degrees, of the tangent to Xg at its intersection with the optic axis is Y.
The X? coordinate of this point is the one for which B; = 0. In a completely
analogous manner, the velocity or energy parameters X p and 1//5 (or Xn
and ¢ ) may be defined. The X* coordinate for the intersection of Xp or
X7 with the optic axis is that value which makes B, = 0. The angle wB

(or 7)) is of most interest for systems which are "double focusing," that
is, where B, and B, both equal zero for the same value of X~.

s Xa Fig. 5
e = E '~ Figure Illustrating the Direction
/W and Energy Focusing Curves and
= the Angles These Curves Make
x£ for
az=‘6*|\\/'4'ﬁ i) with the Optic Axis. In this figure
/// ! e Yo is positive and ?,l/B is negative.
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SAMPLE PROBLEM

As an example of the use of this program consider the Argonne
100-in. mass spectrometer, shown pictorially in Fig. 6. This instrument
consists of a 100-in.-radius, 75° spherical electrostatic analyzer, followed
by a100-in.-radius, 110° magnetic analyzer.

ION DETECTOR

ELECTROSTATIC
ANALYZER

MAGNET

0 10 20 30 40 50
(S 5 o
SCALE (Inches)

Fig. 6. 100-in. Radius Double Focusing Mass Spectrometer

The parameters to be used in this example were read off Fig. 6 and
punched on data cards as in Table II. The program output listing is shown
in Table III, in which the second S1 and S2 outputs are for the energy (1)
rather than the velocity (B) representation used in the preceding output

records.

The ray trace feature was used to calculate the curves plotted in
Figs. 7A and 7B. For this calculation the electric and magnetic sectors
were each divided into ten subfields zero distance apart. The ray trace
output for these twenty fields gave enough points to plot the curves. This
output takes into account fi_rs_t_:-order* terms only, i.e., rays an infinitesi-
mal distance away from the optic axis. In the figures the dimensions
measured perpendicular to the optic axis can be considered greatly magni-
fied. For this reason the magnetic sector boundaries are shown at right
angles to the optic axis rather than inclined as they look to rays at a finite
distance away. However, the calculation does take into account the focal
properties of non-normal entrance and exit from the magnetic field.

*Second-order terms could easily be taken into account by calculating
the curves directly from the coefficient print feature.






Table II

INPUT DATA FOR SAMPLE PROBLEM
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S

s2

103528933
1403528933
-0402614593
-0e96602072
076733677
-0400004911
-0400004911
-0.03407404
=1425884443
0499997631

26480000000
2680000000
0400000000

-036573166
-0+43555374
-10.52564577
1.82385587
-2426343107
1449091663
-1.07108789
0.81198440
-3441156817
2462351919

103452716495
103452716495
67410100965

-0404570846
-69.79702763

-0+00045708
-0469797028
—-10432670959
0498802167
-1.62066887

-40.66461282
48456350975

-0.00045708
69797028
—-2.66548765

0.98802167
-1462066887

-40466461282
48 456350975

Table III

1048236198
025881901
0.,00000000
373205088
009591587
1493185167
-0e96592584
000000000
2493185155
-0e23296295

0400000000
100000000
025881901

-1¢24278774
—181704510
=0¢70047860
=2 i l57112
-0e32902210
506829209
-2e17244144
=0e74548292
9473563290
-021561004

-217.78285810
-0.08891429
093908818

-0¢10561756
-2434929325

=000105618
-2e34929325
-0.88312192

0421365894
-038184657

6710100859
48456285248

-0.00052809
—234929325
-0.88312192

0410682947
-0438184657

6710100859
4856285248

SAMPLE PROBLEM OUTPUT

0.00000000
=0+00004912
0.00000000
-0e93301272

0400000000
-1403534018
000000000
-0424999997

0+.00000000
10352893304
10352893304

067101010
0019775253
-2461798160
057892024

-0+00000004
-0460531209
-1456822031
-1472109583

=000000000
-36457316597
=43455537433

67410100859

0467101009
004945107
-3.00219557
0015725176

067072831

067101009
0404945107
-1450109779
015725176

067072831

0425881901
3.86389310
0400000000
-0e26774917

=0096592584
3403542511
0400000000
0403472601

100000000
148423619794
0.25881901

0493908818
-9478742093
e 16775250
-0e33628085

-14¢09397747
12.63628107

000000003
-0433287384

008891429
-124.27877381
-1481704510

0467106371

0667106371
-6469153207
-0e16775250
-0e41783494

-0¢93363020

0467106371
~3434576604
-0416775250
-0441783494

-0493363020
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PLANE
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Fig. 7. First-order Approximation to the Ion Trajectories for the Argonne

100-in. Mass Spectrometer. These plots were found by use of the
ray trace feature of the program. Note that the distance in the
radial and axial directions are shown greatly magnified.






REMARKS

The program described in this report is primarily for system
analysis. It would be considerably more difficult to write a general com-
puter program for system synthesis since each designer may wish to opti-
mize different parameters. A few special syntheses of general interest
have been intensively studied by groups in Germany and the Netherlands (8

No account is taken of the fringing fields, except for the Z or axial
focusing effect of non-normal entrance into magnetic fields. In this case
the fringing fields act as thin lenses with focal length equal to the field
radius divided by the tangent of € (defined in Fig. 2). The fringing field
of electrostatic analyzers is usually eliminated by the use of Herzog end
shields.(9) The effects of the magnetic fringing fields can be taken into ac-
count by finding a field without fringing effects equivalent to an actual field
and using this equivalent field in the computer calculations. Some help in
finding this equivalent field can be found in the paper by Coggeshall and
Muskat (10)

From the discussions given in the papers listed at the beginning of
this report one can see that the second-order radial coefficients depend on
the radii of curvature of the field boundaries, but that the first-order co-
efficients and the general system properties do not. In fact, the second-
order coefficients are linear functions of the reciprocals of these radii. With
curved field boundaries, the ions traveling off the optic axis see slightly
more or less field than those moving along the optic axis. Balestrini and
White(1) have suggested the use of magnetic shims to give the same effect
as the curved field boundaries. An alternative suggestion made by C. Ste-
vens 12) is touse small coils, similar to Hemholtz Coils, at various places
along the ion path in the magnetic field. These coils have the advantage
that the current through them can be varied, thus allowing some "tuning"
of the instrument. The following example illustrates the use of this pro-
gram in planning these methods of aberration correction.

Example: Consider three coils placed at the entrance, the middle, and the
exit of the 100-in. mass spectrometer magnet used inthe sample problem (p. 12).
We wish to find the coil field strengths which will make B;; = 0 and

IBIZI i |Bzzl a minimum. It is convenient to measure the coil field
strengths in units of effective boundary radii of curvature, which can be re-
lated to the coil currents for a given coil construction. A practical upper
limit of coil field strength or minimum radius of curvature may be set at

10 in.

Solution: Since B,;, B};, and B,, are linear functions of the reciprocals of
the coil strengths, they can be written as

C (] C
B S AT e B (©
Rl RZ R3

16
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22 T Rl RZ R3 12

where the C's are constants, and R}, R;, and R; are the coil field strengths.
To find the C's, set all three R's equal to infinity and obtain C,, Cg, and Ci2
by use of this program. Next, take any three linearly independent sets of
(R, Ry, R;) and calculate the B coefficients for each set. This procedure
gives three sets of three linear simultaneous equations which can be solved
for the nine remaining C's. At this point we have,

71.67+61.09 2.981

11 = Rl T R, + 0.1805;

- 30195837257 =201 26 i
2S5 RIS SREL R Al

317.2  568.4 34.42
B,, = g N o T

The magnetic field is broken into two separate fields, zero distance apart,
for calculating the effects of the middle coil. Setting the B's equal to zero
and solving for the R's yields a physically unrealizable result. However,
the stated problem of making B;; = 0 and IB”_i it |B22f a minimum, subject
to the conditions fRil =10, can be solved by straightforward linear pro-
gramming methods(13) The solution is Ry =-28.912, R, = 23.528, R, = -10,
and minimum of |Blz + IB,,l = 2.755. Other simple synthesis problems
can be handled by similar methods.

THE FORTRAN PROGRAM

The program was written in "basic" Fortran through use of the
most elementary forms of Fortran statements. All input-output statements
are written for cards and are enclosed by lines of asterisks. This program
should be easy to adapt to any computer installation. The program running
time is negligible, the CDC 3600 machine at Argonne compiled the program
in 35 sec and calculated about 120 fields per minute. A program flowchart
(Fig. 8) and listing (Table IV) follow.
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Fig. 8. Fortran Program Flowchart
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Table IV

FORTRAN PROGRAM LISTING

ION OPTICS OF TANDEM ELECTRIC AND MAGNETIC SECTOR FIELDS

WRITTEN BY KURT KAISER 9=63
DIMENSION F(2420)4C(2418)4S5(18)+T(2418)sW(246)
P1=e4017453293

33 36 333 303633 3 I 3 3 3 30 30330 33 I 330 I I I I I I KKK K
READ INPUT DATA CARD
1 READ 2+QsR+DA+DByDCIRIWR21EIIE2+194K14K2911412413414415416417418
2 FORMAT (9F640+5X11+216+811)
RESTORE PRINTER IF 19=1
71 IF (19) S50+69+70
70 PUNCH 3
3 FORMAT (78X2H =)
3636 3 36 36 36 30 363 3333 30303 3 3 3 3 03 303 3 330 3030 3 3 33 36 36 33 I 3 I I I KK H KKK KR

69 GO TO(4+5+647)012
4 P1=R/R1

P2=R/R2

GO TO 8
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PUNCH 684 (S(J)
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STOP
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