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A. INTRODUCTIONDuring recent years quadrupole lenses have received con- siderable attention and have been found useful in high-energy ac- celerators (1, 6) and mass spectrometers (5, 7). One rewarding feature about them is the mathematical predictability of their pro- perties, in contrast to the largely empirical nature of many other focusing devices. As lenses they are unique in that their pro- perties lack cylindrical symmetry, They are converging in one plane but diverging in another. However, the property that the ion notion in one plane is independent of position in the other plane, con- tributes considerably to simplicity of mathematics involved. Ion motion in the converging plane is harmonic, since the restoring force is proportional to displacement from tho central axis. In the diverging plane the force has same magnitude but opposite sense. Thus this notion is described by exponentials with real exponents (or hyperbolic sinusoids).Due to the strong-focusing principle involved, it is pos- sible to obtain an overall convergent effect with a number of equal strength alternately converging and diverging quadrupole lenses. A good example are two equal strength quadrupole lenses  placed halfway between a point object and point image. Looking at one plane, one of the lenses would be converging and the other diverging. In fact, when the two lenses are placed off the center, there is a plane in which the diverging lens is stronger, but the overall effect is still convergent.1
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This thesis is divided into two main parts - theoretical and experimental. The theory is included to supply the neces- sary background and to provide formulae which were vital to the experimental techniques employed. Comparisons were made between theoretically predicted and experimentally observed results.



B. THEORY1. Tho Quadrupole LensThe properties of electric and magnetic quadrupole leases have been discussed by various writers (1 to 8). In this thesis only electrostatic lenses are considered.Ideally, the equipotential lines of a quadrupole lens shouldform a family of rectangular hyperbolae. In practice, this field can be well approximated (Giese (7)) by the use of four circular cylinders. Such a lens is shown in fig. 1, where cylinders have radii 1.25 2 and the separation between cylinders (or the aper- ture) is 22. The rectangular hyperbolae with intercepts at y = ±R. and z = ±R have a radius of curvature 2 at their vertexes and larger radii off to the sides. The value of 1.25R, used for the cylinder radius in this experiment, is an acceptable com- promise between the different hyperbolae radii (Giese (7), Dayton et al (4)). As shown in fig. 1, each cylinder is held at a voltage +VO or -VO.Assuming an ideal lens, the equipotential surfaces inside it are given by V = G(y2-z2).Since V = VO at z=0 and y = ±R, we have G = V /R2, and hence
(1)

3

V =   VO     R2 (y2 - z2)
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Differential equations can now be written for the notion of a positive ion of charge ne and mass m. d2y = - ne∂V = - n2eVO   y d2t m∂y         mR2 (2) and d2z = - ne∂V = n2eVO  Z dt2           m∂z       mR2 (3) Their solution is given by y = A cos (wt + ϴ) (4)and z = B cosh (wt + θ1)  (5)or z = C sinh (wt + θ2) ,where w2 =  2neVO    ,mR2Two equations are written for z , since one hyperbolic func- tion is insufficient to satisfy all possible initial conditions. Assume now that the ion enters the lens with a velocity component vX in the x-direction. In the nonrelativistic case we can write
vX = √2E = √2neVs                   √m          √ m ,

where Vs is the voltage through which the ion was accelerated. Hence,t =    x VX = x √m    √2neVs (7)
Substitution of expressions (6) and (7) in equations (4) and (5) results in the following ion path equations:y = A cos (kx + ϴ) (8)
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Although the physical length of lens shown in fig. 1 is lp, the effective length, l, can be expected to be larger on account of fringe fields. Enge (6) gives the formula:
l = lp + 2Rf , (11)

where f is a factor dependent on design and is expected to be less than unity. The quantity kl is dimensionless and will be called the focal strength of the lens.

and z = B cosh (kx+ θ1)  (9)or z = C sinh (kx + θ2) , where k = 1 √VO   .                                                                                        (10) R √VSIt is seen from equations (8) and (9) that the ions will converge in one plane and diverge in the other. For the lens shown in fig. 1, positive ions will converge in the y-X plane and diverge in the z-x plane. For negative ions, or electrons, the roles of convergence and divergence are simply interchanged. The parameter k has units of inverse distance and will be referred to as the wave number. In the relativistic case equations (8) and (9) re- main unchanged but k has a different definition. According to Enge (6), the relativistic wave number is given byk =    1 √nVO   ,                                                                                (10a)R √Ewhere E = pβc/2, in electron volts.
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2. Focusing by One LensA lens, convergent in the y-x plane, is shown in fig. 2. The object, a point source, is at a distance a from the lens. Due to divergence in the z-x plane, the image will not be a point, but a line perpendicular to the paper. The "end view" of this image line is shown at a distance b from the lens. A solution for k in terms of a, b and l is given below.Inside the lens, the ion (or electron) path is given by equation (8), i.e.:y = A cos (kx + ϴ). (12)
Since the path in region -a≤x≤0 is a straight line, wecan impose the boundary condition

(13)
(14)
(15)

Combining equations (14) and (15) will eventually resultin

which results in tan ϴ = -1    .  ka
Similarly, at x = l we havetan (kl+ ϴ) = 1     , kb
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tan kl = k(a+b) k2ab-1 (16)

This last expression is the implicit solution for k we set out to obtain. The solution for a colligated beam source is obtained by simply letting a approach infinity in equation (16).Thus, tan k∞l =     1     K∞b (17)
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3. Focusing by Two LensesWith two lenses it is possible to focus a point source to a point image. Likewise, a collimated beam can be focused to a point image on the x-axis. The physical arrangement of the focusing system is shown in fig. 3, wherea is the object distance, b is the image distance,  l is the effective lens length, s is the lens separation, k1 and k2 are the wave numbers of first and second lens respectively.
Note that in the plane shown by fig. 3 (the y-x plane) the first lens is diverging and the second lens is converging. The reverse is true, of course, in the z-x plane. It is required to solve for k1 and k2 in terms of the other parameters. A solution was given by Enge (6) in milepost form. The following is a repro- duction of that solution with an attempt to fill in some of the re- maining landscape.
Consider the y-x plane (as in fig. 3). Since the first lens is diverging, the equation of motion inside it will bo given by a hyperbolic function, such as expressions (3). We have two pos- sible choices - a hyperbolic cosine or a hyperbolic sine. Let us
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choose the hyperbolic cosine first and write

Applying boundary condition (13) at position I (x=a) re- sults in
Since tanh ϴ1 ≤ 1, this boundary condition can be satisfied only when k1a ≥ 1. In the case where k1a < 1, one must use the other hyperbolic functiony = A sinh [k1 (x-a) + ϴ'1].  (20)
The sane boundary condition becomes nowcoth ϴ'1 =
In this experiment all values of k1a were greater than unity. Equation (20) will therefore not be further considered.
The second lens is converging. Hence the equation of notion inside it is given by a sinusoid,y = B cos [k2 (x-a-s-2l) + ϴ2].  (22)If we impose the boundary condition at position IV, we obtain tan ϴ2 =
Now there remain two as yet unapplied conditions. Firstly, the slope of ion path at the e::it of the first lens (position II) is the same as the slope at the entrance of the second lens (position

(21)

(23)
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III). Stated mathematically,k1 A sinh (k1l + ϴ1) = k2 B sinh (k2l - ϴ2).  (24)

Secondly, the difference in values of y at III and II is equal to the slope at III multiplied by the separation s . In equa- tion form we haveB cos(k2 l - ϴ2) - A cosh (k1l + ϴ1) = sk2B sin(k2l - ϴ2).                        (25)

ι.iιore (2δ)
and (29)

Expression (29) requires that k2b be greater than unity.In all measurements of this experiment that condition was satisfied.

Equations (24) and (25) can be combined to give (26)
By similar arguments applied to the z-x plane one can obtain a second equation involving the unknowns k1 and k2. How- ever, time can be saved if we consider the point image as the object in the z-x plane. The situation then becomes entirely analogous to the previous one with values of k1 and a exchanged by k2, and b respectively. Thus a simple exchange of variables in (26) gives the second equation (27)
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The wave numbers k1 and k2 are now implicitly determined by equations (26) and (27). For a collimated bean source a is al- lowed to approach infinity so that, in the limit, ϴ1 = ϴ1 = 0. Solution of these equations without some form of aid (such as a digital computer or specially designed charts) would be tedious to say the least. In view of this difficulty a nomograph (fig. 4) was constructed. Its detailed description is given in the following section.
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4. NomographThe nomograph, shown in fig. 4, is an aid in determining focal strangths k1l and k2l for the two lens focusing system. It permits one to solve equations (26) and (27). The axis on tho far left, labelled H, represents the hyperbolic term as a function of a/l and k1l (or b/l and k2l). On the far right we have an axis labelled T, which represents the corresponding trigonometric term. The axis in the middle represents the lens separation s/l. Values indicated by a straight-edge placed across all three axes will satisfy equations (26) and (27), i.e.:H = T - s/l .The procedure for finding k1l and k2l is as follows: 1.) Assume a number of values for k1l . Mark the corresponding hyperbolic term values on the H-axis (using the given a/l). 2.) Transfer these points to the T-axis by means of a straight-edge going through the given s/l .3.) Using the points on tho T-axis and the known b/l, find the corresponding values of k2l. We are now able to plot a graph of k2l versus k1l.4.) The same procedure is now repeated starting with the T-axis and going to the H-axis. This results in a second plot of k2l versus k1l. The point of intersection gives the solu-tion.



This explanation is made somewhat lengthy for the sake of clarity. The actual process of using the nomograph is quite rapid. Error in values obtained for the focal strengths was found to be less than 0.5%.



1. Description of Apparatus

(i) General

The general arrangement of apparatus is shown schematically 

in fig. 5. Focuing was carried out inside a brass tube of 5 foot 

(152.4 cm.) length and 2 7/8 inch inner diameter. Two quadrupole 

lenses were mounted on steel key-ways extending the whole length 

of the tube. The position of lenses could be adjusted without 

opening the vacuum system by means of hollow rods attached to 

the lenses which passed through rubber o-rings. Loads passed in- 

side the hollow rods provided voltages to the lens poles.

The electron source (described later in more detail) was 

mounted on the scaling cap at the left cad of the tube. The right 

end of the tube was terminated by the horn and screen of a ''Tektronix" 

cathode ray tube. This arrangement permitted visual observation of 

image patterns.

A mechanical rotor pump and oil diffusion pump were used in 

series to provide the accessory vacuum. Pressure down to 4x 10-6 nm. 

Hg. were obtained as measured by an ionization gauge. However, with 

the source in operation, the pressures increased by about one order 

of magnitude. Scattering of electrons on their way to the target 

screen will depend on their mean free path at the working pressure 

(about 5 x 10-5 nm. Hg.). according to Sears (9), the electron mean 

free path is given by

14

c. EXPERIMENT
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where σ is the gas molecule cross-section (4.1 x 10-19 m2 for oxygen) and n is the number of molecules per unit volume. At a pressure of 5 x 10-5 mm. Hg. we have

Substitution in the formula results in
Since the electrons had to travel only a distance of some 1.5 m., no excessive scattering due to collisions with molecules was expected. This conclusion was borne out by the absence of an observable halo on the phosphor screen.The earth’s magnetic field was found to have a pronounced effect on the beam of ~ 10 kev electrons used in this experiment. Taking a value of 6 x 10-5 webers∕m2 for the earth’s field, the radius of curvature of 10 kev electrons would be 5.6 m. This means that in a distance of 1.5 m. the electrons would deviate 20 cm. from their path. Since the evacuated tube was less than 8 cm. in diameter, shielding was obviously necessary. Λ suf- ficient quantity of transformer core metal in sheet form was pro- vided free of charge by Canadian Westinghouse Co. This material served the shielding needs quite well.
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(ii) Electron SourceThe electron source is shown in fig. 6. A hot tungsten filament inside a cup held at high negative potential is the emitter of electrons. Five accelerating rings follow. Their pot- entials are linearly distributed between ground at the last ring and the high negative voltage at the filament. It was hoped that this arrangement might provide a sufficiently collimated bean for our purposes. Unfortunately, this was not the case and all measure- ments had to be made using baffles to simulate point sources rather than a broad parallel beam.The accelerating rings and filament cup were held to the ground ring by means of four glass rods whose ends were threaded by means of a sand blast lathe. Glass sleeves were used as ring spacers. The ground ring in turn was attached to the end cap by means of four stainless steel rods. All metal parts of the source were made of stainless steel.The electric circuit of the source is shown in fig. 7. The filament and accelerating rings were connected to glass-kovar terminals mounted in the end cap. Thus the 10 megohm voltage drop resistors could be mounted outside the vacuum system. A 12 volt car battery and rheostat in series were used to heat the tungsten filament.Only electrons were used in evaluating the lens system. Ion sources are more difficult to construct and, since the equa-
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tions of motion involved are the same, would provide no addi- tional information about the focal properties of the lens system. In addition, the phosphor screen could not be used for very long as a target for a focused ion beam, since damage to the screen would soon render it useless for detection.
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(iii) LensesTwo identical lenses were employed in this experiment Their construction is shown in fig. 8. The four poles were held inside a 1 1/2 inch diameter grounded cylinder by means of rubber- insulated screws. Flanges containing key-way slots were attached to the ends of the grounded cylinders. Thus the lenses could be moved to various positions on the central axis by means of the previously mentioned hollow rods. Each rod contained four leads connected to the lens poles through their mounting screws. The circuit used to control lens voltages is shown in fig. 9.The lens poles were 2 inches long and 1/2 inch in diameter. As discussed in section A-1, the diameter can be 1.25 tines the pole separation. Accordingly, the separation 2R was made 0.400 ± 0.002 inches.In section A-1 it was also shown that the wave number is given by
if relativistic effects are assumed to be negligible. Equation (10) applies when two lenses have voltage +VO and the other two,-V0. Referring to fig. 9 it is apparent that in this experimenttwo poles were held at a positive voltage +Vp and the other twopoles were grounded. This was done purely as a matter of convenience.The equivalent k is obtained by replacing Vo in equation (10)with Vp/2. Thus

(10)
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(iv) Voltage Measurements and Accuracy

The voltage on the lens poles, Vp, was measured with a 

"Sylvania" vacuum tube voltmeter (type 301), which has a manu- 

facturers quoted accuracy of ±3%. Accelerating voltages, Vs, 

were read on the indicator of the high voltage supply. Since 

these two voltages appear only as a ratio in all equations, a 

relative calibration of voltmeters was sufficient. The meters 

were compared using the high voltage scale on the vacuum tube 

voltmeter which had a full scale deflection of 5000 volts. It 

was assumed that the obtained calibration factor would be true 

up to 8000 volts, which was the highest value of Vs used in 

this experiment. The voltage supply meter was found to give 

readings 6.5% higher than the vacuum tube voltmeter. Consequent- 

ly, this amount was added to all observed values of    Vp .
Vs

All final values of Vp/Vs were arrived at by averaging 

five individual measurements with Vs set at 8, 7, 6, 5, and 

8 thousand volts in turn. The probable error obtained from the 

standard deviation was less than 2% in all cases. However, it 

is possible to have a considerably larger systematic error. 

Since meter calibration and measurements of Vp were made on 

different scales of the vacuum tube voltmeter, the possible error 

in the voltage ratio is as high as ±6%. The square root of this 

ratio would have a possible error of ±3%. Combining this value 
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with the half percent uncertainty in the value of R, gives the total possible error for the wave number k , namely ±3 1/2%.It remains to evaluate relativistic effects for the electron energies used in this experiment. The relativistic wave number k is defined in equation (10a) in terms of the quantity E which is given by

= m20c4 [x(x+2)] ,  

For an electron moC2 = 511 kev and the highest energy used in this experiment was 

(in electron volts).
From the total energy we havep2C2= eVs (eVs + 2m0C2)

where
From the kinetic energy relationship we obtain

Therefore,
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eVs = 8 kev.

Thus we have x = 0.0156 and E = eVs [l-0.0077] .

The quantity E differs only by 0.77% from the electron 

energy. Therefore the use of equation (10) instead of equation (10a) 

would give rise to an error of only 0.39% in the value of k . For 

lower values of Vs the error would be smaller still. Since the pos- 

sible error introduced by voltmeter inaccuracy is considerably larger, 

the nonrelativistic equation (10) was considered sufficiently accurate.



232. Determination of Effective Lens Length.As was previously stated, the effective length of a lens is not equal to the physical length of the pole-pieces, but is somewhat larger as indicated by equation (11) . In this part of the experiment the effective length and the unknown factor f were determined. This was done by measurements of single lens focusing parameters and the application of equation (16), which gives as a function of a, b, and k . If the last three variables could be accurately determined, it would be a simple matter to calculate l . This, however, is not quite the case. First of all, for a given physical arrangement of source, lens and image plane, the values of effective a and b will depend on the value of l . Secondly, there was some uncertainty as to the exact position of the electron point source. Thus the value of a was not accurately known even as a function of l ∙To get around this difficulty use was made of the fact that the effective length should remain unchanged as the lens is moved to various positions. This will be true for the calculated only when correct values are used for both a and b . If the assumed source position is incorrect, the calculated l will vary as the lens is moved. The physical arrangement is shown in fig. 10. Two baffles, made by piercing thin metal foil, were used to simulate a point source and to limit the width of the bean. The first baffle had an aperture of about 1/4 m. and acted to produce a point source. The second baffle (16 cm. removed) had an aperture of 1 mm. dia., which insured that the beam would not be much wider than 3 mm. at the maximum object distance used (about 50 cm.).
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II

The effective source position is shown at some distance u from the first baffle. This uncertainty in position is a result of finite first aperture diameter. Distances ao and bo were measured from the center of the lens to the first baffle and to the phosphor screen, respectively. The screen was 154.0 cm. away from the first baffle. With these definitions it is obvious thata = a0 + u - l/2 , b = bo - l/2 ,

ao + bo = 154.0 cm.
Substitution of expressions (31) in equation (16) yieldstan kl = (32)

(31)

The experimental values of k obtained for various lens posi- tions are listed in Table 1. Each of the two lenses was used for half the total measurements. The lens which was always placed closest to the source in the two lens experiment is called number one. When lens voltages were adjusted to the focused condition, a line less than 1 mm. thick was observed on the phosphor screen in every case.



25TABLE I.Single Lens Observations
Lens Number ao, cm. k,cm.-1

1 16.9 0.10481 23.0 0.09422 27.0 0.08811 31.0 0.08462 35.0 0.08111 39.0 0.07892 43.0 0.07562 51.0 0.0725
TABLE II.Calculated Single Lens Resultsao, cm. Calculated    l, cm.u = 0 u = 2cm. u = 3cm. u = 4cm.16.9 6.52 5.31 5.53 5.2723.0 6.08 5.61 5.43 5.2427.0 6.07 5.67 5.51 5.3531.0 5.87 5.56 5.41 5.2835.0 5.84 5.56 5.45 5.3339.0 5.69 5.48 5.38 5.2643.0 5.82 5.63 5.53 5.4451.0 5.74 5.58 5.52 5.44



26Values from Table I were used in equation (32) to calculate the effective length l for u = 0, 2, 3 and 4 cm. Calculations were carried out graphically and the results are given in Table II. The calculated values of l were also plotted in fig. 11. It is seen that for u = 0 and u = 2 cm. the calculated increases with decreasing ao. When u = 4 cm., the value of l decreases with decreasing ao. The in-between position of u = 3 cm. gives an l relatively indepen- dent of a0. Thus in the following narrow beam, two lens experiment it was assumed that the point source is located 3 cm. from the first baffle (towards the accelerator).The average value of l for u = 3 cm. was found to be 5.47 cm.According to equation (11) we thus havef = 5.47 - 5.08 =0.38 .1.016Examination of equation (16) will reveal that l is proportionto 1/k2 when kl << 1 and k2ab >> l. These conditions were approximate- ly satisfied in this experiment. Consequently, the possible error in 
l is about ±7% (twice the possible error in k). This results in

l = 5.47 ± 0.38 cm. (33)and f = 0.38 ± 0.37 . (34)Although the indicated possible error in f is almost 100%, the actual error is probably considerably smaller. I.E. Dayton et al. (4) quote a measured value of 0.57 for a magnetic lens and C.F. Giese (7) gives a value of 0.249 for an electrostatic lens.
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3. Narrow Beam Focusing With Two LensesIn this section the results of focusing a point source to a point image on the phosphor screen are reported. The effective point source simulation was achieved with the same baffle set-up as in the previous section. It was assumed that the point was 3 cm. behind the first baffle and that l = 5.47 cm. Thus the effective values of s/l , a/l and b∕l could be readily calculated for any lens place- ments. Various combinations of these three variables are given in the first three columns of Table III. Columns 4 and 5 list the cor- responding focal strengths, calculated with the aid of the nomograph of fig. 4. Focal strengths obtained from measurements are given to- gether with their percent differences from calculated values in columns 6 and 7. The results are also represented graphically in figs. 12 and 13. Cross-marks indicate measured points and the solid lines represent best smooth curves drawn through the calculated points.In general the agreement between measured and calculated values is quite good. More than half the errors are 0.5% or less and none exceed 3.5% which is the possible error in k. The biggest errors oc- cur in k2l  at the largest lens separation, s/l = 2.95. Generally, the measured values of k1l have a tendency to be high and measured k2l  tend to be low. It is difficult to force any conclusions from these slight trends in errors. The measurements were of necessity somewhat subjective, since the experimenter had to judge at what lens voltage settings optimum focusing was achieved. However, the observed final image point was quite small. In all cases it was less than 1 mm. in both dimen- sions.



28TABLE IIINarrow Beam Two Lens Results
s/l a/l b/l Calculated focal strengths Measured focal strengthsk1l k2l k1l Error k2l Error0.481 3.14 23.1 .802 .691 .815 1.6% .694 .4%

" 4.96 21.3 .716 .656 .720 .6% .654 .3%
" 6.43 19.8 .675 .634 .676 .2% .632 .3%
" 7.90 18.3 .650 .622 .647 .5% .615 1.1%
" 3.87 22.4 .757 .674 .768 1.5% .676 .3%

0.975 3.19 22.6 .748 .624 .759 1.5% .626 .3%
" 4.48 21.3 .682 .600 .685 .4% .599 .2%" 5.94 19.8 .637 .584 .643 .9% .581 .5%
" 7.40 18.3 .608 .572 .610 .3% .566 1.1%" 6.67 19.1 .621 .576 .624 .5% .575 .2%
" 5.21 20.5 .653 .590 .660 1.1% .588 .3%
" 3.74 22.0 .715 .614 .723 1.1% .614 0%
1.96 3.30 21.4 .687 .544 .692 .7% .540 .7%" 4.22 20.5 .639 .533 .642 .5% .531 .4%" 4.95 19.8 .610 .525 .618 1.3% .523 .4%
" 5.68 19.1 .589 .519 .591 .3% .512 1.4%
" 6.41 18.3 .573 .515 .575 .4% .510 1.0%

2.95 3.23 20.5 .669 .498 .671 .3% .490 1.6%
" 3.96 19.8 .620 .491 .625 .8% .482 1.8%
" 4.70 19.1 .593 .486 .591 .3% .471 3.1%
" 5.43 18.3 .562 .479 .565 .5% .468 2.4%



29 4. Wide Beam FocusingThis part of the experiment is concerned with finding the dependence of effective focal strength on radial distance within the lens. Direct measurements of focal strengths were obtained for electrons entering the lenses at various distances from the central axis.The arrangement shown in fig. 14 was used. Both lenses were placed in fixed positions near the phosphor screen. One baffle with an aperture approximately 1 mm. wide was placed 113.5 cm. in front of the first lens. The second baffle, placed 3.1 cm. in front of the first lens, contained four holes, each about 0.5 mm. in diameter. The holes were positioned at the extremities of an imaginary vertical cross with both members d mm. long. Thus four nearly parallel pencils of electrons were produced. Their separation was varied by using baffles having different values of d. With all lens poles set at ground potential, four distinct points were visible on the phosphor screen. The points wore no bigger than 1 mn. in diameter. When focusing voltages were gradual- ly applied, the points converged to a line (single lens focusing) 
or to a point (two lens focusing). At the optimum condition in two lens focusing the centers of individual points were within 1 mm. of each other.For the same reasons as found in previous sections, the ef­fective point source was not expected to coincide with the first baffle. However, this time the length and image distance b areboth known. Thus a measurement of k will determine the effective



30object distance through the single lens formula (16). Measured values of kl are given for both lenses in Table IV. Note that as d in- creases from 2 to 8 mm., the average increase in measured kl is about 1%. This effect can be interpreted in three possible ways. It may be assumed that the effective kl drops with increasing radial displacement within the lens. On the other hand, it may be con- strued that the effective source position approaches the lenses as d is increased. A third plausible interpretation would be to com- bine the first two assumptions.Columns 3 and 5 (in Table IV) give the calculated distances between the source and the first lens. The value a, given in column 6, represents the average distance calculated from both lenses. If the variation in kl is due to lens fringe effects, then the best source position is given by d = 2 mm., i.e. a = 165 cm. From geometrical considerations it is obvious that for this source position the baffles would leave no open straight line paths when d = 4, 6 and 8 mm. It is therefore considered very likely that the source position did vary. The calculated positions for d = 6 and 8 mm. are still too far away to be geometrically possible. Thus the only logical explanation would be to assume the effective strength of the lens actually increases with increasing radial distance. This would make the calculated values of a appear too large.Let us take an extreme case and assume that for d = 8 mm. the source position coincides with the first baffle (a = 113.5 cm.). Then we can calculate k^ from equation (16), which yieldskl = 0.450 for the first lens, and kl = 0.517 for the second lens.



31The average difference between these figures and the measured values (Table IV) is 2%. It is therefore concluded that, for radial displacements up to about 0.8R, the effective focal strength pro- bably remains within 2% of its value at the center.
TABLE IVWide Beam Single Lens Resultsdmm. First lens Second lens Average a, a1 + a2 cm.kl a1, cm. kl a2, cm 2

2 0.433 168 0.505 161 1654 0.434 165 0.506 153 1596 0.434 165 0.509 142 1548 0.436 155 0.512 130 142
Measurements were also made for two lens focusing. Readings could not be obtained for d = 8 mm., since two points would disappear from the image when focusing was attempted. Apparently, divergence in- side the first lens was sufficient to cause collision with the poles of the second lens. Results are given in Table V. The calculated strengths were obtained using b/l = 4.19, s/l = 0.975 and the average values of a/l derived from Table IV. The measured values disagree from calculated ones by less than 1%.
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TABLE VWide Beam Two Lens Results

d, mm. average a/l Calculated focal Strengths Measured focal strengthsk1l k2l k1l Error k2l Error2 30.1 .593 .689 .592 .2% .688 .2%4 29.1 .594 .689 .593 .2% .683 .9%6 28.1 .595 .690 .594 .2% .689 .2%



D. SUMMARY AND CONCLUSIONSA single quadrupole lens can converge an ion (or electron) beam in one plane and diverge it in the other plane. With two lenses convergence can result in both planes, regardless of lens positions. In fact, a real point image can always be obtained from a point object when proper focal strengths are used. This is also true for a parallel beam source (point object at infinite distance).A successful method for finding the effective length of a lens was presented in section C-2. This length is larger than the physical length of poles due to the presence of fringe fields at the ends. The lenses used in this experiment (see fig. 8) had a physi- cal length of 2 inches or 5.08 cm. Their measured effective length was 5.47 cm. with a possible error of 0.38 cm. The method for find- ing effective lens length also provides a measure of the point object position. This information was necessary for later experiments in- volving two lenses.A considerable number of measurements were carried out with the two lens system. The nomograph, designed for easing numerical computation, was used to calculate theoretical focal strengths. These were found to be in good agreement with the measured values.Measurements of lens properties at various distances from the central axis show very little variation. Higher experimental accuracy than was achieved would be required if definite conclusions were to be drawn. However, results tend to indicate that the effec- tive focal strength increases with radial displacement but does not 33



34exceed a 2% increase up to a distance of 0.8R.
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FIGURE I . 

quadrupole lens.

FIGURE 2.
SINGLE LENS FOCUSING.
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FIGURE 3.TWO LENS FOCUSING.
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NOMOGRAPH FOR THE TWO LENS SOLUTION
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FIGURE 5.
Schematic diagram of experiment.
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 FIGURE 6.
CROSS SECTION OF ELECTRON SOURCE.
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FIGURE 8.
LENS USED IN EXPERIMENT
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FIGURE 9.
lens control circuit.



FIGURE 10. 
SINGLE LENS EXPERIMENT











FIGURE 14. 
WIDE BEAM EXPERIMENT
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