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The: invention relates to
trometers,

There is a type of mass spectrometer, to date finding
only relatively limited use, in: which first order velocity
and angular aberrations are reduced essentially to zero.

double-fécusing mass- spec-

Because: this. type .of instrument effectively focusses with-

respect to both velocity and angular: deflection, it- has
become known as a double-focusing instrument, the term
being defined as applied to a mass spectrometer in which
C, (constant of angular aberration) is zero at the focal
line; and.C, (the: constant of velocity . aberration) is zero
at .the. focal-line, '

This type of instrument is becoming increasingly: im=-

portant in the analysis- of materials of very low vapor
pressure; such as metals, in which ions are made available
over a wide energy range and hence with an appreciable
spread in initial velocity. A spark ion: source is a:highly
useful source in the ionization. of solid samples, but it
does produce ions of widely differing. energies. In 1934,
Messrs. Mattauch and Herzog published a paper describ-
ing the double-focusing instrument and as-a result - this
type of mass spectrometer is frequently referred to as
the Mattauch mass Spectrometer (see Zeitschrift fiir
Physik, 89, p. 786, 1934), )
In spite: of the development: of* the- basic precepts of
this:form: of ‘mass spectrometer-by- Mattaucl in-the early.
1930s, mass spectrometry has been-used primarily for the
analysis of gases: and readily- vaporizable: liquids, -with
which: constituents - ionization- can- be accomplished” by
means of an-electron beam and with a-very narrow energy.
Spread. . Ionization in such"an-electron- beam- susceptible
to-a high degree of  collimation results in velocity: dis-
pension that has usually been negligible in the past; and
double-focusing instruments-have»accordingly found little
use.
analysis of compounds..of, very: low. volatility is-a.logical
extension of the capabilities of mass spectrometry.

In the Mattauch mass spectrometer of. conventional .

type the electric and magnetic sectors deflect the ions
through angles of 31.8° and 90° respectively, and the._sys-.

tem shows double-focusing (angular and velocity focus--

ing) to first order for allmasses.simultaneously.

For any mass spectrometer the dependence of image-

width w on the angular aberration « and
velocity aberration 8 can be, expressed as
in « and 8 as follows:

w--:rm[C&"a+Cﬁ'ﬁ+C‘;2'az‘-{—Caﬁq'ﬁ—{—C,;?'Bz -
(D

the fractional
a power series

where:

7y is the magnetic_sector radius;

C, is a constant of angular aberration as. a function of
the instrument parameters,. and. is.zero by definition
at the focal point;

C, . is a constant of fractional velocity aberration-as a .

function of the .instrument parameters, and is zero by
definition in double-focnsing mass spectrometers,

In the standard Mattauch instrument, C, and C, are

More. recently. it has: become: apparent: that: the:

2
zero' at the focal plane by definition, and Cg, C.s» and
C,= are given by the following expressions: :

p 2
Copo=—1416 +%(7—T~) (28)
5 . P . ‘
Cap=325+22(1 +o+02885) (2
Te d 1 Te d\? 3
10 cﬂQ=0.39+0.293;;+E+—2-(0.293T-m+;:) (2¢)
where:

re=radius of curvature of electric sector;

rm=radijus of curvature of a specified ion in the magnetic
sector; and

d=separation of electric and magnetic. sectors.

It-can be shown by plotting the functions Ceg, C,, and:

C,z that it:is desirable in-a standard Mattauch system to.

keep the separation of the electric and magnetic sectors’

20. (d)-as-small as mechanical considerations will permit in.
order- to keep C,; and Cp from becoming  excessively
large. If this is done it becomes difficult to effect clean
and-independent control of « and B. This fact together
with. the fact that C,, and C.p are not very small may -
make it very difficult to achieve high resolving power-and-.
reasonable - intensity simultaneously when the velocity
spread.- () ‘in-the ion beam is high as from a spark ion-
source or an-ien: bombardment ion source.

In accordance with the present invention I have found'.
that by curving the entrant pole face of the magnetic
sector, convexly with respect to the entering ion beam
and. on a.radius.of curvature p, leaving the: electric and-
magnetic deflections at their normal values of 31.82 and.
90° respectively, the second order effects of angular and
velocity : aberration can be-reduced. to a minimum. As
a result there is realized greatly improved resolving. power:
compared to a.standard double-focusing instrument.

Accordingly, the invention comprises a mass spectrome-

ter having an ion‘source, an. electrostatic velocity com-

40 pensator, means including spaced magnetic pole pieces
forming a magnetic field, the entrance faces of the mag-
netic pole pieces being convex, means for causing ions
formed at the source to Dass ‘sequentially through the
5 e€lectrostatic velocity compensator and the magnetic field,
and means-for sensing ions passing through the magnetic
field..

The analysis of the consequences of this alteration in
instrument structure is deferred pending the following::
detailed description of a double-focusing mass ‘spectrome-
ter in accordance with the invention as -taken from .the
accompanying schematic drawing. )

Referring to the drawing, the instrument shown sche.
matically includes an ion source, in this instance: illus-
trated as spark electrodes 10 and 11, connected at oppo-
site ends to the secondary winding 12 of a Tesla trans-
former:¥3. The midpoint of ‘the: transformer winding -is
connected :to. the: positive: side- of a high:voltage  supply
14
go  First,. second and third apertured electrodes 16, 17
and: 18- are: arranged: serially, electrode 16 being con-:
nected:through a suitable voltage-divider 20'to the high
voltage supply:and: serving as an accelerating - electrode
to: propel fons from the spark source as a beam through™
the:electrodes 17 and 18. Eléctrode. 17 has an aperture’.
Sy defining: the: geometrical . width: of - the ' beam, and:
electrode 18 has an aperture Sy acting. as- a limit on
angular divergence-in the beam passing: therethrough..

An electrostatic deflector constituting curved plates 22,
70 23 is arranged serially with respect to the electrodes, the

beam issuing from the electrode ‘array and entering the de-

flector, as shown. The two plates, 22, 23 of the deflector
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are ‘connected to opposite sides of a deflecting voltage
supply 24 and, as illustrated, both plates are at a pre-
assigned potential with respect to ground 25. A fourth
apertured electrode 26 may be disposed adjacent the exit
end of the electrostatic deflector. Electrode 26 has an
aperture S, acting as a so-called velocity stop, i..e. stopping
jons which, because of extremes in velocity dispersion,
are not focused on the aperture S,.

. A transverse magnetic field is formed in the conven-
tional manner by a pair of magnetic poles, one of which,
pole piece 28, is shown in the drawing. In accordance
with normal practice, the second identical pole piece (not
shown) is disposed parallel to and spaced from the pole
piece 28 to form a magnetic field therebetween transverse-
ly of the direction of ion travel into the magnetic field
from the deflector. Ion sensing means, such as the photo-
graphic plate 30, is immersed in the magnetic field for
detecting mass dispersion therein.

" Unlike previous Mattauch type mass spectrometers, the
pole piece 28 and its companion pole piece (not shown)
which together define the magnetic field, are provided
with curved entrant pole faces, pole piece 28 having
curved face member 29 which is convex with respect to
the entering ion beam and resulting in the improved op-
eration as pointed out below. Preferably the convex face
is provided as a detachable shim, as shown, held to the
parent face surface by any desired means, such as bolts
31, 32. In this manner, the radius of curvature (p) can
be changed at will by the simple expedient of changing
shims.

Certain parameters are identified in the drawing to fa-
cilitate. the following discussion of the operation of the
instrument. Thus the notation 7, gives the mean radius
of curvature of the electrostatic deflector, the notation d
shows the distance between the exit from the deflector to
the entrant face of the magnetic field, the notation rm
(max) shows the maximum radius of ion travel in the
magnetic field, and the notation p gives the radius of
curvature of the entrant face of the pole pieces.

With a curved entrant pole face the second order fac-
tors from Equation 1 can be shown by mathematical de-
rivation not included herein to be as follows:

2
Ca=—1a16+](2 (38)

op=sastitlfozale+l ]y @D

- Teg 4 L7 LW
Cp=039+02087 2+ L1 020342 | o)
in which

rp=the radius of curvature in the magnetic sector;

re=the mean radius of curvature in the electric sector;
d=sector separation; and

y=1-"2
P

In a conventional double-focusing instrument the pole
face of the magnet is not curved in effect, p is therefore
infinite, v equals one and the second order abberation
coefficients as given in Equations 2 are of appreciable
significance. Where p is less than infinity in accordance
with the present invention, v is less than one and, by
proper choice of instrument parameters, i. €. of 7e, 7m, d
and p, the second order of Equations 3 can be reduced to
an insignificant minimum. It can be shown, although mno
attempt will be made to do so here, that the third order
aberrations are negligible.

It is not possible to find positive values for

d

—

m
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and

Te

T'm
such that all three of these coefficients vanish from the
above equations. For this reason it is not possible to
achieve values in which Cz2, C,, and C, all become zero
at the same time. However, it is possible to find a con-
siderable range of values for these parameters such that
C,, and Cp2 coefficients vanish simultaneously and C. is
of quite reasonable magnitude. Equally important is
the fact that this condition can be met for values of d
which are not as small as those heretofore thought to be
necessary but roughly equal to ry so that the operation
of the energy selector slit (26 in the drawing) is greatly
improved over its function in the more usual form of the
Mattauch instrument. Not only is the operation of the
energy slit improved, but its operaiton is no longer as
critical since C,, and C,2 have been reduced to zero.

As an aid to the selection of values of

Te

m
and «, it can be shown by mathematical derivation that.
for an arbitrary value of

d

T'm

and with the objective of reducing C,, and Cg2=0, the

ratio may be selected in accordance with the following
expression:

m

and v may be determined from:

— 32-4rfrm
V=030 frm) F () (Tefom)
where as before

r
p

These expressions provide a means of selecting suitable
values of the instrument parameters but do not constitute
limits on the parameters.

The following Tables 1 and 2 show the values of the
second order aberration coefficients, respectively, for a
conventional double-focusing mass spectometer with
straight magnetic pole faces and for a mass spectrometer
in accordance with the invention with curved magnetic
pole faces.

TABLE 1

Second order aberration coefficients for a Mattauch mass
spectrometer having straight pole faces in which
r,=20.2, d=24"

Tm C_

12,
’

6"’
all

Rawmo
b
wRs
Bl
~8
Y
(1]
23

TABLE 2

Second order aberration coefficients for a Mattauch mass
spectrometer in which the leading face of the magnet

pole has a radius of curvature p=4.265", r;=24.876", -

d=9.6"

Cap Cp

-4

—5.38

0
—5.73 .024
~4,94

+9.15 25.9

=X

€O O o0 14
=

e
o
=88

Te _ d 1 d 2 d
7,—_-1.7;:+o.3+§\/ (3.45—-0.6) +al @
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The choice of parameters on which Table 2 is based
is not intended to evidence an optimum set of values but
one which might be reasonable for mechanical con-
venience. It is noted, however, that both energy depend-
ent aberrations vanish at the design point r,=12" and
that the arrangement reported in Table 2 gives a lower
aberration ‘stm (C24-C4Cp2) through the ‘ertire ‘mass
range than does the conventional instrument evidenced
in Table 1.

Referring to the drawing, typical values for structural
and operational features -of ‘the instrument may be as
follows:

(1) Output -of Tesla ‘seconddry ‘approximatély =50
kv.R. F.:

(2) High voltage supply approximately 20 kv. D. C.;

(3) Deflecting voltage supply approximately 1 kv.;

(4) 7, approximately 24.876"";

(5) d approximately 9.6"";

(6) p approximately 4.265"";

(7) rp=12" (for mass 250);

(8) Magnetic field 9,700 gauss.

The foregoing values are in no way limiting but only
suggest typical values of one operable instrument in ac-
cordance with the invention.

From Equations 3a, 3b and 3c, it is apparent that
values of

Te

'm

d

'm
may be selected in the design of an instrument such that
for a particular value of v, as for example determined
from Equation 5, C,,=C,»=0. Where Co, and Cpe=
under such circumstances C,z does not equal zero. With
the same values of

and

Te
'm

d

Fm
a different value of 4 can be found such that C =0
and in which case C,, and C,z do not equal zero. With
the objective of diminishing C2to 0,

and

Te
'm
may again be determined from Equation 4 and v as

follows:
Ton \2
r=25(%)

Table 2 shows a selection of parameters such that C,
and Cgs are 0 and under which conditions C,z is not zero.

With this option to select 4 (by variation of p) so as
to eliminate either C,, and C,2 or Cg it is possible with-
out changing the fixed geometry of the instrument (r,,
rm and d) to specifically adapt it to use with different
types of ion sources. Where a source is used which
produces an extreme energy spread such as the illus-
trated spark source, the principal objective is to reduce
C,; and C, to a minimum without undue disturbance of
C,z. However, if a surface ionization source is used, the
energy spread is so low that the «8 and 2 aberrations
do not warrant concern at the expense of the «? aber-
ration. In such event, thereof, a value of ~ is selected
to reduce C.z to zero with little or no concern for C,
and Cpz By using the same geometry specified in Table
2 save for a change in p from 4.265" to 35.5", Cp
is reduced to zero and the C,, and Cgz coefficients be-
come 7.258 and 2.460 respectively. From Equation 1
it is apparent that the value of these last two coefficiens
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is of no 'significance ‘where ‘8
surface ionization ‘source. ‘

Therefore, without altering the instrument ‘geometry,
I am able to secure maximum resolving power for any
given conditions ‘of fonization' by :changing the radius of
curvature of the entrant faces of the magnet poles. This
is simply accomplished by the use of removable pole
faces as illustrated.

I claim:

1. A mass spectrometer ‘comprising an jon source, an
electrostatic compensator, means inchiding spaced mag-
netic pole pieces forming a magnetic field, means for
causing -ions :formed -in the source to travel -serially
through the electrostatic compensator and the magnetic
field, the entrant faces of the magnetic pole pieces being
convex in the direction of ion entry, and means for sens-
ing ions passing through the magnetic field.

2. A mass spectrometer comprising an ion source, an
electrostatic compensator, means including spaced mag-
netic pole pieces forming a magnetic field, means for
causing ions formed in the source to travel serially through
the electrostatic compensator and the magnetic field, an
apertured electrode disposed between the compensator
and the magnetic field, the entrant faces of the magnetic
pole pieces being convex in the direction of ion entry, and
means for sensing ions passing through the magnetic field.

3. A mass spectrometer comprising an ion source, an
electrostatic compensator, means including spaced mag-
netic pole pieces forming a magnetic field, means for caus-
ing ions formed in the source to travel serially through
the electrostatic compensator and the magnetic field, face
plates removably attached to the entrant faces of the
magnetic pole pieces, the outer surface of the face plates
being convex in the direction of ion entry, and means for
sensing ions passing through the magnetic field.

4. A mass spectrometer comprising a spark source of
ions, an electrostatic compensator, means including spaced
magnetic pole pieces forming a magnetic field, means
for causing jons formed at the spark source to travel
serially through the electrostatic compensator and the
magnetic field, face plates removably attached to the
entrant faces of the magnetic pole pieces, the outer sur-
face of the face plates being convex in the direction of
ion entry, and means for sensing ions passing through
the magnetic field.

5. A mass spectrometer comprising an ion source, an
electrostatic compensator, means including spaced mag-
netic pole pieces forming a magnetic field, the entrant
faces of the pole pieces being convex, means causing ions
to flow from the source through the compensator and
magnetic field, means for sensing ions passing through
the magnetic field, the dimensions of the instrument being
determined from

approaches zero -as in ‘a

%:—1.7% +0.3 =%\/ (3.4%—0.6)24-44%
and
_ 32+7./rm
Y T 0B o (A (Pl
where:

rm=the radius of curvature in the magnetic sector;
re=the mean radius of curvature in the electric sector;
d=sector separation;

r+1="2
P

p=radius of curvature of entrant face

C of magnetic pole
pieces.

6. A mass spectrometer comprising an ion source, an
electrostatic compensator, means including spaced mag-
netic pole pieces forming a magnetic field, the entrant
faces of the pole pieces being convex, means causing ions
to flow from the source through the compensator and
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magnetic field, means for sensing ions passing through the r.=the mean radius of curvature in the electric sector;
magnetic field, the dimensions of the instrument being d=sector separation;
determined from
=1_Tm
Te__ 172 1 4 _06)+a4? 5 '
172 0343 /(345—056) +aa and
d p=radius of curvature of entrant face of magaetic pole
an pieces.
2
y=2.8 :.‘2> (8) 19 References Cited in the file of this patent
rore: ) UNITED STATES PATENTS
where: 2,412,236  Washburn ——_—eeeeeeo Dec. 10, 1946

rm=the radius of curvature in the magnetic-sector; 2,719,924 Oppenheimer et al. e Oct. 4, 1955
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UNITED STATES PATENT OFFICE
Certificate of Correction

Patent No. 2,851,608 September 9, 1958
g Charles F. Robinson

It is hereby certified that error appears in the printed specification of the above
numbered patent requiring correction and that the said Letters Patent should read
as corrected below.

Column 4, line 87, for “(7,/0n)”, which is the last quantity of the denominator
of the equation, read —(r¢/7n)— and this equation should be designated as —(5)—;
column 4, line 59, Table 1, last column thereof, for “1.3” read —1.32—; same column,
line 74, Table 2, last column thereof, for “10.92” read —10.9—; column 5, lines 53 and
54, the equation

should be designated as —(6)—; column 6, lines 65 to 68, claim 5, for
fy+1=7:’f read 7=1——i’—"; and
P p

Signed and sealed this 2nd day of December 1958,
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KARL H. AXLINE, ‘ : ROBERT C. WATSON,
Attesting Offficer. : Commissioner of Patents.



