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4. Conclusion

It is very complicated to calculate the second-
order aberrations of complex analyser systems and
mistakes are liable to be made.

Even if the matrix method is used the tediousness
of the calculation is not altered.

The usefulness of the matrix representation comes
from the fact that the over-all transfer matrix of the
total system is easily written as a product of the
transfer matrices of various parts of the system.

Hence the calculation of the second-order aberra-
tion is reduced to the mere mechanical calculation
of matrix products.

For the case of the numerical calculation by dig-
ital computer, the matrix method may be advan-
tageous to programming.

Acknowledgement

The author wishes to thank Professor H. Marsupa
for many helpful suggestions and discussions.

The author would also like to take this opportunity
to express his thanks to Dr. S. Kisaka, Manager of the
Laboratory, for his support and to Mr. K. Sucinara
and Dr. C. Okazaxkr for their kind inspection of manu-
script and their encouragement.

Mattauch-Herzog Type Mass Spectrograph with a Two Stage Electrostatic Field

Isao TAkEsHITA
Research Laboratory, Wireless Division, Matsushita Electric Industrial Co., Kadoma, Osaka, Japan

(Z. Naturforschg. 21 a, 14—25 [1966] ; received 24 April 1965)

Dedicated to Prof. J. Mattaucu on his 70th birthday

The most important advantage of the Marravcua—HEerzoe type mass spectrograph is double focus-
ing for all masses. One disadvantage, however, is the fact that the energy slit cannot control the
velocity spread (f) independently of beam divergence (a). This disadvantage is removed by sub-
stituting a two-stage electrostatic field for the usual single one.

General formulae for determining the distances between the elements of the optical system are
derived.

Combinations of two cylindrical electrostatic fields with equal radii are chosen as a practical
example. The condition to be fulfilled for a physically significant solution and the resolving power
of this system are discussed.

The study of the second-order aberrations shows that a® focusing for all masses can be achieved
under suitable conditions. In addition, a f§ and 2 aberrations can be made to vanish simultaneously
at a point on the focal plane.

The design parameters are numerically computed and tabulated for several favorable examples.
The total image defect is calculated for a typical example, and found to be very small for a wide

range of masses.

Recently increasing interest has been shown in
the potentiality of spark source mass spectrometry
for the chemical analysis of solids.

An ion beam produced by a spark source, how-
ever, has a wide energy spread. Therefore, a double
focusing mass spectrometer is required. In addition
the intensity of an ion beam emerging from a spark
source fluctuates rapidly and the spark produces
considerable RF noise, so that electrical detection is
prevented and photographic recording is inevitable.

A Marravce—HErzoc type mass spectrograph?! is
especially well suited for this purpose, because it
shows double focusing for all masses along a
straight line.

1 J. Marravcu and R. Herzoe, Z. Phys. 89, 786 [1934].

One disadvantage of this type of instrument,
however, is the fact that the energy slit cannot con-
trol the energy spread independently of beam di-
vergence. Therefore, even if the energy slit is nar-
rowed to infinitesimal width, the ion beam which
enters the magnetic field still has a wide energy
spread.

The author noticed that by substituting a com-
bination of two electrostatic deflection fields for a
single one in the usual MaTraucH—-HERzZO0G type mass
spectrograph, the disadvantage mentioned above
could be removed by setting an energy slit between
the two electrostatic fields 1*.

1a I, Takesnita, Z. Naturforschg. 20 a, 624 [1965].
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HintensercEr and Konic 275 investigated the
image defects due to the second-order aberration of
a Marravce—HErzoc type mass spectrograph which
consists of a cylindrical electrostatic field followed
by a homogeneous magnetic field.

They proposed a number of favourable mass
spectrographs with second-order double focusing on
one point of the image line® or with very small
aberration coefficients in a wide mass range’.

The disadvantage of the slit system was still not
removed and the image defects could possibly be-
come unexpectedly large.

As this type of instrument is specified by the
double focusing property for all masses, the cor-
rection of image defects for all masses is the im-
portant problem.

In the present work the correction of the second-
order angular aberration for all masses will be dis-
cussed.

In this case, even when the coefficients of f-de-
pendent second-order aberration are not zero, the
image defects due to the coefficients can be control-
led by the energy slit. Therefore, the correction of
the second-order angular aberration for all masses
is worth discussing.

For the numerical calculation the MADIC-II A in
the author’s laboratory is used.

1. First-Order Focusing

In the present work the matrix representation is
employed for studying the ion trajectory 8.

A vector space is chosen whose components are z
(distance from optical axis), @ (angle between ion
trajectory and optical axis) and § (relative velocity
deviation). Then the field is expressed by a three-
dimensional transfer matrix, and the overall trans-
fer matrix of the multielement optical system is
given by multiplication of the transfer matrices of
various parts of the system.

Therefore, the optical system of a usual Mart-
taucH—HERzoc type mass spectrograph is expressed
as follows:

[(T]1=[4]1[B][d][4][L],

2 H. Hintensercer, H. Wenpg, and L. A. Kénig, Z. Natur-
forschg. 10 a, 605 [1955].

3 H. Hintexsercer and L. A. Kénig, Z. Naturforschg. 12 a,
140 [1957].

4 L. A. Kénic and H. HintesxserGer, Z. Naturforschg. 12 a,
377 [1957].

(1.1)

where [A] and [B] are the transfer matrices of the
electrostatic and magnetic field, respectively and {I;],
[d] and [l,] are the transfer matrices of field free
regions whose lengthes are [, , d, and [, .

Then the Martaucu—HEerzoc conditions ? are gov-
erned by the following equations:
‘gu Bls 1 +A23=0, (1.2)
21 28 |
Ay i+ 45,=0, (1.3)
B2ll4+811=0, (1.4)

where 4;; and B;; are the matrix elements of [A4]
and [B].

As these equations are derived in a general way,
it is not necessary to restrict [4] to a single electro-
static field.

Here we assume [A] to be a combination of two
electrostatic fields [E] and [F] in tandem with a
field free region between them.

The length of the field free region is I, +15,
where [, is the distance from the first electrostatic
field [E] to the image point of the ion source by
this field and I3 is the distance between this image
point and the second electrostatic field [F].

Then the following matrix equation holds:

(4] = [F][l] (L] [E],

where [l,] and [I5] are the transfer matrices through
the field free regions of length I, and I3 respectively.

Substituting A4;; from Eq. (1.5) in Egs. (1.2)
and (1.3) and considering that the following rela-
tion holds for /; and I,:

(1.5)

Eyyli+Ep+ (Exli+Ey) =0,  (1.6)
we obtain the following equations:
Foylg+Fy=0, (1.7)

{g; g;: | +Foy (Eyg+Eggly) +Fo3=0. (1.8)
From these equations I, and /5 can be calculated,
and substituting /, from Eq. (1.8) back in Eq. (1.6)
we can calculate [; .
In order to get a physically significant configura-
tion, I, , Iy, I3, and I, should be positive.

5 H. Hintensercer and L. A. Kénig, Z. Naturforschg. 12 a,
773 [1957].

¢ L. A.Kénic and H. HintexBercer, Nucl. Instr. 3,133 [1958].

7 H. HintexBercer and L. A. Kénie, Nucl. Instr. 3,250 [1958].

8 S. Penner, Rev. Sci. Instr. 32, 150 [1961].

9 1. Takesuita, Mass Spectroscopy (Japan) 11, 25 [1963].
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The magnetic field [B] used for the MaTraucH—
Herzoc type mass spectrograph should be homo-
geneous and satisfy the following geometrical rela-
tion

) (1.9)

because the ion trajectories in the magnetic field
should be like figures for all masses.

The meaning of the quantities ¥”, ¢, etc. is il-
lustrated in Fig. 1.

Fig.1. Geometry and notations of Marravce—HERrzoc type mass

spectrograph with two-stage electrostatic field. S;: Source slit,

S,: Energy slit, E, F: Electrostatic field, H: Magnetic field,
F.P.: Focal plane.

The parameters of the magnetic field have an
effect on /; and [, through B, By — By, By3, so that
for a given By; Byg — By B;5 the effect of the mag-
nets on the configuration of the electric fields is the
same, even though the geometry of the magnetic

field is different.
In this paper Dy is defined by:
Dy = Byy Byy— By Bys .

In the second-order approximation, this constant
is also very important and it is of some interest to
examine its value.

Using the matrix elements of a homogeneous
magnetic field with linear field boundaries, and con-
sidering Eq. (1.9) we obtain

Dy = £ {sin oy + (1 —cos @) tan ¥} . (1.10)

The ‘upper sign is valid if the deflections in the
magnetic field and the first electric field are in the
same direction, and the lower sign, for deflections
in opposite directions.

The position of double focusing point with re-
spect to the magnetic field is given by

+Dy— .
A ED taIrlri(p“"s1nq9m.

- 5 (1.11)

Fig. 2 gives the results of the calculations of Dy
for various values of #" and the shaded area in
Fig. 2 shows the region for negative [, .

04=0

,<o0

[, >0

Fig. 2. Plots of Dy vs. @y for three values of the incident
angle ©'. The shaded area represents the region where [, <0.

For a practical example, let [E] and [F] be two
cylindrical electrostatic fields in an equal radius
(re) of center beam, whose deflection angles are @
and @, respectively. For simplicity the following
abbreviations are used:

V2:<Pe1=(ﬁ1,
V2 Pe2=P2 .

Substituting the matrix elements of these fields in
Egs. (1.7) and (1.8) we obtain

(1.12)

L 1

T cot @, , (1.13)

L, 1  [Dy sing, T1_

Te _sin(plsintpg{Z V2 &+ COS(PI)}‘
(1.14).

Substitution of Eq. (1.14) in Eq. (1.6) gives
s Dy cos @;+{1— (1 F1) cos @} sin @,
L _ V2 o (1.15)
Te {D;— (1¥1) V2 sin ,} sin ¢,

The upper sign is valid if the deflections in the
two electrostatic fields are in the same direction and
the lower sign, for deflections in opposite directions.

The area where [, , l,, I3 are all positive may be
mapped on the ¢, — @, plane for various Dy . Several
typical diagrams are given in Fig.3 a, b, ¢, and
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binations represented by the points lying within the
unshaded area in these figures.

opposite direction. Unshaded area shows the region.

MASS SPECTROGRAPH WITH TWO-STAGE ELECTROSTATIC FIELD
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Fig. 3. Region of the physically significant configuration for three values of Dy. Deflection in the two electrostatic fields in the
same direction. Unshaded area shows the region.
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Fig. 4 a, b, c. The available field are the field com-

where s is the width

=1 4y
2s Azx'

of the source slit.

The resolving power (R) of a Marrauca-HEerzoc
following form:

type mass spectrograph is written generally in the

(1.16)

we have

G;; described by

_ Te |

g | 1
s k* \ Gy

[(L1[E] =[C],

— 1 |
i o s
Gll ’

(1.18)
where k is a constant characterizing the field, such
as k=V2 for a cylindrical electrostatic field. The

XY A2 =

l,<o

Fig. 4. Region of the physically significant configuration for three values of Dy. Deflection in the two electrostatic fields in the

Substitution of the matrix elements from Eq. (1.5)

gives the analytical expression of resolving power

for the present case, but using the matrix element

L<o

(1.17)

on

17
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upper sign is for deflections in the same direction

and the lower sign, for deflections in the opposite

direction. In the former case the resolving power is

the same as that of the usual Marravcu—HEerzoc
type instrument.

In the latter case the resolving power is given by

= e 1.19

2s 2712sing,—Dy (1.19)

This implies the possibility of increasing the re-

solving power.

2. Second-Order Aberration

a) General expressions of second-order aberration

An extensive study of the second-order aberra-
tions of a Marrauce—HERzo0G type mass spectrograph
was made by Hintexsercer and Konic 375,

Following their method we could calculate the
second-order aberrations of the present system which
consists of a two-stage electrostatic field and a homo-
geneous magnetic field in tandem.

The matrix method, however, seems more con-
venient 1. The ion trajectory in the field which is
homogeneous in the direction perpendicular to the
plane on which the optical axis lies is conveniently
described by a nine-dimensional transfer matrix, if
we choose the vector space as follows:

(z,a,ﬂ,ﬁ,xa,a2,xﬂ,aﬂ,ﬂ2). (2-1)

The matrix elements A4;; of a cylindrical electro-
static field or a homogeneous magnetic field are re-
lated to HINTENBERGER’s notation 3:

Ay=x1b,  (U1v),  Ayu=Avfre, (¥1b/rm),
Ajp=re %12, (rm M1a), A22=1la, (71a),
Ayy=re #2a, (rm M2a), A23=1~2a s (¥2a),

Ajy=2x11c[re, (R11c/Tm), Asg=A11c[re® (V11c/rm?),
Ays=2x110, (M11b), Ass=A11b/re, (¥11b/rm),
Ajg=re #11a, (rm M11a), 4sg=A11a,  (V11a),
Ay;=%x12b, (#a2b),  Ae;=Azb[re, (V12b/rm),
Ajg=re %122, (rm #12a), Asg=A12a,  (V12a),
Ayg=re %220, (rm M22a), Asg=1A22a,  (Va2a).

(2.2)

Other matrix elements are expressed by these 4;;
and As;.

Thus the matrix method can be extended to in-
clude the second-order terms. Egs. (1.1) or (1.5)
may be considered the matrix equation of these
nine-dimensional transfer matrices, and the first-
order theory is included in these equations.

10 1. Taxesuita, Z. Naturforschg. 20 a, 9 [1965].

The ordinate x of an ion beam on the plane ver-
tical to the optical axis at the first-order double
focusing point is expressed by

x=T16a2+T18aﬂ+T19ﬂ2, (2.3)
provided the width of source slit is infinitely narrow.
These terms are the second-order image defects.

Using Eq. (1.1) and considering Egs. (1.2),
(1.3), and (1.4), we obtain the following expres-
sions:

2 D
L {rm; + (agq a99® — g5 a3y 59
+ a6 a3;°) lg}, (24

re?

+2D, (al:}_ il)s)’re,

T,,— 'em ] G ay; 1 £
18 m

Qs Qg Te
+ (D, — D, D) r%n} (2.5)

\2 re?

Tyy=— ;"“ {029+D4 (013— rd Ds) 7
21 e

'm*~

4 (D~ Dy D) (a13— :,:, Ds) Te

m

(2.6)
+ D3?Dg — D3 Dg+ D, },

where we have introduced the abbreviation

by, bij |
Dyss [ 04 |
! by b2i}’

a;; and b;; being the dimensionless factors of A;;

and Bi}' .

(2.7)

b) Mass spectrograph with second-order direction
focusing for all masses

In order to make the coefficient of the second-
order angular aberration be zero for all masses, the

optical system must fulfill the following conditions
D,=0, (2.8)

g4 G30% — 95 Qg1 G + A3 05,°=0.  (2.9)

If the deflections in the magnetic field and the

first electrostatic field are in the same direction,

then the first condition is fulfilled when the geo-

metry of the magnetic field satisfies the following re-
lation:

7/ _ 2cos } @m(cos® 3 pm—2 sin® } pm) 21

tan " = (1—6 cos® % @m) sin } g ' (2.10)

In this case Dy and [, are given as follows:

_  3singm 2.11
Dy 6cos®} pm—1 "~ ( )
L Pm 2.12
=g tan = ( )

As [, must be positive, the deflection angle ¢,
must be within [0, «].
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Plots of Dy, ¥, 9", I, etc. as a function of ¢,
are given in Fig. 5.
90°

L \G

60°

60 50°

-

i
Fig. 5. Calculated curves for various constants of the mag-
netic field satisfying D;=0 as a function of ¢, .

Provided the field [4] consists of only one cylin-
drical electrostatic field, then the left side of Eq.
(2.9) does not vanish under the condition (1.2).
In the present case one may possibly find the solu-
tions which satisfy this condition.

The physical meaning of Eq. (2.9) is that the ion
beam entering the magnetic field is parallel in
second-order approximation.

Since the combinations of two electrostatic fields
in the same sense intuitively seem favourable for
aberrations, the following study is confined to this
case. Then Eq. (2.9) becomes

19

V2 (Z% 34 34 24 (3V2 D sint
sinztpl[ 1 Dg3 + 3 smtp2)X + ( s Dy sin® ¢,
+ ;Dsgsin(pg)X+(z sin3 @, — isin% (2.13)
+3V2 Dysin® gy + § DyZsingy+ V2 Dg?)] ~0.
where X =cos ¢, .

As the equation in the square bracket is a quad-
ratic equation of X, the solution is easily derived
in an analytic form. As X is a trigonometrical func-
tion of ¢;, X should be real and within [ -1, 1].
The area where the roots of the quadratic equation
are real is mapped in Fig. 6.

80°) =
Imaginary E%‘z
=
X =
B O\ K~
2 - 7\
20° Imaginary
0 10 o, 20
N 4 =4
—-1<x<0 0<x<1 x<-1

Fig. 6. Region of real roots of Eq. (2.13).
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0‘1 \ N \ \
60° ) LW WA
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N
Qf’ > b DJ
6 ~
) - \ 1.0
S S =
40° (W) 9 Ny S = 0.9
o N D > 0,8
N
Y 2 0.7
ST < 06
-
20° 7l s 0.5
o= 0.4
e 03
z 0.2
(2]
0 1 T T T |
20° 40° 60° 80° 100° 120° 140° 160° 180°

Y —

Fig. 7. Relation between ¢, and @, satisfying Eq. (2.9) with D; as the parameter.
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At the critical point, (D3=6/1/34, ¢,=sin~!
13/V17), ¢, is equal to & and 1/sin2 ¢, diverges,
but the limiting value of the left side of Eq. (2.13)
is still zero. If Dy is smaller than 6/}/34, the solu-
tion satisfying Eq. (2.13) corresponds to a closed
curve on the ¢, — @, plane.

This curve contracts with increasing D; and re-
duces to a point on the line ¢; =7 when Dj equals
6/V34. For larger Dy this curve vanishes. The solid
lines in Fig. 7 show these curves.

It is clear that the field combinations correspond-
ing to the coordinates ¢;, @, on these curves for
respective Dy satisfy Eq. (2.9). Practical signifi-
cance requires positive l;, I, and l3. Accordingly
only the part of these curves which lie in the un-
shaded area of Fig.4 for respective Dy is practi-
cally significant. The dashed lines in Fig. 7 show
the boundaries of these areas.

By taking a positive root in the analytical solu-
tion of X, positive /; and [, are always assured
though the analytical proof is difficult. Therefore,
the following discussion is restricted to solutions
with positive roots. Figs. 8 and 9 give the results
of the numerical calculations of I/r, and ly/r, for
various Dj.

10,

/

-}
o

D,=01
62

N

02 L — 0.4
ST 16 8
= ) L0607 08
3 . < <—d—09 0

20 40 60 80 100 120

Y —

40 160 160°

Fig. 8. Position of source with respect to the first electrostatic
field as a function of ¢, for various values of Dy .

10
8
D_}=_0'7
\% 99 g s
IR\ e
(| o
w 2 | 0.8 09
> ¢ 10
0 Sy
20 40 60 80 100 120 40 160 180°

¢ —

Fig. 9. Position of intermediate image with respect to the first
electrostatic field as a function of ¢, for various values of Dy .

-

¢) The correction of f-dependent image defects

In the last section we knew that we could build
mass spectrographs whose second-order angular
aberrations are corrected for all masses. Putting
D,=0 in Eq. (2.5), we have the expression for the
coefficients of a f aberrations of these remarkable
mass spectrographs as follows:

T.o— Ce,,’n},{_‘am @ 1 (D _D.D L}
= a3 by Gz Q2g | Te +( 8 4 5) Tm
(2.14)

The coefficient of 1/r,, is expressed as a function
of ¢y
€y = Dy— Dy D5 sy i

i min 219

and as easily proved C; is always positive when ¢,
is within [0, 7] (Fig. 5).

Therefore, it is impossible to make Tg vanish
independent of r,, . At one point on the photograph-
ic plate, however, this term may posibly be can-
celed by the first term. This condition is

Tmo/’e=Cl/DA,

where D, is the abbreviation of @y ayg— @95 a5; and
rmo denotes the particular r,, which satisfys this con-
dition. To be physically significant, this ratio should
be positive. In the present case, D, is expressed by
the following equation:

(2.16)

9 [ . 4 D
Dy = ?[sm @1 (8 +cos? @,) + %i
5D,

.+ COos @o (72L — 3 sin (p2)
1
sin @y

+ Te”z (11 +13 cos ) sin @,

{(8 + 3 cos @, + cos® ;) sin® @,
(2.17)

+2Dg2(2 cos<p1+1)H.

The numerical evaluation of Eq. (2.7) proves that
D, is always positive except for small D;. Fig. 10
shows the lines of constant ryg/r, on the Dg— @,
plane.

Considering D, =0 and Dy =0, the coefficient of
[ aberration becomes

d e
Tig= — ;*:{029 + (D7 —D4 D3) (‘113 ";e’Ds )rr: + Cz}
(2.18)
Where Cg = 032 D6 == D3 DS .
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Fig. 10. Plot of constant ryo/re lines on Dy— @, plane.

In order to correct a f and 5? aberration at one
point on the photographic plate, r, of Eq. (2.18)
must be replaced by ryg. Then Eq. (2.18) becomes

Tlg!rmo = — Im¢ {029+DA a13+C2"‘DA D3 7d}.
by Te
(2.19)
The condition of vanishing T4 is solved in terms
of d/r, as follows:
4 _ ont+Daa,t+6
F—= D D, . (2.20)
In the present case C, is given by the following
equation

= i o
Cy=—Dy et ion (2.21)
and plotted in Fig. 5.

a,5 and a,y can be written as follows:

_sing, , Dy

a13 = o ®s + 1/2 cot (p2 + 1 N (2.22)
ml . D, (T 4

g9 =2 [sm (p1+@2) + 3; (6 =k & OB %)

St {g (sin® @, — sin® ;)

sin @,

Dy (4,5 i
—V2(3+3cos<p2)sm(p1

—Dg? (ilé + § cos (pg)H .

(2.23)

The constant d/r, lines satisfying Eq. (2.20) are
plotted in Fig. 11. The results clearly suggest the
possibility of an excellent mass spectrograph whose
a f# and f? aberrations are zero at one point on the
photographic plate by a particular choice of d/r,

in addition to achieving first- and second-order
angular focusing and first-order velocity focusing
for all masses.

600 -
600..
0
- - 05
40 0
15
R 20
20°F /—\ﬁé = %
— / 530
L L L | ! 1 L |

Fig. 11. Plot of constant d/re lines on Dy— @, plane.

The essential problem, however, is not to correct
the image defects for one mass but to reduce them
for a wide mass range. The change of the coeffi-
cients along the focal plane should be examined.

With ry/rmo=7, Eq. (2.14) yields the relative
aberration coefficient Ty g/r;, as a function of 7:

Ty _ 2sin*dom f (1- %) (2.24)

'm D32
Substituting Eq. (2.20) in Eq. (2.18), we obtain
Typ _ 2sin®} gm _ 1
= LR (a9 Cy) (1= ). (2:25)

These are the same functions of 7 and they con-
verge for 7= oo .
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40°}- 20
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L 1 L 1 1 i L 1
0 02 04 06 08 10

Fig. 12. Plot of constant T4 lines on Dy— @, plane.
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Let T,q and Ty be these limitting values, then

L LT (2.26)
3

;- 2,,sin;f P (a59+Cs).  (2:27)

Constant Ty lines and constant Ty lines plotted
on the Dy — @, plane are given in Fig. 12 and in
Fig. 13.

80°+
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60° 96 1.0 15
i - 20
40°- 3.0
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o i 60/ 50=hg
- 80,
20° / 0,
L ] ! I Il L ]
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Fig. 13. Plot of constant TT“, lines on D3— @, plane.

d) Discussion

By replacing of an electrostatic field in an usual
Marravce—HERzoc type mass spectrograph by a
combination of two electrostatic fields in tandem, a
remarkable mass spectrograph can be designed.

The important advantages of these instruments
are as follows:

1. The first-order double focusing for all masses is
achieved.

2. A real image of the source slit exists between
two electrostatic fields, and independent control
of o and f is possible.

3. The second-order angular aberration is corrected
for all masses.

4. The simultaneous correction of a8 and f* aber-
rations is achieved at one point on the photo-
graphic plate.

A numerous variety of mass spectrographs pos-
sessing these advantages are possible. From the
practical point of view, a magnet of small deflection
angle (@) or large incident angle (¥#') is not
favourable. This fact implies that Dy should not be
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Table 1. Examples of Mass Spectrographs with corrected a® image defect for all masses and corrected p-dependent image defects at one point of the photoplate.
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too small. On the other hand the achievement of a3-
focusing requires D smaller than 6/})/34. Fig.5
shows that these conditions are compatible and mag-
nets characterized by D31 are possibly useful.
Especially, the vertical entry is most interesting and
can be achieved by taking the deflection angle
70° 32" as can easily be seen from Eq. (2.10). In
this case Dy is (21/2)/3=0.943, which is smaller
than 6/1/34..

As the total ion path should be as short as pos-
sible, the length of /;, l,, I3, and d should be ex-
amined. Figs. 8 and 9 show that /; and I, become
sufficiently short when D3 approaches 1.0.

The length I3 is a function of ¢, and becomes
short when ¢, becomes large. Taking Dj close to 1
and choosing ¢, as large as possible the ion path
from the source to the focal point becomes short.

According to Fig. 10, the instruments with Dy~1
have a rather small ratio ry/r.. This result seems

011/
S, 5°10

127°17°

S, ER

Fig. 14. Typical configurations of mass spectrographs with

second-order direction focusing for all masses and with cor-

rected f-dependent image defects at one point of the photo-

plate. S;: Source slit, S,: Energy slit, B: Second-order double
focusing point, F.P.: Focal plane.
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favourable for a large instrument for mass deter-
mination, because a large electrostatic field is need-
ed to increase its resolving power but a relatively
small magnet meets the requirement. In the case
of the smaller instruments such as those for solid
analysis, however, a very small ratio ryg/,e is of no
practical use, as the effect of fringing field becomes
serious. In this case the correction of the image de-
fects for a particular mass, however, is not impor-
tant but the reduction in defects for a wide mass
range is essential. To fulfill this requirement, small
Tyg and T,q are needed. Figs. 12 and 13 show that
these constants decrease with an increase in D3 and
P2 -

All these conditions are fortunately compatible
with each other.

The design parameters are numerically computed
and tabulated in Table 1 for several favourable ex-
amples. Fig. 14 shows the configuration of typical
examples.

Fig. 15 shows the change in the aberration co-
efficients along the focal plane as a function of =
for the mass spectrograph No. 4, Table 1. The change
in these coefficients for the usual MaTTauca—HERzZ0G
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Fig. 15. Second-order aberration coefficients as a function of
7 for mass spectrograph No. 4, Table 1. TAKESHITA
No. 4, Table 1; — — — — Marrauvcu (d=re) ;

HixtexserGer 1! X —2,
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type mass spectrograph and for HINTENBERGER’s in-
strument X —2 1! are shown for comparison.

The total image defects due to the second-order
aberration are the differences between the maximum
and minimum values of z given by Eq. (2.3) for
any values of a and f of the collected beams. In the
present case, the area on the a—f plane defining
the range of the permitted beam is rectangular, but
in the usual case it becomes a parallelogram !? as
shown in Fig. 16 and its figure varies with the po-
sition of the energy slit.

Fig. 17 shows the total image defects of these
three systems. Three curves are calculated under the
following condition: The area of the rectangle and
the parallelograms are equal (ay=pf,=1) that
means, that the beam intensity is equal for each
case. This figure shows that the image defects of the
present instrument is considerably small. This fact
results not only from the small coefficients of the
second-order aberrations but also from the charac-
teristic feature of this instrument, i. e. the indepen-

a) Marravca—-Herzoe type
mass spectrograph with
two-stage electrostatic
field.

b) Usual Marravce—HEerzoc
type mass spectrograph.

d=d'=re,

Po= 12917,

¢) HintenBERGER 11 X —2

Ws
’80— r42 Te ’
2 Ws: Width of energy slit.
d: Distance between elec-
tric field and magne-
tic field.

d’: Distance between elec-

tric field and energy
slit.

d'=0,
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c et
TN,
> F /////
R R and -1
7 a
, 2
/
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Fig. 16. Range of the permitted beam.

11 H. Hivtensercer and L. A. Konig, Advances in Mass Spec-
trometry (ed. J. D. WaLpron), Pergamon Press, London
1959, p. 34. X—2 is the abbreviation of No. 2 in Table X.
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Fig. 18. Calculated total image defect as a function of £,
(ag is kept constant).

dent control of the velocity spread and the beam
divergence. The advantage of this instrument be-
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Fig. 17. Calculated total image defect as a function of 7 for
mass spectrograph No. 4, Table 1 (a,=pf,=1). Taxe-
surta No. 4, Tablel; — — — — Marravc (re=d=d’) ;
————— HintenBercer 1! X—2 (d'=0).

12 1. Takesurra and K. Morikawa, Mass Spectroscopy (Japan)
No. 16 [1960].
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comes more clear when the change in the image de-
fects are described as a function of f, under a con-
stant value of a;.

Fig. 18 illustrates the results. Only by the present
instrument the image defects can be decreased with
decreasing f, .
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A new type of mass spectrograph with large mass dispersion has been constructed. The distin-
guishing feature of this apparatus is that the mass dispersing action of a r—! magnetic field is
utilized. The instrument has a r—1 magnetic field of 198.1° sector type (22 cm mean radius) as the
dispersing field, a toroidal electric field of 118.7° sector type (30 cm mean radius) and a 30° uni-
form magnetic field (120 cm mean radius) as the focusing fields. The principle, the design and
important parts of the apparatus are described. The dispersion on the photographic plate was esti-
mated to be 14 cm for 1% mass difference and the maximum resolving power of about 500,000

was obtained.

A mass spectrograph with large mass dispersion
and resolving power is useful for the precise deter-
mination of nuclidic masses. One method to obtain
high resolution consists in enlarging the linear di-
mensions of the ordinary double focusing apparatus
with cylindrical electric field and homogeneous mag-
netic field. During the past ten years, a number of
large apparatus has been constructed?!, and a re-
solving power of several hundred thousand has been
obtained. It seems, however, very difficult to en-
large the linear dimensions of the apparatus still
more to increase the resolving power about one
order of magnitude because of economic and tech-
nical reasons.

Another method for obtaining high resolution
has been recently developed using a toroidal electric
field and a non-uniform magnetic field 2. Though

1 K. Ocata and H. Martsupa, Z. Naturforschg. 10a, 843
[1955]. — K. S. QuisenBerry, T. T. ScoLman, and A. O.
Nier, Phys. Rev. 102, 1071 [1956]. — C. Stevens, J. Te-
ranpy, G. LoseLy, J. WoLrg, N. Bever, and R. Lewis, Proc.
Intern. Conf. Nuclidic Masses, University of Toronto Press,
Toronto 1960, p. 403. — N. R. Isexor, R. C. Barser, and
H. E. Duckworrs, ibid., p. 439. — K. T. Bamxsrince and
P. E. Moreraxp, Jr., ibid., p. 460. — H. HINTENBERGER, J.

this method is considered to be very promising,
there might still be some technical difficulties in
order to obtain a resolving power of several million.

About two years ago, one of the authors proposed
a new method which might provide such high re-
solutions and mass dispersions without requiring
very large linear dimensions®. It is the essential
feature of this method to use a mass dispersing field
which has no lens action. Since then, we were plan-
ning to construct a mass spectrograph which utilized
this method. As a first step, in order to verify the
principle experimentally and to study the character-
istics of the dispersing field, we constructed a rela-
tively small apparatus. The new mass spectrograph
has a r~! magnetic field as the dispersing field to-
gether with a toroidal electric field and a uniform
magnetic field as the focusing fields.

Marraven, H. Wenpe, H. Vosuace, and W. MiLLER-WAR-
mutH, Advan. Mass Spectr. 2, 180 [1963]. — H. Ewarp, E.
Konecny, H. Orower, and H. RésLer, Z. Naturforschg. 19 a,
194 [1964].

2 H. W. Wacusmuta and H. Ewaip, Z. Naturforschg. 18 a,
389 [1963].

3 H. Marsupa, Mass Spectroscopy (Japan) 11, 127 [1964].



