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1

The present invention relates to an electron
multiplier capable of opsrating in a magnetic
field. In mass spectrometers and other similar
analytical devices wherein a beam of lons is
projected into a magnetic analyzer which re-
solves the beam into its characteristic mass Com~
bonents, there is a need for apparatus capable
of detecting ion pulses of extremely small magni-
tudes. For example, certain types of mass spec-
trometers such as the time-of-flight mass spec-
trometer disclosed in application S, N. 83,258
(S. A, Goudsmit) require associated apparatus
capable of debecting with accuracy short ion
pulses of very weak intensity. Moreover, in this
type of instrument it is also desired to have
the time between the formation of a pulse in the
ion source of the spectrometer and its arrival at
the detector represent an integral number of pe-
riods of rotation of an ion in a homogeneous
magnetic field. It is accordingly necessary to
have the sensitive surface of the detector lo-
cated in the magnetic field. Conventional elec-
ron multipliers, such as are used in electron
multiplier phototubes, will have their operation
seriously impaired if they are located in the mag-
netic field of the spectrometer. By contrast, the
apparatus of the present invention makes use of
the magnetic field to focus secondary electrons
from each emissive electrode on to the next.

It is accordingly an object of the present in- 3

vention to provide a new and improved method
and apparatus for detecting moving charged
particles.

Another object of the invention is to provide
a new and improved ion detector which can be
used in a masgnetic field.

& third object of the invention is to provide
a new and improved magnetic electron multiplier
with a high gain and a short response time.

A Turther object of ths present invention is to
‘provide a new and improved magnetic electron
saultiplier -that utilizes the focusing properties
-of a uniform electrostatic fAeld perpendicular to
& masnetic field. )

Other objects and advantages will be in part
ohvious and in part pointed out hereinafter,

More particularly, s preferred embodiment of
the apparatus of the present invention comprises
the combination including a homogeneous mag-
netic field, an electrieally conductive plate located
-in said magnetic field and parallel to the lines
-of flux of said magnetic field, a plurality of sec-
ondary electron emission dynodes located in said
magnetic field and disposed in echelon parallel
Telation with respect to saig conductive plate,
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means for establishing a uniform electrostatic
field between said plate and said dynodes, said
electrostatic fleld being perpendicular %o said
magnetic field, means for causing the moving
charged particles to be detected to impinge on
the dynode, most remote from said plate where-
by secendary electrons are produced which are
attracted and amplified by the remaining dy-
nodes in successive steps and means for collecting
the amplified number of secondary electrons
produced by the last dynode,

The many objects and advantages of the pres-
ent invention may best be apprecisted by ref-
erence to the accompanying drawings, the fig-
ures of which illustrate apparatus incorporating
& preferred embodiment of the present inven-
tion and capable of carrying ouf the method of
the invention.

Figure 1 is a schematic view showing the ex-
terior of the magnetic electron multiplier in rela-
tion to the conventional instruments connected
thereto,

Figure 2 is o perspective view of the apparatus
rotated through 90 degrees from the position
shown in Figure 1 and with two side plates
removed to show the internal constructional de~
tails.

Figure 3 ig a perspective view of g second em-
bodiment of the apparatus of the present inven-
tion with a portion of the side plates broken
away.

Figure 4 is a transverse sectional view taken
along the line 4—4 of Figure 3.

Figure 5 is a transverse sectional view of three
successive dynodes of Figure 2.

Referring to Figure 1 the magnetic electron
multiplier {8 is shown positioned in a homo-
geneous magnetic field the direction of which is
represented by arrows 20. The moving charged
particles to be detected enter the multiplier {8

‘through window {{ containing grid wires 12.
-Operating potentials for multiplier $8 are pro-
-vided by power supply 88 connscted to the multi-
‘plier by conductors i3 and {4,

The amplified
output of the multiplier ig connected on. con-
duetor 1§ to a conventional amplifier 40. Ampli-
fier 40 is used only if it is desired to furthep
amplify the electron pulse received from multi-

-plier 16. The output of amplifier 48 can be con-

nected to an oscilloscope 58 by conductor {7 or
to any other conventiona] indicating instrument,
Also shown on one end wall of multiplier {§ are
bressure screws 8 and {9 used for mounting pur-

-boses as will be described hersinbelow,

Referring now to Figure 2 it can be seen that
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the multiplier {8 is in a homozeneous magnetic
field which is in a direction represented by arrows
29. At the left hand portion of Figure 2 is
window {{ in which are mounted the grig wires
12. Directly opposite window {{ is an L-shaped
secondary electron emissive dynode 2§ which is
mounted on two insulated rods and spaced from
end wall 24 of multiplier {8 by two electrically
insulated spacers 22 and 28. Spacer 22 is
shown broken away so that one of the in-
sulated mountinz rods 25 may be visible. The
insulated mountinz rods run the entire length
of the multiplier and are terminated in pressure
serews 18 and {9 mounted in the end wall 26 of
the multiplier. Pressure serews i3 and i9 are
used to force the rods securely inio recesses in
the opposite end wall 24. Also mounted on the
rods are a plurality of L-shaped secondary elec-
tron emissive dynodes which are separated by
insulated spacers of a construction similar to
spacers 22 and 23.. The dynodes are electrodes
made of or coated with a msterial capable of
high secondary emission. When moving. charged
particles impinze on the electrode a number. of
electrons are emitted. When a high secondary
emissive material is used move electrons are
emitted by the electrode than arrvive thereon
resulting in electron amp tion. Mounted
slong one side of multiplier {3 is an electrically
conductive plats 27. Zach of fthe dynodes has
one surface parallel to the plate 2%, The dis~
sance bhetween each of these surfaces and plate
97 decreases in successive steps progressing Irom
left to right in the multiplier so that the first
dynode 2{ is most remote from plate 27 and
the last dynode 28 is closest to the plane of the
plate 27. Accordingly, these dynode surfaces are
disposed - in echelon parallel relationship with
respect to plate 27, That is, each of the dynode
surfaces is successively closer to plate 21 and
the surfaces are parallel o one another, Mount-
ed next to the iast dynode 28 is a collecter plate
28 of the same general shape as the secondary
electron emissive dynodes. At the right hand
portion of the multiplier, plate 27 is depressed so
that the parallel surface of collector 28 lies in
the plane of the plate 27. Attached to collzetor
plate 28 by means of a clip 3§ is g conductor 32
which is connected to output conductor (6 by
means of a conventicnal connector 83 mounted
in the end wall 2§ of multiplier {8. Attached to
the first dynode 2! by means of a clip 34 is a
conductor 3§ that is connected to power supply
conductor $2 through a conveniional connector
27 mounted in the end wall 26 of multiplier
{0, Also connected to dynode 21 by means of a
clip 28 is one engd of the resistor 28, The. other
end of resistor 38 is connected to the dynode
immediately adiacent dynode 2{ by means of
clip. 841, In the same manner, resistors are con-
nected between adjacent dynodes mounted in
multiplier {8 up o and including resistor 42 con-
nected to the last dynode 28. Dynode 23 is. con-
nected to the remaining power supply lead 14
by means of conductor 35 and connector 48.

Tn operation the multiplier 8. is placed in
the magnetic field. so that plate 27-is disposed
parallel to the fiux lines of the magnetic field
represented by arvrows £8. The ions to be de-
tected, which travel in a plane perpendicular. 1o
the lines of flux of the magnetic fi€ld, arrive
srom the direction indicated by arrows 43. A
negative operating potential is applied on. lead {3
to the first dynode 21 by means of connector 37,
conductor 38 and clip 34, This negative poten-
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tial is reduced in successive steps by the resistors
connected between adjacent dynodes so that dy-
node 21! is at the most negative potential and
dynode 28 is at the least negative potential. The
elestrically conductive plate 27 is connected to
ground potential. This connection is not shown
but may be easily carried out by a suitable con-
nection to the mounting screws holding the
multiplier assembly. together. Collector plate 29
is. connected to ground through an external re-
sistance, for example, the input resistor of ampli-
fier 4§, The connection of the operating po-
tentials as described hereinabove results in a
uhiform electric field hetween plate 27 and the
surfaces of the dynodes parallel to plate 27 be-
cause the potential of each dynode is propor-
tional to its distance from plate 21. That Is,
as each dynode is spaced closer to plate 27 ifs
potential is made proportionately less negative
due to the voltage dropping resistors. There-
fore, when the ions to be detected arrive at
window §f they ars immediately attracted to
dynode 21 which is maintained at the most nega-
tive potentiel in multiplier {6. Due to the sec-
ondary electron emissive proparities of dynode
51 the impingement of the ions thereon gives rise
to secondary electrons. These electrons would
normally be atiracted to plate 27 which is main-
tained at the most positive potential in multi-
pler 8. However, due to the action of the mag-
netic field the path of the electrons, represented
Ly dotted line 48, curves in the dirsction shown
by the arrow 49 so that the electrons Impinie
on dynode adjacent dynods 2. The orbiy rep-
resented by dotted line 48 is trochoidal with a
cusp at each dynode. It is well known that the
orbit of electrons in a crossed ma-~netic and elec-
troatatic feld is a irochoidal orbit. Fherefor
by properly adjusting the spacing and potential
of adiacent dynodes the secondary electrons ar
made to follow the path represented by dotte
line £% causinz the cusps of the orbit to ocour 2
each adjacent dynode. More sscondary elec~
trons are emitted from the next dynode than
impinze thereon due to its higher polential and
its emisgive properties. These emitted clectrons
eontinue to he amplified in the same manner
throughout the remsaining dyncdes with suc-
cessive amplification taking place dus o the fach
that each suceeeding dynode is mors positive
than the one previous to.it. This amplification
continues until the amplified secondary glag-
trons reach the last dynode 28. They are there~
upon attrasted to the collector plate 22 giving
rise to an outpud pulse on conducter 32 which
is transmitted to output eonductor (€.
The improvemsnt of the performance
embodiment hersinabove described is pr
due to the uniform electrosiatic field ntained
hetween the active surfaces of the dynodes and
the elsctrically conductive plate 2% )
structional feature which accomplishes this 1
sult is the. progressively. smaller distance he
tween cach dynode and plate 27.  Also the slight
overlapping of each emissive surface preve
any: abruph break in the uniformity of the ciss~
tric feld. In this manuner the reguired poten-
tial difference of several hundred velts bstween
adjacent dynodes is.established withoutb resort to
o, non-uniform electric field. This useful featurs
also reguires only one-half the number of in-
sulated plates normally used in magnetic elec-
tron multipliers: due tc the fact that only one
accelerating electrode, namely: conduciive plate
27, is used. Another advantage in the embodi-
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ment shown in Pigure 2 is that there is 110 com-
ponent of the electrostatic field which tends to
draw ions from the region near the output stage
toward the input stage thereby causing a break-
down or noise.due to ion feedback.

Referring to Figure 3 a second embodiment

emnplioying the features of the bresent invention
is' shown. The magnetic field in which this
multiplier is located is in a direction represented
by arrows 28. The ions to be detected enter the
multiplier through window 61, Located oppo-
site window 81 is the secondary electron emissive
surface of dynode 2. The dynodes of the multi-
plier shown in this fizure are co-planar and
mounted at an acute angle with respect to the
electrically conductive plate 68, with the first
dynode 62 being farthest from: plate 83 and the
last. dynode 64 being closest to plate 63. The
dynodes all have their longitudinal edges paral-
lel to. plate §%. Following the last dynode 64
is collector plate 88. The dynodes and the: col-
lector plate 68 are 3l] mounted on two insulated
rods 87 and 68 each of which have one end se-~
cured in the insulated end plate 89 and the other
end-secured in end plate Ti. The dynodes are
secured to the rods 67 and 63 by a suitable ad-
hesive material, 78, which is shown only on
the first two dynodes in order to make clear the
construction of the dynodes. The ends of the
dynodes are bent around rods §7 and 63 to per-
mit convenient electrical connection thereto and
resistors such as resistor 72 are connected be«
tween adjacent dynodes in the manner shown. In
order to supply operating potential to the first
dynode 82, power supply conductor 73 is con-
nected to the interior of the multiplier through a
conventional connector: 74. Connection is made
from the last dynode 64 to the return power sup-
bly conductor 78 by mz=ans of clip 77, conductor
78 and connector 719. The amplified output of
the multiplier is taken from collector plate 66
by means of clip 8, conductor 82, connector 83
and external conductor 85. Collector plate 6§
is connected to ground in a similar manner to
collector plate 29 of Fizure 2. Mounted on the
ipsulated end plate 68 is g second electrically
conductive plate 84 which is parallel to plate
§3 in the operating area of the multiplier, Piate
88 is supported at its other end in a curved slot
in ‘insulated end plate 7. Electrical connec-
tion to plate 84 is made by means of clip 86, con-
ductor 87 and connector 88 leading to the ex-
ternal conductor 9. The operation of this em-
bodiment will be - described hereinbelow with
respect to Figure 4.

Referring to Figure 4 the lines of flux of the
magnetic fleld are now directed perpendicular to
the plane of Figure 4. The ions to be detected
arrive in a direction indicated by arrows §i.
Dynode 82 is connected to g source of negative
potential with the return lead of the source con-
nected to dynode 64. Since resistors are con-
nected between adjacent dynodes each dynode is
successively less negative with respect to the one
before, progressing from said first dynode 62 to
the last dynode 84. Plate 88 is connected to a
source of potential more negative than dynode
62. Plate §3 is connected to ground potential.
The negative potensial of each dynode and of
plate 84 is proportional to its distance from plate
§3. Therefore when the ions arrive at the win-
dow 61 they are attracted to dynode 82, the most
negative dynode. Secondary electrons arise upon
the impingement of the ions. These electrons are
attracted towards grounded plate 83 but are
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deflected towards the next dynode by the mag~
netic field so thabt they fellow the path repre-
sented by dotted line 82 and arrow 93. Sinee
there are spaces between adjacent dynodes the
uniformity. of the electrostatic field between the
dynodes and the plate 3 would he disturbed were
it not for the inclusion of plate 88 which provides
a uniform electrostatic field between plates 83
and 84 throughout the operating region. There-
fore with a homogeneous magnetic field and a
perpendicular uniform electrostatic field the see-
ondary electrons follow trochoidal orbits with
cusps at each succesding dynode as represented
by the dotted line 82 of Figure 4. The secondary
electrons are successively aitracted to each suc-
ceeding dynode, with more electrons being emit-
ted from the dynodes than impinge thereon, un-
til the last dynode 64 is reached. Here the am-
plified number of electrons are atiracted to the
collecior plate §8 giving rise to an output pulse
on the conductor connected thereto. If neces~
sary this pulse can be further amplified by con-
ventional amplifying equipment. located outside
the magnetic field and visually indicated on an
oscilloscope.

The embodiment illustrated in Figures 3 and
4 may generally be used in more intense magnetic
fields than the embodiment of Figure 2. This re-
sults from the fact that the distance between
successive cusps of the trochoidal orbit is pro-
portional to the value of the electrostatic field
and inversely proportional fo the square of the
value of the magnetic field. This may be repre-
sented by the equation, beZ/H? where b is the
distance between cusps, E is the value of the
electrostatic field and i is the value of the mag-
netic field. It is apparent that the minimum
distance between cusps is the width of a dynode.
Therefore, if it is desired to double the intensity
of the magnetie field for a given width of dynode,
it would be necessary to quadruple the value of
the electrostatic field in order to maintain the
distance, b, constant. As the intensity of the
magnetic field is increased to higher levels, the

s electric field would hsve to be increased to such

a value that an electrical discharge would occur
between the dynodes. The construction of the
embodiment of Figures 2 and 4 overcomes this
when the spaces between dynodes are made equal
to the width of a dynode. In this event, the sec-
ondary electrons can he made to undergo two
trochoidal cycles between successive dynodes as
llustrated by the dotted line 84 of Figure 4. In
this manner, the distance, &, between cusps can
be kept the same in higher magnetic fislds with-
out the danger of a discharge occurring between
the dynodes. It is evident that the distance be-
tween successive dynocdes can be made egual to
any integral number of dynode widths and the
sane result obtained by causing the secondary
electrons to go through an equal integral num-
ber of trochoidal cycles between dynodes.

'The following materials and dimensions were
found satisfactory in the construction of the em-~
bodiment of Figure 2: 15 dynode plates whose
aclive surfaces are parsilel and slightly over-
larped are used; the dynodes are 1’ high, made
of commercial beryllium copper 0.007’ thick,
supported on two %'’ C. D. insulated tubes made
of a suitable material, as for example the ma-
terial commercially known as steatite and spaced
by sections of ¥4’* O. D. insulated tubing such as
steatite; the grid window is made %'’ wide by
¥2'' high; the distance between corresponding
points on adjacent active dynode surfaces is
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0.875"” in & parallel divection and 0.022"" in‘a:per=-.
pendicular divection; dynode 2 is-spaced 0.584""
and.dynode £8, 0.2857" from.plate27; each of the:
resistaneces connected between adiseent dynodes:
are. 1% watt, 1 megohm carben resistors..

In use with the tims-of-flight mass spectroms
eler an apparatus constructed as hereinabove.in-
Gieated has the following charactevistics: the:
wwltiplier is usable at a maximum sensitivity iny
magnetie fields from about 280 to:. 460 oersteds
corresponding to over-all negative volfages from
2300 to 8500 volts. Ab less than maximum'sens
sitivity the mulbiplier hag been used up to 535
oersteds.

The rauliipiler shown in Figures 8 and 4 has:
been fo tisfactorily when made
in the ing materizle and dimensions: 15
dynodes are used and ave- made: of beryllium.

w

copper, ¥ of an inch wide; tubes 87 and B8 are.

made of insuiated tubing such as st2atite; Yg!!
O. D., and 1%’ apart; end plates £8 and 7f are
made of a suitahle insulating material, as for
exempls the material commercially: kinown. as

lavite; plate 84 is kepé as a distance of &' from.
plate 83; the voltage dividing resistors: are one

megohm each; window §{ Is %'’ wide and %'
high. Twnode §2 is 3’ from plate 83 and dynodse
83 is 14’/ from plate §3. Therefore, the disiance
hetwesn corresponding points on- adjacent dy-
5. parallel” divection and £.008.
r direction.

2 and 4; over-allivolb-

rresponding to mags=
5. With the mag-

9 yaolis the voltage per stags:
sctrostatic flield  equals
10,720 volbs/cm.

Since the embodiments of the apparatus of ‘the:
present invention are primarily intended ‘for use
ingide' of mass speciromieiers no provision has
peen madsa for evacuation of the .operating. vol-
ume of the multipli In normal operation th
munltiplisr iz mounted in the proper position: in
the mass speciromaier and the entire spectrome-
ter is evacuated thereby causing evacuation: of
the. operating volume of the multiplier;. Hows-
ever, if the multiplier is 4o, be.used. externally,
provisions for enclosing the apparatus within an.
evacuated envelope may. easily be made. by coi-
ventional methods.

Since.many embodiments of the apparatus:.of:
the pregent invention might be made:and. since:
many ot
ferred embodiments descrilied ahove: it is:to be:
understocd that the foregoing: descrintion is 1o
he interpreted as illustrative only and not . in.a;
limiting sense. excepd as reguired by: the. ap-
pended claims.

Iclainm:

1. A magnstic electron roultiplier for-the-de=
tection: of moving chargsd particles-in:a homo-
genzous magnetic feld which comprises an elecs.
v eongd
4 end parallel to the lines of Hux-of said field,
a plurality of secondaly clectirony . emissive: dy=
nodes locaded in said field and disposed in.echelon

3 15
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parallel relation with respect to said plate, means.

for establishing o uniform electrostatic field be-.
tween said dynodes and said conductive: plate,
said electrostatic field being perpendicularto sald:
magnetic field, means for causing said moving:
chargad particles to impinge.on the dynode most
remots from conductive plate whereby

e P
581 828=

- changes may be made: in:the: pre-- ¢

chive plate located in said magnetic. ¢

20

25.

Ma
Wt

80

)
[+

=]

AP

ondary: electrons are produced which' are" at=-
tracted and amplified by the remaining dynodes:
in successive steps and: means: for. collecting the:
electrons produced by the last dynode.

2. A magnetic electron. multiplier. for the de-
teption: of moving charged particles in a homo-
geneous . magnetic feld which comprises an elec-
trically conductive plate located in said field and
parallel: to the. lines of flux of said magnetic

: field,. & plurality -of: secondary’ electron emissive

dynodeslocated in said field parallel to said plate
and disposed in echelon parallel relation with
rsspect to said plate, means for producing. & di-
rect current potential.difference between each of

‘ said dynodes and said conductive plate, the value

of said.potential difierence being.proportional to
the distance betwean said dynodes and said cotl=
duckive plaie thereby establishing a uniform elee--
trostatic feld therebetween,. said electrostatic
fisld-being perpendicular to said magnetic field,
means for causing said moving charged particles:
to-impinge on the dynode mosi remote from said’
conductive plate whereby secondary electrons are
produced which are attracted and amplified by
the remaining dynode in- successive: steps and
means for collecting the elecirons produced by
the last-dynode.

3: A magnetic electron multiplier for the detee-.
tion of positively charged particles in. & homo-
geneous magnetie field which comprises an elec-
trically - conductive: plate located in said mag--
netic field angd paraliel to the lineg of flux of said
field, o plurality of secondary.electron emissive
dynocdes located insaid field, parallel fo said plate

- and disposed in-echelon relation with respect to

said:plate, means for electrically grounding said
conductiva plate, means for applying a direct cur-
rent:negative potential between each-of said dy~
nodes and said conductive plate, the value of said
applied negative:potential decreasing an amount
progoriional to: the: distance between: each of
said. dynodes and said-conductive plate thereby
establishing & uniform electrostatic  field be-
tween .said- dynodes and said plate, sald elesiro--
static-field being perpendicular to said magnetic
field, means for causing said positively charged-
particles to-impinge on the most negative dynode
wheareby secondary electrons are produced which:
are atiracted and. amplified by: the remaining
dynodes. in: successive steps and means for col-
lecting the number of electrons produced by the
most positive dynode::

4. A magneticelectron multiplier for the detec=-
tion: of: moving chargad: particles in a homo-

- gensous magnetic feld which comprises.an elec~-

trically conductive.plate located in said magnetic
field and parails! to the lines.of Aux of said fleld,
a plurality of co-planar secondary electron emis-
sive dynodes located in szid field and disposed at
an acute angle. with respect to said plate, the
longitudinal edegs of said dynodes being paraliel.
to said plate; meang:for: producing a direct cur-
rent potential. difference between each of said:
dyneodes and said conductive plate; the value- of
said potentizl differenec: being proportional” to
the distance between sald dynodes-and said plaie,
a second:electrically conductive rlate located in
said magnetic field paraliel {o the first said plaie
and positioned to include:said dynodes between

- said plates, means for producing a direct current:

potential difference between :said plates. thereby.
establishing a uniform electrostatic.field hetween
the dynode and. said conductive plates, means
for .causing said moving charged particles to
impinge. on ibe:dynode. most remote. from: the
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first said conductive plate whereby secondary
electrons are produced which are attracted and
amplified by the remaining dynodes in successive
steps and means for collecting the number of
electrons produced by the last dynode.

5. A magnetic electron multiplier for the de-
tection of moving charged particles in a homo-
geneous magnetic field which comprises an ac-
celerating electrode located in said magnetic
field and parallel to the lines of flux of said
field, a plurality of L-shaped beryllium copper
dynodes, each of said dynodes having one sur-
face located in said magnetic field, said surfaces
being disposed in echelon parallel relation with
respect to said accelerating electrode, means for
establishing a uniform electrostatic field between
said dynode surfaces and said electrode, said
electrostatic field being perpendicular to said
magnetic field, said accelerating electrode con-
taining an aperture opposite the dynode most re-
mote from said electrode whereby said moving
charged particles enter said electrostatic field
through said aperture and impinge on said dy-
node surface most remote from said electrode

an
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thereby producing secondary electrons which are
attracted and amplified by the remaining dynodes
in successive steps and means for collecting the
electrons produced by the last dynode.

8. The apparatus of claim 5 wherein the means
for establishing a uniform electrostatic field com-
prises means for producing a direct current po-
tential difference between each of said dynodes
and sald accelerating electrode, the value of said
potential difference being proportional to the
distance between said dyncdes and said accel-
erating electrode.

LINCOLN G. SMITH.
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