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coils is disclosed. A gap for bypassing the flux from 
the coils is disposed in the inner magnetic path located 
between the coils. The polarities of the exciting cur 
rents to the coils are made identical or are reversed 
whereby the multiplying factor of the lens is varied 
over, a wide range with a minimum of distortion. 

9 Claims, 13 Drawing Figures 
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COMPOUND ELECTRON LENS FOR ELECTRON . 
MCROSCOPE AND THE LIKE 

BACKGROUND OF THE INVENTION 
1. Field of the Invention 

The present invention relates to improvements in an 
electron lens of the electro-magnetic type which is ca 
pable of converging and focusing charged particle 
beams, especially electron beams, by the aid of a mag 
netic field, 

2. Description of the Prior Art 
A prior art electron lens is illustrated in FIG. 1, which 

is capable of focusing an electron beam on an observed 
specimen 2 through an objective lens 1, whereby an ex 
panded image of the specimen may be obtained on a 
fluorescent screen 5 by changing the field of excitation 
provided by an intermediate lens 3 and a projection 
lens 4. The final multiplying factor M on the fluores 
cent screen 5 may be expressed as: M = MCo.) X M(i) 
XM(p), where M(o) denotes the multiplying factor of 
the objective lens 1, M(i) the multiplying factor of the 
intermediate lens 3, and M(p) the multiplying factor of 
the projection lens 4. The numerals 1", 3' and 4 repre 
sent power sources for the lenses 1, 3 and 4, respec 
tively. 
Generally, the final multiplying factor is changed not 

by changing the multiplying factor M(o) of the objec 
tive lens, but by changing either the multiplying factor 
M(i) or M(p). This is because the position of the speci 
men should be changed with respect to the objective 
lens if the multiplying factor of the objective lens is 
changed. In order to control the final multiplying factor 
M to range between five hundred and several thousand, 
it is necessary to set a specific condition for both the 
intermediate and projection lenses. Without this condi 
tion being satisfied, an enlarged image of a square spec 
imen, as shown in FIG. 2(a), is distorted to appear like 
a spool, as shown in FIG. 2(b), or as a cask, as shown 
in FIG. 2(c). 
Another prior art example is illustrated in FIG. 3 in 

which a compound electron lens 6 is used in place of 
the intermediate lens 3 and projection lens 4 of FIG. 1. 
This compound electron lens has its magnetic circuit 
provided with two magnetic poles 6' and 6' which 
serve as lenses. The compound electron lens is advanta 
geous because the maximum multiplying factor is high 
owing to the use of two lenses, and one power source 
(not shown) suffices. On the other hand, however, the 
amount of excitation on the two poles is not large 
enough to satisfy the condition necessary for reducing 
the distortion of image due to spherical aberration, 
with the result that the image distortion becomes un 
necessarily large. 

SUMMARY OF THE INVENTION 
An object of the present invention is to provide a 

compound electron lens which is simple in construction 
and capable of operation with a minimum of distortion. 

Another object of the invention is to provide a com 
pound electron lens which is capable of operation with 
a minimum of distortion and permits its multiplying 
factor to be changed over a wide range. 

Still another object of the invention is to provide a 
compound electron lens which makes alignment possi 
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2 
ble and is capable of operation with a minimum of dis 
tortion. 

Still another object of the invention is to provide a 
compound electron lens in which the quantity of am 
pere turns is least affected by the variation in the tem 
perature of the exciting coils. 

Briefly, the compound electron lens of the invention 
is characterized by its provision of at least two exciting 
coils surrounded commonly by a magnetic member, a 
gap, disposed in part of the inner magnetic path of said 
cover member, for bypassing the flux from said coils, 
and a means for switching the polarities of exciting cur 
rents to said coils. 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a schematic diagram in section showing a 

conventional magnifying lens system; 
FIGS. 2a through 2c are diagrams showing various 

examples of image distortion; 
FIG. 3 is a schematic diagram in section showing a 

conventional compound electron lens system; 
FIG. 4 is a schematic diagram in section showing one 

example of a lens system embodying the present inven 
tion, 
FIG. 5 is an equivalent circuit diagram of the electron 

lens system of FIG. 4; 
FIG. 6 is a graphic diagram showing the relationship 

between the ampere turns under different conditions; 

FIG. 7 is a graphic diagram showing the total multi 
plying factor in connection with ampere turns; 
FIG. 8 is a schematic diagram of a three-stage lens 

system; and 
FIGS. 9through 11 are schematic diagrams in section 

showing electron lens systems of the invention. 
DESCRIPTION OF THE PREFERRED 

EMBODIMENTS 

Features and advantages of the present invention will 
be described in detail by referring to FIGS. 4 through 
11. FIG. 4 is a diagram showing an embodiment of the 
invention, in which numeral 7 denotes a first lens which 
corresponds to the intermediate lens 3 of FIG. 1, and 
8 designates a second lens which corresponds to the 
projection lens 4 of FIG. 1. The first lens is provided 
with a pole with a magnetic pole gap H and reluctance 
r1, and the second lens is provided with a pole with a 
magnetic pole gap H and reluctance r. 

Exciting coils 7" and 8' excite the first and second 
lenses, respectively. These coils are split by an inner 
magnetic path A and are supplied with current from 
one power source 9. The exciting polarity of the first 
lens 7 is changed by a current switch 10 interposed be 
tween the two coils. D, and D, represent diameters of 
the magnetic pole apertures of the first and second 
lenses respectively. Instead of this arrangement, re 
spective power sources may be provided for each of the 
coils, and the switch may be disposed between either 
one of the power sources and the coil. 

In the compound electron lens system of FIG.4, mag 
netic interference is produced between the quantity of 
ampere turns of the first lens 7 and that of the second 
lens 8 because there is a gap of reluctance ra between 
the inner and outer magnetic paths. The substantial 
quantity of excitation IN" of the first lens 7 changes 
with the quantity of excitation of the second lens 8. 
Similarly, the substantial quantity of excitation IN', of 



3,851,172 
3 

the second lens 8 changes with the quantity of excita 
tion of the first lens 7. 
The substantial quantity of excitation IN' and IN" of 

the lenses 7 and 8 are determined by the magnetic in 
terference factors, namely reluctances r and r of mag 
netic pole part, magnetic pole reluctance ra, and excit 
ing coil turns N and N of the first and second lenses. 
FIG. 5 is an equivalent electric circuit diagram of an 
electron lens system. From FIG. 5 the relationship be 
tween the substantial quantity of excitation and the ap 
parent quantity of excitation of the first and second 
lenses is found. The quantities of excitation IN' and 
IN" correspond to potential differences in this equiva 
lent circuit. Similarly, the reluctances r, r and r cor 
respond to electric resistances. In FIG. 5, the substan 
tial potential differences IN', and IN', across the resis 
tors r and r, respectively, represent the substantial 
quantities of excitation of the first and second lenses 7 
and 8. The substantial quantities of excitation IN' and 
IN' assume different values, depending on the polari 
ties of the apparent potential differences IN and IN. 
Hence IN' and IN" should be separately considered. 
In the circuit of FIG. 5, the following Equations (1) 
through (3) are established with I, I, and I2 deter 
mined according to Kirchhoff's law. (E) indicates iden 
tical polarities, and (F) reverse polarities. The closed 
circuit X corresponds to the first lens 7, and the closed 
circuit Y to the second lens 8. 

IN - r Fr. 
(l) 

IN F ral - rs12 
(2) 

I = h I - I 
(3) 

From these equations the potential differences across 
the resistors r and r are obtained, whereby the Sub 
stantial quantities of excitation applied to the first and 
second lenses can be found. The following Equations 
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(4) and (5) define the substantial quantities of excita 
tion IN' and IN', on condition that IN1 and IN stand 
at the same polarity, and Equations (6) and (7) define 
the substantial quantities of excitation IN' and IN' 
on condition that IN1 and IN stand at mutually reverse 
polarities. 

IN' = (r. + r.)N -- raN/(r. -- ra) (r. -- rs) - r rI 
(4) 

IN' = (r. + ra) N, + raN/(r. 1 + ra) (r. + ra) - r rI 
(5) 

IN' = (r. -- ra) N - rN/(r. -- ra) (r. + r.) - rar 
(6) 

IN' = (r. -- rs) N - rN/(r. -- ra) (r. + ra) - rarel 
(7) 

Substituting specific values for r1, r2, r3, N1 and N2 in 
Equations (4) through (7), the substantial quantities of 
excitation on the first and second lenses are obtained 
in the following manner. 
Assume that the ratios among r1, r2 and r3 are 

r/r - /2, r/r F /2 
and ratio between N and N is N/N = 1/2. 
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4. 
Under these conditions, the substantial quantities of ex 
citation on the first and second lenses are calculated as 
shown in FIG. 6. This calculation is based on the as 
sumption that the maximum value of excitation IN on 
the first lens, i.e., IN = 1,890 ampere turns, and the 
maximum value of excitation IN2 on the second lens, 
i.e., IN = 3,780 ampere turns. The relationship be 
tween IN taken when IN and IN stand at the same 
polarity is shown by the solid line in FIG. 6, and the re 
lationship between IN' and IN's taken when IN and 
IN are at reverse polarity is indicated by the dashed 
line. 

It is apparent from FIG. 6 that at the same polarity 
the substantial quantities of excitation on the first and 
second lenses are both large, while at reverse polarity, 
the substantial quantity of excitation on the first lens is 
about one-fifth of that on the second lens. If the ratio 
between the quantities of excitation is controlled by re 
sistance division, as with the case of the prior art, it is 
impossible to maintain a constant ratio of resistance di 
vision because the dividing ratio is changed due to the 
difference in heat produced in the dividing resistor. 
FIG. 7 shows the total multiplying factor calculated 

for the compound electron lens system (FIG. 4) having 
the above-mentioned excitation characteristics. In this 
electron lens system an objective lens is used addition 
ally. 
The diameters D and D of the magnetic pole aper 

tures of the first and second lenses are both 10mm (D1 
= D); the magnetic pole gaps H and H2 are both 4-mm 
(Har. H); the focal length of the objective lens is 2mm; 
the distance between the objective lens and the first 
lens is 122mm; the distance between the first and sec 
ond lenses is 99mm; and, the distance between the sec 
ond lens and the fluorescent screen is 330mm. In FIG. 
7, the solid line indicates the values taken when excita 
tion is at the same polarity, and the dotted line indi 
cates the values obtained at reverse polarity. It is appar 
ent from FIG. 7 that the multiplying factor can be 
changed from 500 to 3,000 when excitation is continu 
ally changed on condition that the first and second 
lenses are excited at mutually reverse polarities. Then, 
by increasing the quantity of excitation through Switch 
ing the polarity of current supplied to the first lens, the 
multiplying factor can be changed from 3,000 to 
50,000. In other words, the multiplying factor can be 
changed continually over a wide range, such as from 
500 to 50,000, by merely changing the polarity of exci 
tation on the first lens under the same apparent quan 
tity of excitation. 

According to this invention, the image magnified by 
the objective lens can be contracted instead of being 
enlarged by the first lens, as shown in FIG. 8, since the 
excitation on the first lens can be reduced even at a low 
multiplying factor. More specifically, the first lens gives 
a long focal point because its excitation is weak and 
hence the rear focal plane where the electron beams 
passing through the first lens are converged is located 
nearer the fluorescent screen than the second lens. In 
this case, the image distorts like a cask due to spherical 
aberration, as shown in FIG. 2(c). The image con 
tracted by the first lens is enlarged by the second lens 
and then projected on the fluorescent screen. Because 
the second lens is used for magnification, the image dis 
torts like a spool due to spherical aberration, as shown 
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in FIG. 2(b). The distortions caused by the first and 
second lenses are cancelled by each other, to result in 
the least distorted image. 
FIG. 9 illustrates an embodiment of the invention 

wherein the part A of the inner magnetic path is split 
into two parts; one part is allocated to the first lens and 
the other part is allocated to the second lens. The inner 
magnetic paths of the first and second lenses are mutu 
ally independently adjusted from outside the vacuum 
by means of inner magnetic path adjusting screws 12 
and 13 which are incorporated into a spacer equipped 
to the outer magnetic paths. Thus, the compound elec 
tron lens can be readily aligned. 
FIG. 10 illustrates another embodiment of the inven 

tion which is similar to that shown in FIG. 4, with the 
exception that the gap portion between the inner mag 
netic path and the outer magnetic path is disposed on 
the side of the inner magnetic path instead of outer 
magnetic path, as provided in FIG. 4. 
FIG. 11 illustrates another embodiment of the inven 

tion including an electron lens part 14 disposed be 
tween the first lens 7 and the second lens 8. Further 
more, a gap ra for bypassing the flux is disposed be 
tween the electron lens 14 and the outer magnetic path. 
Thus, the adjustable range of multiplying factor is in 
creased. In FIG. 11 the switch and power source of the 
prior embodiments are to be included, but they are not 
shown. 
According to the invention, as described above, a 

wide range of continuously variable multiplying factor 
can be realized by the use of one exciting source. The 
magnetic interference dependent upon the polarity of 
exciting current for the electron lenses is utilized 
whereby a lens system with a high multiplying factor is 
achieved, and a lens system for contraction can be ob 
tained in one compound electron lens system. Thus, the 
final image is obtainable at a low multiplying factor 
with the least distortion. Furthermore, the quantity of 
excitation is not affected by the variation in the temper 
ature of the exciting coils, unlike the prior art lens sys 
tem, which depends on resistance division for the ad 
justment of the quantity of excitation. 
What we claim is: 
1. A compound electron lens comprising: 
at least two annularly wound exciting coils disposed 

coaxially; 
magnetic cover means surrounding said exciting coils 
to form a closed magnetic circuit common to said 
exciting coils; 

at least one magnetic pole portion formed in the an 
nular hollow of each of the coils; 

magnetic path means disposed between the two ex 
citing coils to form a magnetic path extending from 
said magnetic pole portion to said cover means; 

air gap means positioned in said magnetic path means 
for bypassing flux generated by the coils and flow 
ing through the closed magnetic circuit; 

means for supplying exciting current to the individual 
coils; and 

means for switching the polarity of the exciting cur 
rent supplied to one of the coils with respect to the 
other coil so that spherical aberration is minimized 
over a wide range of magnifications. 

2. A compound electron lens as defined in claim 1, 
further including at least one alignment adjusting screw 
extending through said magnetic cover means for finely 

6 
adjusting the length of the gap in said magnetic path 
eaS. 

3. A compound electron lens as defined in claim 1, 
further including another annularly wound exciting coil 

5 disposed between said two coils and an additional mag 
netic pole portion formed in the annular hollow of the 
additional coil. 

4. A compound electron lens as defined in claim 1, 
in which said exciting current supplying means com 
prises one adjustable power source, and said exciting 
current polarity switching means comprises one switch, 
said power source being connected to each of the coils 
through said switch, whereby the polarity of the excit 
ing current supplied to one of the coils with respect to 
the other coil can be switched by means of said switch. 

O 

15 

5. A compound electron lens comprising: at least two 
annularly wound exciting coils disposed coaxially, a 
magnetic cover surrounding said exciting coils in com 
mon and having first and second lens gaps therein 
formed in the portion extending within the annular hol 
low of the coils adjacent the respective coils, an inner 
magnetic path member extending as a partition within 
the cover between said coils, said inner magnetic path 
member being spaced from said cover at one end 
thereof so as to leave a gap for bypassing the flux from 
the coils, means for supplying exciting current to the 
individual coils, and means for switching the polarity of 
the exciting current supplied to one of said coils so that 
spherical aberration is minimized over a wide range of 
magnifications. 

6. A compound electron lens as defined in claim 5, 
wherein said inner magnetic path member is split into 
two adjacent portions connected respectively to the 
inner magnetic cover portions forming part of the first 
and second lens gaps, and further including at least one 
alignment adjusting screw extending through said mag 
netic cover for adjusting the position of at least one of 
the adjacent portions of said inner magnetic path mem 
ber. 

7. A compound electron lens as defined in claim 5, 
wherein the gap formed by said inner magnetic path 
member is disposed inside the inner magnetic cover 
portion forming part of said first and second lens gaps. 
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8. A compound electron lens as defined in claim 5, 
further including another annularly wound exciting coil 
disposed between said two coils and having a cavity 
with a magnetic pole portion formed in the annular hol 
low of the additional coil. 

9. A compound electron lens comprising: 
first, second and third annularly wound exciting coils 
disposed coaxially, 

magnetic cover means surrounding said exciting coils 
to form a closed magnetic circuit common to said 
exciting coils; 

at least one magnetic pole portion formed in the an 
nular hollow of each of the coils; 

first and second magnetic path means disposed be 
tween the first and second exciting coils and the 
second and third exciting coils, respectively; 

air gap means positioned in said magnetic path means 
for bypassing flux generated by the coils and flow 
ing through the closed magnetic circuit; 

means for supplying exciting current to the individual 
coils; and 

means for switching the polarity of the exciting cur 
rent supplied to one of the coils with respect to the 
other coil so that spherical aberration is minimized 
over a wide range of magnifications. 

:k ck sk k . . 

45 

50 

55 

60 

65 


