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Calculation of the lon Optical Properties
of Inhomogeneous Magnetic Sector Fields,
including the Second Order Aberrations in the Median Plane
By H. A. Tasman and A. J. H. Boersoom

Laboratorium voor Massaspectrografie, Amsterdam, Holland
(Z. Naturforschg. 14 a, 121129 [1959] ; eingegangen am 3. September 1958)

Investigation is made of the ion optical properties of inhomogeneous magnetic sector fields. In first
order approximation the field is assumed to vary proportional to r—7 (0 < n < 1); the term in the
magnetic field expansion which determines the second order aberrations is chosen independent of n ,
which makes the elimination possible of e. g. the second order angular aberration. From the EvLer—
Lacrance equations the second order approximation of the ion trajectories in the median plane and
the first order approximation outside the median plane are derived for the case of normal incidence
and exit of the central path in the sector field. An equation is presented giving the shape of the pole
faces required to produce the desired field. The influence of stray fields is neglected. The object ana
image distances are derived, as well as the mass dispersion, the angular, lateral and axial magnifica-
tion, the resolving power, and the inclination of the plane of focus of the mass spectrum. The maxi-
mum transmitted angle in the z-direction is calculated. The resolving power proves to be proportional
to (1—n) —! whereas the length of the central path is proportional to (1—n) "2 An actual example
is given of a 180° sector field with n=0.91, where the mass resolving power is increased by a factor 11

as compared with a homogeneous sector field of the same radius and slit widths.

The mass dispersion of magnetic analysers may
be improved by employing an inhomogeneous mag-
netic field. A magnetic field which varies in the me-
dian plane proportional to r~'? (SvartHOLM and
SiEGBAHN 1), as is used in many f-spectrometers, was
chosen by Fiscuer? for a mass spectrometer; it
offers the advantage of increased luminosity due to
its two-directional focusing properties, whilst the
mass dispersion and resolving power are increased
by a factor 2 as compared with a homogeneous mag-
netic field analyser with the same radius of the cen-
tral beam. ALEKSEEVSKI et al.? pointed out, that both
the mass dispersion and the resolution may be still
further improved by the use of more inhomogeneous
magnetic fields. By employing a magnetic field
which varies in the median plane proportional to
r" (0 < n<1), the mass dispersion and resolu-
tion as compared with a homogeneous field (n=0)
increase proportional to (1 —n) 7!, whilst the focus-
ing angle increases proportional to (1—n) 12
Choosing for example n=0.91, the resolving power
is increased by a factor 11. However, the advantage
of stigmatic focusing is lost for n# 1/2. The calcula-
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tions of ALEKSEEVSKI et al. apply to the paraxial rays
only.

Calculations of the ion optical properties of ge-
neral y-independent electromagnetic fields with cir-
cular central path have been published by Svarr-
soLM %, FrankE®, and Grimm é. These authors assume
both object and image to be situated within the field
boundaries, and restrict their calculations of second
order aberrations to stigmatic focusing fields, which
correspond to n=1/2 for magnetic fields.

To obtain a very high resolving power, especially
those fields are interesting in which n is close to
unity. These fields must be of the sector type to be
of physical significance. The present work was set
up for finding expressions (for the median plane
only) of the second order angular aberration (pro-
portional to a?), the second order velocity aberra-
tion (proportional to (?), and the mixed second
order aberration (proportional to a 3). The influence
of stray fields is neglected; it is asumed that these
fields can be compensated by suitable shields (Her-
zoG 7:8), or taken into account as an effective field-
length (K6x16 and HintenserGER ?). For the present
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the calculations are restricted to the case of straight
field boundaries which are normal to the central
beam at the point where it enters and leaves the field.
The coefficient in the magnetic field expansion which
determines the second order aberrations, is taken to
be independent of the coefficient defining the par-
axial rays. As inhomogeneous magnetic fields always
require specially shaped pole faces, this degree of
freedom seems to be easier to realize in practice than
that of curved boundaries or that of oblique inci-
dence or exit. The median plane is assumed to be a
plane of symmetry.

1. Coordinate system

In the field free object and image space the
rectilinear ion trajectories are expressed in cartesian
coordinates ;. ¥, z;, and ¥y, ¥, ., Z5, respectively.
In the deflecting field region the main path is assum-
ed to be circular with radius r,, . and the curved tra-
jectories are expressed in the dimensionless coordi-
nates: normal coordinate u= (r—ry)/ry (in the
plane of paper) ; binormal coordinate v = z/r,, (per-
pendicular to the plane of paper); path coordinate
w=y.

We will first calculate the ion trajectories in the
magnetic field region, and then suppose the recti-
linear paths in the field free object and image space
to coincide with the tangents at the field boundaries.

focusing plane

Fig. 1. Coordinate system.

2. The Euler-Lagrange equations

The ion trajectories are defined by the EuLer-

LAGrANGE equations: (Graser!0-11)
d (OF oF
— =0. 1
dw (81[’) cu &
() -3 ~o. )
dw \ v/, v
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F is the ion optical “index of refraction”, in this
case given by

F(u,v,u, ) (3)

=VA+u)2+u?4+02- ] ¢ (1+u)4,.
m U

2
u' =du/dw, and v" = dv/dw ; the electrostatic poten-
tial U for ions of mass m and charge e should be
taken zero at the point where the ions possess zero
velocity. 4, is the w-component of the magnetic vec-
tor potential 9.

We may expand F in a power series in u, v, v,
and v". This expansion contains no odd powers of
u’ or v', and the symmetry of A4, with respect to the
median plane v =0 causes terms with odd powers of
v to vanish. F may be written in the form:
(Grimm ®) (up to terms of the third order included)

F(u,v,u',v") = Fog+ Fygu+ Fagu? + Fop v?

+3W?+0?) + Fyu + Foud?

—Luw?+0"?) +... . (4)

The coefficients F,, Fy,, etc. depend on
n=(e/2mU) 2 =e/mv

of the ions and on the strength and shape of the
magnetic field as expressed by 4,,.

Successive approximations of the ion trajectories
are found by substituting (4) into (1) and (2),
retaining terms in (4) up to one order higher than
that of the approximation wanted. The order of
approximation is defined by the highest degree in
wy. @, vy. 7. up to which all terms are included in
the expression for the ion trajectories. u,, a, v,
and y, are the values of u, u’, v and v” respectively
at w =0 (boundary conditions) ; these quantities are
assumed to be small of first order. The central path
u=v =0 should be a possible trajectory for ions of
mass m, ., velocity vy, and charge e,. This corres-
ponds to the zeroth order approximation, which
may be expressed as the condition

F10(605m09U01A1r):0- (5)

3. First order approximation of the
ion trajectories

To get the first order approximation, terms up to
the second order in (4) should be retained. Then
from (4), (1), and (2) we find the two simul-

10 W. Graser, in: Handbuch der Physik (ed. S. Fiicce) 33,
p. 306 ff., Berlin 1956.
11 W. Graser, Z. Phys. 80, 451 [1933].
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taneous differential equations

" =B Pai k- Figs 6)
v’ =2Fgpv (7)
where u” =d%u/dw® and o =d%/dw?.
If we write
k2= —2F,, (8)
k22=—2F02, (9)

the general solutions of (6) and (7) may be written
in the form

(10)
(11)

u=aysin k; w4+ a, cos kyw+ Fyofk?,
v=>bysink, w+bycoskyw.

If as boundary conditions are chosen the para-
meters defining the ion trajectory at w =0

u(0) —up, u(0)=a,
v(0) =vg, v/(0)=7,

the particular solutions satisfying these boundary
conditions are

(12)
(13)
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u=Wy(w) =ugcosk, w+ : sin &y w (14)
1

+ Fio (1 —cos by w).
ky®

v=Lyp(w) =vqcos kyw + k/ sink, w . (15)

4. Second order approximation of the
ion trajectories in the median plane

In the median plane v =" =0, and we must only
solve equation (1). Retaining terms up to the third
order in (4), and substituting this expansion into

(1) we find

u’—2Fyu—Fy=3Fyu’+3u+uu’. (16)

This equation can be solved by the method of varia-
tion of parameters if the right hand member can be
written as a function of w, say F(w). This can be
accomplished by substituting the first order approxi-
mation (14), and the derivatives derived from it,
into the right hand member of (16)

W’ —2 Fagu—Fyg—3 Fay Du? (17)
. % (l)u’2 + (1)u <1)u” =F(W) .

Then the second order approximation satisfying the boundary conditions (12) is given by

w w
u=®u(w) =Vu(w) + sin kl o f cos ky w F(w) dw — E)S—klc—‘—u—}/sin EywF(w) dw. (18)
1 1
0
Evaluation of F(w) leads to
F(w) =Cycos? kyw+Cysinkywcos kyw+ Cysin®? kyw+ Cycos kyw + Cysink, w +Cy, (19)
where

Ci=(3Fg—k®) up®> + 50> —2 Fyg ky7%(3 Fao— k) uy+ Fiyg?
“3(2Fy— k) a,
Fig?s Cs=F1oky73(6 F3g—ks?) a,

Co=3k (2 Fg9—k2) uga—3 Fyoky

Cy=3k®u® +k "2(3 Fyg— ky?) a® —Fygug+ 3k, 2

k74 (3 Fyo— k),

Co=3F 2k, Fy.

Straightforward integration leads to the second order approximation of the ion trajectories in the median

Cy=Fioky72(6 Fyg—ky®) ug— Fyg2 ky74(6 F3— ky2),
plane:

u=®uy(w)
where

H; =coskyw—3F gk *(3 Fg9— k) (sin® by w—cos by w+1) —

H2 = kl_l

Hy =F0k;72(1 —cos by w) + F1o? by 76 (Fgo—

=Hyug+Hya+Hyyug® + Hipuga+ Hyy &®+ Hy

(20)

YF0 k72 (1 —cos by w)?

+3F 0k 73 (6 Fyg— k) wsink,w,

sinkyw+ Fygky75(2 Fgg— k4?) (sin ky w cos ky w — sin ky w)

+3F 10 ky75(6 Fgo9— ky2) (sin by w — ky w cos ky w),

3ky?) (sin® kg w+1 — cos by w) + §F1o* by ~* (1 — cos ky w)®
+3F 2 Fgoky 6(1 —cos kyw) —

LF 2 ky75(6 Fy— k%) wsin by w;
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Hyy = 5k 72(3 Fgg— k) (sin2 ky w+ 1 — cos ky w) + & (1 — cos ky )2,

H12 = k1_8(2 Fao = k12) (Sin kl w— Sin kl w CoSs kl w) )

Hoo = §ky 72 (sin® by w + 1 — cos ky w) + 3k, ™% (3 Fgg— k%) (1 —cos ky w)2.

5. Correlation with the magnetic field shape

The coefficients Foy, Fiy, Fag, Fyg, Fgg, and Fyy
should now be expressed in the magnetic field para-
meters and (e/mv) = (e/2 m U)12 of the ions. This
may be done by expanding 4,, in a power series:

A= aguivk (21)
ok
and using the relations
divd—0, V2A4,-=0 (22)

(because Y[ can be chosen in such a way that 4, is
the only component of I differing from zero), and

B,= —3A,/3v, (23)
13
B,= e [(1+u) 4] . (24)

Writing instead of the coefficients aj;, suitably
chosen coefficients B, By ,B,, which express the rela-
tions between the coefficients a;; derived from (22),
(23), and (24), we may write for 4,,, B,, and B,
(see note ©)

A =4%B+ §Bu+ B (u® —v?)

—3(By+By) ub+ (3B +By) uv?+ ..., (25)
B,=Byv— (B;+2By) uv+ ..., (26)
B,=B+Bju— (}B;+Bs) > +Byv®+ .... (27)

For a magnetic field in which B, in the median plane
(v=0) varies proportional to r=":

B,(1,0) =B(1+u)~", (28)

the coefficients B, and B, are found by comparing
(27) with the TayrLor expansion of (28):

By/B= —n; By/B= —n?/2. (29)

However, we will assume the field shape to be given

u=®u(w) =Dyug+ Dy a+Dg f+ Dygug® + Dypttg @ + Doy 0* + Dygug f+ Dag @ f + Dyg 7,

where (with w*= (1 —n)12w)
D, =cos w*,

Dy =3#{(X—3) sin?w* + X (1 —cosw*) } ,
Dyp=%(1—-n)"12(X —3) sinw* (1 —cosw*) ,

Dy = (1 —n) 2sin w*,

by (28) only in first order approximation. Then
B,/B is still given by

BJ/B= —n (30)

but B,/B is now independent of n, and may be
written in the convenient form:

Bo/B=3{X(1—n) —n}. (31)

The field shape defined by (30), (31) reduces to
that given by (29) for X —n.

From (3), (25). (30) and (31) we find for the

coefficients in the expansion (4)

Foo=1—%7B, Fio=1-7B,

By =30 —n) g8, Bom—dund, (32)
X(1-— -

Fy= Y82 4B, F,="=20="qp,

where n=e/mv=(e/2mU)'2. (33)

If all ions are of charge e, but a momentum spread
is allowed according to:

(34)
(35)

mv=myvy(l+p),
or n =/ (L+5) .

the parameters 7 and B may be expressed in f, if
we remind that from (5):

neB=1. (36)

f is supposed to be a small quantity, small of first
order. We may now substitute (32), (35) and (36)
into (20), and then expand (20) in a TayLoRr series
in . Terms up to the second order included in u,,
a and f should be retained. Thus we find the follow-
ing expression for the second order approximation
of the ion trajectories in the median plane:

(37)

Dy=(1—n) (1 —cosw*);

Dyo=34(1—n) "1 {(X—3) cos?w* — (2X —3) cosw" + X},
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Dyy=4(1—n)"1{-2(X-3)siw* ~2X(1-cosw*) +3(X —n) w* sinw*},
Dyg=%(1—n) 732 {2(X —3) sinw” cosw* + (X —3 n+6) sinw* — 3(X —n) w* cosw*},
Dgy3=%(1—n)2{(X-3) si?w* +4 X (1 —cosw”) —3(X —n) w*sinw*}.

6. Imaging properties of the inhomogeneous
magnetic sector field

To find the imaging properties of the sector field,
we should calculate the tangents to the ion trajectory
(37) at the point where it enters and leaves the
field; these tangents are then supposed to coincide
with the rectilinear paths in the field free object and
image space. The object slit is assumed to be very
narrow, and to lie on the central path at the object

Fig. 2.

distance [,,. From Fig. 2 it is obvious that (omitting
terms of third and higher order),

(38)

Uy = (lm,/rm) An .
while
a= (rfrp) am= (1 4+ ug) ap = am + (In'/rm) am?.

(39)

After passage through the sector field of sector
angle WV, the rectilinear path in the image space is
given by

Yo=rmu(W) + (dys/dzy) ;g 2. (40)
Analogous to (39) we have the relation:
(dys/dzs) gymo =’ (W) [1—u(W)].  (41)

From (37), (38), (39), (40), the ion path in the

image space is given by

Yo=rm(My am+ My f+Myy 00® + Mys 0 B+ Moy f7)
+29(Nyam + Ny S+ Nyy an® + Ny 0 S+ Nop f7),

where (42)
My = pia+ pap (' [rm) . Mz = g,

My = pyga + pag (I frm) + pa1e (I frm) 2, (43)
Mys = t1a + paon (In'[1m) s Moz = pioza;

Ny =via+vip(ln' /1), Ny =v3,

N1t =110 +v110 (In'frm) + Y110 (I [7m) %, (44)

Nig =912, + V12 (lm,/rm) , Noa=wg,.

Expressions (42), (43) and (44) are valid for the
median plane of any sector field in the arrangement
of Fig.2 (Hintensercer and Kénic 12714; Konie
and HINTENBERGER 1%).

For the particular magnetic field shape specified by (30), (31), or (32), (33), the coefficients u,,
etc., and 7y,, etc. are given by (writing W* = (1 —n)'2 W)

p1a= (1 —n) " Y2gin *, M1 = cos W*,

Moo= (1—n) "1(1—cos W¥),

tita=3(1—n) " {(X—3) cos® W*— (2X—3) cosW* + X},
=31 =n)"2{XsinW*— (X—3) sin W*cos W*},

tte= +{X (1 —cos W*) + (X —3) sin2 W*},

(45)

Hiza=5(1—n)"32{2(X-3)sinW*cosW*+ (X —3n+6)sinW*—3(X—n) W*cos W*},
b= —n)"1{-2(X-3)si? W*—2X(1—cos W*) +3(X—n) W*sin W*},
oa=1t(1—n)"2{(X-3)sin?W*+4X(1—cos W*) —3(X—n) W*sinW*}.

Via =cos W*, vip= — (1 —n)2sin W*,

Vo, = (1 —n) "Y2sin W*,

Vita=2(1—n)"2{_2 Xsin W*cos W* + (2 X — 3) sin W*},

12 H. Hintensercer and L. A. Konie, Z. Naturforschg. 11 a,
1039 [1956].

13 H. Hintensercer and L. A. Kénig, Z. Naturforschg. 12 a,
140 [1957].

14 H. Hintesercer and L. A. Konig, Z. Naturforschg. 12 a,
773 [1957].

15 L. A. Konie and H. Hintensercer, Z. Naturforschg. 12 a,
377 [1957].
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Vi = sX {2sin2 W* 4 cos W* -1},

H. A. TASMAN UND A.]J.H.BOERBOOM

Vite= (1 =n)2X {2sin W* cos W* +sin W*}, (46)
Viga=s(1—n) 1{—4Xsin? W*+2X(1 —cos W*) +3(X—n) W*sin W*},
viop=2(1—n)"12{—4 XsinW*cosW* + (X—3n+6) sinW*+3(X—n) W*cosW*}.
Vora=2(1—=n)32{2XsinW*cos W*+ (X+3n—6) sinW* —3(X—n) W*cos W*}.
For very small values of /. the term proportional  ting second order terms in 7, . we have

to o, in (42) vanishes f-or Ty = —rm(Ml/Nl). This M, — 3 (dys/dzs) [Ban =N, , (56)
means that first order direction focusing occurs at
the image distance and consequently

" = —ra(My/Ny). (47) Mias=1/Ms. il
(47) may be written in the familiar form: The same result is found (as it should) if the axial

o ., magnification M, is derived from (48):

(In — & ) (I, —g)=f2: (48)

where f is the focal length, and g” and g are respec-
tively the image and object distances corresponding
to [, = o or [, = « . For the particular magnetic
field shape expressed by (30), (31), these quantities
are equal to

f=rm(1—n) 12 cosec W*,

g =g =g=rn(l—n)"2cot W*.

(49)
(50)

If all ions are of energy e U, but a small difference
in mass is allowed according to

m=my+om, (51)
the corresponding value of £ is given in first order by
f=0m/2m,. (52)

The mass dispersion in the ¥,-direction at the image
distance ,,”, per unit dm/m, for a mono-energetic
ion beam is given by

Dy = srm[My— (Ml/Nl) Nl (53)

However, the focusing plane of the mass spectrum
need not be perpendicular to the central path, as the
image distance depends on the mass difference ac-
cording to

M+ % Mys(9m/mg)
" Nl'*‘%ﬁm(a’”/mo) '

I, =—r (54)
If all ions have the same momentum (/5 =0), the

image width of an infinitely narrow object slit is

limited by the second order angular aberration:

Ay o2 =rp[My;— (My/Ny) Nyy] @ (55)

Object and image are at the same electrostatic
potential; thus the lateral magnification M), is the
reciprocal of the angular magnification M, . Omit-

Max= alm”/alm,: — (lm”_g)/(lm,_g)f (58)

and the relation
My = _‘Mang'Max (59)

is used.

If the sector field is used for a mass spectrometer,
the mass resolving power (the reciprocal of the re-
lative mass difference dm/m, which will just be re-
solved) is given by

R=Dy/(s Mias+s" + = 45) (60)

where s” and s” are the object and image slit widths
respectively, and X 4; stands for the total image
broadening due to all aberrations. If there is no
energy spread in the ion beam, if the image slit is
placed at the correct image distance 1,,)”. and if third
and higher order aberrations may be neglected. the
mass resolving power in the median plane is given by

R=Dy/(s Myps+ 5" + A;1 an?). (61)

7. Transmission of ions outside the median plane

The trajectory of ions emerging from the centre
of the object slit (y; =z; =0; 2, =1,) with a veloc-
ity component normal to the median plane equal to
— dz,/dzy = y . may be found in first order approxi-
mation by substituting

(62)

into (15). With (32), and using a procedure anal-
ogous to that for derivation of (37) but retaining
only first order terms, we find for the trajectory
within the sector field (with w'=n!2w)

Vo= (lm,/rm) Yms VY ="Vm>
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v=yn(n"2sinw’ + (I /ryn) cosw’).  (63)

In the image space the trajectory is given by (with
Wt=n2W)

2y = Ym {rm (R sin W + (1, /ry) cos W)

+x5(cos WH—n2(1 [ry) sin W) } . (64)

The maximum value of | 7, | which can pass through
the image slit is limited either by the width of
the analyser tube within the sector field (extending
from v= —D/2 to v= +D/2), or by the height
of the image slit (extending from zy= —h”/2 to
z3=+h"/2). From (63) we find by differentiation

that
|v]|=]v|max for cotw’=n2(ly /rn).

(65)

The maximum value of | 7, | which can pass through
the analyser tube is given by:

_19/ pn
[ 7m lmax= ]/1 YT (66)
if cot W’f G 2L e T

| D n'l:
or by | 7m |max 2 sin Wi+n''2(Im’[rm) cos WT (67)
if cot Wt = a3l [r, .

In the image space the ions seem to come, as
regarding the z, component of their position and
velocity, from a usually virtual object, separated
from the image slit by the distance [,, which is
given by
—12 sin Wi+n'2(ln’/rm) cos Wt

L=U1"+ryn
:=m +Tm cos Wt—n'2(Ip’[rm) sin BT

(68)

whereas the angular magnification in the z direction
Mz, equals

ang

M, =cos Wt —n'®(ly/[ry) sin W, (69)

The maximum value of l ym] which is determined by
the image slit height is given by
Pu=B[—v+nuv+ Z{X(l n)

— Gyt 4 {—

The so far undetermined coefficients C5 and C, de-
fine the fourth and fifth order contributions to the
field shape.

To calculate the shape of the pole faces required
to produce a magnetic field with given values of n
and X, the gap width at radius r, should be given.
Substitution of the corresponding value of v, and
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1 h//
2 I, M?

ang

1 ~ nilrrp

2 (rm — il Tl ’) sin Wi+n's rm (I’ + ") cos Wt °

(70)

|7m Imax— )

The actual value of 17111 lmax is set by either (66)
and (67), or by (70), whichever is the smaller of
the two.

In the homogeneous magnetic sector field there
is no focusing action in the z direction (except
through stray fields which are neglected in this pa-
per), and thus the limit on l?’m [mnx is determined
by the image slit height:

1 h”

’}’m !max”—_ 2 I+ lm” +W rm (71)
or by
1 D
[ Vm lmax 2 l*’_i_{;/] - (72)

whichever is the smaller one.

(71), (72), serve for comparison with homo-
geneous sector fields. Whether or not a lower value
of 17111 [max results in a serious loss in transmission
depends on the angular intensity distribution of the
ion beam emerging from the object slit, and thus on
the ion source design.

8. Shape of the pole faces

If the pole shoe material has a sufficiently high
permeability at the field strength used, its surface
is a surface of constant scalar magnetic potential ¢y,.
As the magnetic field strength B equals:

%: —grad¢ma (73)

the scalar magnetic potential corresponding to (21),
(22), (23), (24), (26), (27), (30), and (31), may

be written in the form (including terms up to the

fifth order) :

2n}u? v—S{X(l—n)-—n}v —C3u3v—|—{;n—% (1—n)+C3}uv3
n+§X(1—n) +3C+2C,} u?o® +{fn— 15X (1-n) -

Cy—1iCyv5+...].
(74)

u=0, into (74) gives the value of qom/B which
should be a constant for the surface of the pole face.
There is an infinite number of profiles satisfying
this condition, differing only in the contribution of
fourth and higher order terms. If we put C3=C;=0
and neglect terms of sixth and higher order, there
is an unique solution which is best found by an
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iterative process. Starting from u =0, an approxi-
mate value of v for some value of u+0 is found
using the slope dv/du along the profile, which equals

(gg)tpm=const e (agf)/( ag’;"‘) . (75)

This value is substituted only in the v3-, u v3-, u? v3-,
and v>-terms in (74), and a better approximation is
found, which may be substituted again in the v%-
term etc., to give a third approximation, and so on.
The process converges quickly in most practical
cases, because v is usually much smaller than unity.

2

9. Symmetric arrangement

If in addition to the symmetry with respect to the
median plane, the arrangement is also symmetric
with respect to the plane w = W/2, some expressions
become particularly simple. This extra condition of
symmetry is satisfied or nearly satisfied in most
existing mass spectrometers.

Now Iy =l =ln, and Mypg =My =M= —1.
From (56) we deduce
ln/rm= (1 —n) "2 cot (W*/2). (76)
The mass dispersion of a monoenergetic ion beam
per unit Om/m, reduces from (53) io

Dpn=0-n)1ry,. 77)

The coefficient of the second order angular aberra-
tion reduces from (55) to

cos W*+5
3(1—cos W¥)

m

Ay = B ~1]. (78

Thus the second order angular aberration vanishes
for
N *
X = 3(1—cos W*) )

cos W* —i—:‘i (79)

10. An actual numerical example

To avoid unduly large object and image distances,
the sector angle for an inhomogeneous field mass spec-
trometer should not be made too small. Therefore we
choose W =z. Suppose n=0.91, or W*=0.3 7=>54°.
If we restrict the discussion to the symmetric arrange-
ment in the sense of sect. 9, (76) gives the object and
image distance: Iy =6.542 ry, . According to (79), the

16 A. J. H. Boersoom, Appl. Sci. Res. B 7, 52 [1958].

17 A. V. Dusroviy et al., Dokl. Akad. Nauk SSSR 102, 719
[1955].

18 J.D.Morrisox and H.E.Stanton, J. Chem. Phys. 28,9 [1958].
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second order angular aberration in the median plane
vanishes for X = +0.22131. However, outside the me-
dian plane second order geometrical aberrations still
exist (Boersoom 18). If we neglect these, and also third
and higher order aberrations, and if we assume:
rm =200 mm, and s =s"=0.1 mm, the mass re-
solving power in the absence of energy spread equals:
R =11 000. To obtain this resolving power, the relative
velocity spread should be much smaller than 1/11 000.
This condition can only be satisfied by sufficient acceler-
ating voltage, and special ion source design (Dusrovix
et al.17), and for ions not resulting from a dissociation
of a two-atomic molecule (Morrison and Sranron18).
Otherwise a double focusing arrangement will be re-
quired, the design of which will be the subject of a sub-
sequent paper. From (54), the mass dependence of the
image distance is represented by

In”rm=6.542 +18.500 (Om/my).

With (77), we can find the angle between the focusing
plane of the mass spectrum and the central path
2=31°0". The present calculations do not allow a pre-
diction of the shape of the focusing plane. To find the
curvature near the central path, we should retain the
terms proportional to am 2 in (42) ; the position of a
more extended range of the mass spectrum is determined
by terms containing higher powers of . The coeffi-
cients of these terms may be found by retaining terms
of higher order in f in the TavLor expansion (37).

The shape of the pole shoes required to create the
field with n=0.91 and X =0.22131, assuming infinite
permeability of the pole shoe material, is given in the
table below, where the effect of the finite extension in
the radial direction is neglected. The z-coordinate (in
mm) measured from the median plane is given for a
number of values of the radius r (in mm) for three gap
widths at radius rp=200mm: a) gap width =
20.000 mm; b) gap width=8.000 mm; c) gap width
=4.000 mm.

r(mm)l z(mm) ir(mm) z(mm)
a) b) c) a) b) c)
100 | 5.950 2.381 1.190 | 200  10.000 4.000 2.000
110 | 6.279 2.513 1.256 | 204 10.182 4.073 2.036
120 | 6.628 2.652 1.326 | 208 H 10.363 4.145 2.073
130 | 6.996 2.800 1.400 | 212 10.543 4.217 2.108
140 | 7.382 2954 1.477 | 216 10.721 4.287 2.144
150 | 7.787 3.116 1.558 | 220  10.896 4.357 2.179
160 = 8.207 3.284 1.642 | 230 11.319 4.527 2.263
170 | 8.643 3.458 1.729 | 240 11.716 4.684 2.342
180 | 9.089 3.636 1.818 | 250 12.074 4.827 2.413
184 | 9.270 3.709 1.854 | 260 12.385 4.951 2.475
188 9.452 3.781 1.891 | 270 12.642 5.053 2.526
192 | 9.635 3.854 1.927 | 280 12.832 5.129 2.564
196 | 9.817 3.927 1.964 | 290 12.954 5.177 2.588
200 10.000 4.000 2.000 | 300 13.001 5.196 2.597

Tab. 1. Shape of the pole shoes for n=0.91 and X=0.22131.

From (66) we
whereas (70) gives

calculate v |max =0.0755 D,
[¥m |max = 0.0268 h”[rm . Thus the




COPPELFOKUSSIERENDER STIGMATISCH ABBILDENDER MASSENSPEKTROGRAPH I

image slit height will limit | yp | if the width of the ana-
lyser tube within the sector field exceeds 0.355 A”; this
will usually be the case. If we assume A" =15 mm, or
B [rm=0.075, then | ym |max =0.00201 rad.

A homogeneous sector field of 54° sector angle in a
symmetric arrangement in the sense of sect. 9, would
require Ip =Iln” =Tmcot27°=1.9626 r,. With the
same values rp, =200 mm, and s'=s"=0.1 mm, the
maximum resolving power in the absence of energy
spread equals R=1000. Now the second order angular
aberration in the median plane is not zero; the coef-
ficient A, equals —rm, and a beam divergence at the
object slit of am =0.01 rad. causes an image broadening
of 0.02 mm which reduces the resolving power to about
800. If |ym| is limited by the image slit height,
B /rn=0.075 corresponds to |ym |max=0.00769 rad.
Whether the lower value of | ¥m |max for the inhomogene-
ous field as compared with the 54° homogeneous sector
field, results in a serious loss in luminosity or not, de-
pends on the angular spread of the beam emerging from
the ion source, and thus on the ion source design.

Because the central path is longer with the in-

homogeneous field than it is with the homogeneous
field, the vacuum requirements for an inhomoge-
neous field mass spectrometer are more rigid. To
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obtain the same peak broadening due to the residual
gas, the pressure in the analyser tube of the inhomo-
geneous field instrument discussed above, should be
at least three times lower than in the 54° homo-
geneous sector field instrument. To make full use
of the high resolving power of the inhomogeneous
field, a pressure as much as 30 times lower than the
maximum for the homogeneous field may be re-
quired, unless one reduces the collision cross sec-
tions, e. g. by increasing the accelerating voltage
of the ions.
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Berechnung eines doppelfokussierenden stigmatisch abbildenden
Massenspektrographen

Von H. Ewarp, H. LiesL und G. SAUERMANN

Aus dem Physikalischen Institut der Technischen Hochschule Miinchen
(Z. Naturforschg. 14 a, 129—137 [1959] ; eingegangen am 11. Oktober 1958)

In der vorliegenden Arbeit werden die Berechnungsunterlagen fiir einen praktisch ausgefiihrten !,
mit Toroidkondensator ausgeriisteten und stigmatisch abbildenden doppelfokussierenden Massen-
spektrographen zusammengestellt. Bei diesem Apparat wird der durch den relativ groBen axialen
Offnungswinkel a, bewirkte radiale Bildfehler f;3 durch eine entsprechend berechnete Zylinder-
kriimmung der Austrittsstirnfliche des Toroidkondensators korrigiert.

Die bisher zu Prazisionsmessungen von Isotopen-
massen verwendeten doppelfokussierenden Massen-
spektrographen haben Fokussierung nur in radialer
Richtung *, d. h. nur in der Richtung der mittleren
Umlenkebene. Senkrecht zu dieser Ebene, d.h. in
der Richtung der Massenlinien (in axialer Richtung)
laufen die Ionen auf ihren Wegen durch die Appara-
turen unbeeinflufit im Bereich der von den Ionen-
quellen ausgeleuchteten Divergenzwinkel auseinan-
der (etwa 1 Grad). Dies ist auf die Verwendung
von homogenen Magnetfeldern und Zylinderkonden-
satoren zuriickzufithren, die die Eigenschaften von
Zylinderlinsen haben. Aus diesem Grunde werden
die von den Ionenquellen gelieferten Intensitiaten

auf unnotig lange Massenlinien verteilt. Zu erheb-
lichen Anteilen werden sie meist sogar durch die
Backen von im Strahlengang befindlichen, in axialer
Richtung wirksamen Apertur-Blenden abgefangen.
Als solche Apertur-Blenden kénnen z.B. vor dem
Magnetfeld angebrachte Blenden fungieren, die zu-
gleich als Streufeldabschirmung dienen.

Wie frither 2 gezeigt worden ist, muf} bei genauen
Isotopenmassen-Bestimmungen ein sehr kurzer Spalt
verwendet werden (Lange etwa 0,2 mm), so daf} die
Lénge der Massenlinien dann etwa 10 — 50-mal gré-

1 G.Savermany u. H. Ewavp, Z. Naturforschg. 14 a, 137 [1959].
* Radialschnitt ist in der Optik Hauptschnitt des Prismas.
2 H. Ewarp, Z. Naturforschg. 3a, 115 [1948].



