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ABSTRACT 

We"consider a new type of concave Fresnel lens capable of 

concentrating solar radiation very near the ultimate concentra

tion limit. The differential equations that describe the lens 

are solved to provide computed solutions which are then checked 

by ray tracing techniques. The performance (efficiency and 

concentration) of the lens is investigated and compared to that 

of a flat Fresnel lens, showing that the new lens is preferable 

for concentrating solar radiation. 



1. Introduction 

The concentration of solar radiation before absorption and subsequent 

conversion to useful energy is becoming increasingly more important. The 

main reasons for concentrating light are two-fold: first, the high cost 

of solar energy converters makes it preferable to collect the light by 

means of a low-cost, large aperture optical elements and concentrate it 

fl-41 onto a converter of reduced area, J second, in many cases the efficiency 

of the conversion process increases when the irradiation of light impinginR 

• _• [5-81 on the converter is raised. J 

Many solar concentrators are linear elements which convert an input 

collimated beam into a line (or a band) at its focal plane. " ' The 

linear concentrators, which are made either of reflective or refractive 

materials, are often preferred over the spherical elements because of 

their simplicity and lower tracking requirements. For example, they are 

employed to heat water in a pipe which lies coincident with the linear 

focus of the concentrator, requiring only one dimensional or no tracking 

* ,, [13-151 at all.l ' 

In this paper we confine ourselves to linear Fresnel lenses in which 

the radiation source propagates along a path in the plane transverse to 

the linear axis. The analysis is thus simplified to the two-dimensional 

space of that plane. In this case the "ideal" (maximal) limit of the 
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concentration becomes, ' 

C(8o) <^l/sin0o, (1) 

where 9 , shown in Fig. 1, is half of the acceptance angular field of 

the incident radiation, and C(8 ) is the concentration ratio, as defined 

as: 

c<e0) = | . (2) 

The term A denotes the width of the input aperture of the concentrator, 

and a represents the output aperture or the width of the converter on 

which the radiation is concentrated. Since the apparent angular extent 

of the sun is ±1/4° C5 miliradian), the solar concentration limit of 

a linear concentrator is 200, which is adequate for many applications. * 

However, if the sun location departs from the transverse plane of the lens, this 

ideal limit cannot be reached; in addition to a shift, the focal band 

will move closer to the lens, so that at the plane where the radiation 

is normally in focus, the beam will be spread, thereby reducing the 

overall concentration. 

In the field of solar energy two types of linear Fresnel lenses 

are most common. The first is a flat lens with the grooved side up 

(towards the sun) and the smooth side down. The drawback of this 

[211 configuration is the "blocking" effect, J caused by the ineffective 

facet of the groove, which prevents part of the input light from 
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being transmitted towards the focus. Another disadvantage is that dust 

easily accumulates on the grooves, thereby reducing the lens performance. 

As a result of these two difficulties, most designers resort to a lens 

with the grooved side facing down and the smooth surface up.1 ' Such 

a lens, however, suffers from relatively high surface reflection losses 

and large off-axis abberations, both of which are caused by the highly 

unequal ray bending through the up and down surfaces. The reflection 

losses lead to low efficiency (ratio of the light transmitted towards 

the focal point to the input light), and the off axis abberations 

result in a low concentration ratio. In order to overcome these dis

advantages, we consider a new curved linear Fresnel lens. 

2. Design Considerations 

The introduction of curvature, schematically illustrated in Fig. 2, 

allows an additional degree of freedom in designing the Fresnel lens. 

The curvature may be so designed as to enable both high concentration and 

high efficiency capabilities. These features are obtained when the lens 

satisfies the requirement that two collimated light beams from the edges 

of the acceptance field shall be aimed by the lens toward two stigmatic 

focus points respectively. If these two points define the edges of an 

energy absorber, it follows that every light ray included in the acceptance 

field will reach the absorber while rays outside the field will not. 

In this work we limit ourselves to lense-i which are symmetrical about their 

central axis; hence it is obvious that for stigmatic focus the rays through the 



center of the lens must be transmitted in their original directions. 

Ke consider only lenses having uniform thickness w, index of refraction 

n, and grooves of flat facets. Then the condition of stigmatic focus 

can only be realized with infinitely small grooves (when each groove 

is very small, diffraction causes significant scatter, which may only 

be avoided by constructive interference of the light beams diffracted 

from the various grooves. Such an interference is obtained by selecting 

the size of the groove so that the optical paths through them differ 

from each other by whole numbers of wavelengths; this can be realized 

only for small 9 ). 

As illustrated in Figure 3, the shape (or curvature) of the smooth 

side of the lens is represented by y(x) and the primary (or effective) 

angle of each prismatic element by *(x). The equation which determines 

the functional relationship of y(x) and *(x) (*(x) is included in n8 (x)) 
o 

in terms of the fixed parameters of the lens, is given by, 

-(F-w)-tane - j "tanB * (x-Ax) - (y-Ay)»tannfl (x) , (3) 
o °o 

where F is a parameter which we refer to as the "focal length" , and 

f s i n eo) 
6eo ' a r c s i n[-n~~J • (*) 

The terms Ax and Ay are the correction increments for the thickness of the 

lens w, and are given by, 



4 , . w . »i"C»oq-»c» 'VW-f\"fl (5) 

4 y . w . COifaOO-gOQ) 
7 cosB(x) v ' 

a(x) * -arctan ^ i l (7) 

is the slope of y(x), and 

. r sin(a(x)-e ) •> -n arcsin v * ' o . , a-9 < ~K 
I z. ' o — 2 

6(x) * < 

arcsin — n J o 2 

(8) 

The term nQ (x) is the exit angle of the extreme ray from the groove 
o 

given by geometrical optics as, 

n6 (x) = arcsin{n-sin[Hx-ax)-e(x)]}+a(xJ-*{x-ilx). (9) 

We seek a solution of Eq. (3) for which y(x) is a positive synaetric 

continuous function of x, and *(x) is antisymmetric. Based on physical 

reasoning, a solution is only possible when the following boundary 

condition is satisfied, 

y(o) - F . (10) 

Hence, the "focal length*1 F represents the height of the top of the lens 

•*.*33Kw«i. t. - *. . . . ••".** -_•*.« T'*t^^iJ'>'.-»»^ws'A1ift...-;.v / 



above the absorbing plane. Before proceeding to solve Eq. (3), we designate 

i 
by x = ± j the end points of the lens; these points nay be where either 

the slope of the lens or the exit angle of the ray from the prism equals 

TT/2, or y(x) equals 0, or the arbitrary choice of Che designer. The f-

number of the lens is defined as equal to F/A. 

The secondary angle iKx) of each groove, shown in Fig. 5, was chosen 

in such a way as to minimize blocking; for example, by ensuring that a 

collimated beam parallel to the optical axis will not be blocked at all. 

This gives a possible expression for i(»(x), ' 

*(x-Axo) - j[&o(x)+a(x0-no(x-Axo)+*] > (11) 

Since Fresnel lenses are often very thin, it is reasonable to let 

w-*0 in Eq. (3). In this case Ax, Ay and Ax approach zero and Eq. (3) 

reduces to, 

-F-tan6rt = x-y(x)«tannfl (x) , C12) 
0 9o 

where, 

ne (x) * arcsin[n'sin(*(x)-8(x))) * J(X) - 5(x) (131 
o 

By substituting (-x) instead of x, and utilizing n p (+xl =-na f-xl, which 
o o 

results from the symmetry conditions for y(x) and »(x)f 



Eq. (12) can be rewritten as, 

-F-tane « -x + y(x)*tan n a (x) . (14) 
o -e0 

Algebraic manipulation of EQS. (12) and (14) yields, 

2F.tan6 = y(x)«[tann. (x)-tan (x)J 

2x - y(x)«[tann9 (x)+tan g (x)] 

(15) 

It is easier to solve the set of differential relations in Eq. (15) rather 

than Eq. (3), since only the positive region (0 <_ x <_ A/2) need be considered 

without regard for the symmetry condition of y(x) and *(x). 

We now consider an application in which linear lenses are incorporated 

into a fully tracking solar concentration system, where the acceptance 

1° field is about ± j (the apparent angular substance of the sun). Since 

this angle is very small we can assume that 6 -»• 0, so that the lens 

becomes aplanatic, having a stigmatic focus on the optical axis and almost 

stigmatic focus near the axis." In the limit as £ -*• 0, trie first 

relation of E.q. (151 reduces to, 

3tam.G (XJ i 

F . : (x) ~ I - (U») 

Using Eq. (13), we find that , 

Hann0 (x) \ 
cosU(x)-s3 (x))-cosa(x) 

; , , 5 ( i7) 
cos-n (x)-H-n-.sin-(*(x)-fl ( x ) ) r t l - ( s i n a ( x ) / n ) J ] > 5 



To simplify the second term of Eq. (15), we exploit the continuity of 

T\ (x) as a function of 8 to give, 
o 

"-8 °° 6~3] % M • (lfil 

0 0 0 

thereby obtaining that, 

x «= y(x)'tann0(x) . (19) 

Equation (19) is merely the condition for a stigmatic focus on the optical 

axis while Eq. (.16) is the additional condition for the lens to be aplanatic. 

3. Numerical Results and Discussion 

The solutions for Eq. (15) (infinitely thin lens) and of 

Eqs. (16) and (19) (the case of e =0) were computed numerically. Figure 4 

shows the solutions of y(x) and *(x) as well as i<(x) of Eq. (11) for 9 

ranging from 0* to 60°. A solution exists also for higher 6 , up to 90°, 

where the f-number approaches zero and the concentration C approaches 1. 

The focal length F was assumed the same throughout. We see that the lens 

becomes wider as e increases and its f-number approaches cos(9 )/2 when 

9 -*90°. The primary angle *{x) is nearly a linear function of x for small 

values of 8 . and decreases for high values of 8 . 
o ° o 

Figure 5 depicts the solution y(x), 4(x) and. *(x) for different 

values of the index of refraction n, and a fixed 9 *30°. For small values 
o 

of n, the computation process proceeds from x*0 to higher values, and 
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stops long before y(x) reaches zero; beyond this point the value of exit 

angle 6 (Fig. 3) becomes ir/2 (for a bean of 6*6 ) and no solution exists, 

because of excessively large *(x). The results of Fig. 5 were used to 

calculate the concentration and f-nunber as a function of n. These 

calculations, summarized in Table 1, show that the f-number decreases and 

the concentration C increases for higher values of n; as n-»« the f-number 

of the lens approaches 0.433, thus enabling the ideal concentration of 2. 

Figure 6 shows the efficiency of a lens at various 6 (n«1.49) as a 

function of 6, the angle of incidence of the collimated beam with respect 

to the optical axis; the efficiency is defined as the ratio of the trans

mitted light through the lens to the maximum amount of light that could be 

collected by the lens (the amount of light irradiating the lens if it were 

perpendicular to the light direction). Figure 6(a) shows the efficiency of 

a "whole" lens, i.e. the lens that is designed to y(x)=0, whereas Fig. 6(b) 

shows the efficiency of the "half" lens, which is truncated at y(x) * F/2. 

As shown, the efficiency of the "half* lens is slightly greater at small 6, 

which reflects the fact that it lacks the lower parts of the "whole" lens 

which are less efficient. However, at higher values of 9, the 

"whole" lens becomes more efficient because it gathers more light. For a 

comparison, the efficiency of a flat window is also depicted; this efficiency 

is defined in the same way as that of the lens. 

The total loss of the lens or the window is defined as one minus the 

efficiency. In the case of the lens, the loss is comprised of the following 

. ;.: MVK*,'*.. ... . ,.: 
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four components: CI) the geometrical loss, which is the part of the light 

from the collimated bean of transverse cross-section A, that misses the lens, 

(2) the first reflection loss, which is the part of light out of the incident 

beam that is reflected froa the first (smooth) surface of the lens, (3) the 

blocking loss which is the part of the light that is blocked by the ineffective 

facets of the grooves, and (4) the second reflection loss which is the part 

of light which is reflected by the second surface (effective facet of the 

groove). These losses were computed and the results for the case of 

© =30° arc shown in the lower parts of Fig. 6. As shown, the geometrical 

loss is smaller for the whole lens, while the first surface reflection 

loss is greater. The loss of the flat window, on the other hand, is made 

only of three components - the geometrical, and the first and second 

surface reflections. At 9*0 the geometrical loss is zero and the sura of the 

reflections is about 8 percent. At higher values of 6, the geometrical 

loss increases as 1-cosd and the reflections become higher according to 

Fresnel reflection laws. Note that in spite of the blocking, the efficiency 

of the lens is comparable to that of the flat window; this is primarily 

because the geometrical loss of the lens is smaller than that of the 

window. 

Ne also calculated the concentrations of the whole and half lenses 

for different collection angular range ± 8 . The results are given in 

Table 2, along with the ideal concentrations. It is interesting to note 

chat for aplanatic lenses (6 *0), the concentration values of either 

the whole or the half lenses are very high for acceptance angles of ?»5 
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»rads — 149 and 133 respectively; where the 5 wads represent the angular 

extent of the sun. The results of Fig. 6 and Table 2 indicate that both 

the efficiency and concentration of the half lens are not significantly 

inferior to the whole lens. Because of the significant reduction of lens 

materials, it is thus generally preferable to enploy the half lens rather 

than the whole lens. 

Figures 7 through 10 deal specifically with the aplanatic lens and 

compare it to the flat conventional Fresnel lens with grooves down. Both 

lenses are so designed as to enable stigma tic focus of a colligated bean 

that is parallel to the optical axis. Figure 7 shows the decrease of 

efficiency as the f-nuaber of the lens decreases for an on-axis (6«01 

collxnated beam. The f-nunber of the aplanatic lens is limited to 0.67 

where the lens surface nears the focal plane; at this point its first 

surface narginal loss reaches 100 percent, since the surface there is 

perpendicular to the focal plane, i.e. parallel to the input light. 

The second surface marginal loss is liaited to low values particularly 

for low f-nuaber, where aost of the light was already refelcted at the first 

surface. It is interesting to see that the f-nuaber of the flat lens is 

also limited (to 0.45), since the prisms that constitute the lens can 

only bend the inpi.; ray by an angle smaller than n = Cs- - arcsin —) ; 

for n = 1.49, n = 48* leading to an f-number „ = c° ^ax « 0.45. 
mx |ax 5 

The second surface marginal loss at this point approaches 100 percent 

because the ray emerging from the prism is parallel to its facet; the 

first surface loss of the flat lens is of course independent of the 

f-number. 
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As shown in Fig. 7, the total efficiency of the aplanatic lens in the 

vicinity of f-number = 0.75 is not much higher than the flat lens (only 2 

to 3 percent), but of course the capability for higher concentration is 

the overriding advantage. Beyond an f-nuaber of 0.75, the marginal efficiency 

decreases rapidly, whereas the lens material per unit aperture would 

signi ficantly increase. 

Figure 8 shows that for small 8, the total efficiency of the aplanatic 

and flat lenses is independent of the incident angle e of the collimated 

beam; both lenses have the sane f-number which is equal to 0.67, and the 

tilt of the ineffective facet is designed so that there is no blocking. 

As shown, the first and second surface reflection losses of the" aplanatic 

lens are nearly equal, yielding greater efficiency of the lens. 

Figures 9 and 10 deal with the capability of concentration. They 

compare the "half aplanatic lens with a flat lens, both having an f-number 

equal to 0.75; the index of refraction, n = 1.49. Rays of collimated beams 

which are refracted by the lenses, are traced but only a small segment of 

the ray near the focal plane is shown; the width a of the collector at 

the focal plane is equal to 2F-tan(l°l. The traced rays are of uniform 

density before entering the lens. Because of dispersion, the lens was 

checked at different wavelengths, or more appropriately, at different 

indices. We chose the values n * 1,485, 1.49, 1.495.to represent the index 

of refraction at the red, green-yellow and blue wavelengths, respectively. 
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(The dispersion of acrylic in the visible region is np- n
r

 s 0.009 where the 

index np represents the blue line 48b.lnm and n- represents the red line 

f24l 
656.5nm).l J 

Figure 9 traces the rays through the aplanatic lens. Parts (a), (b) 

and (c) show the behavior of the lens when illuminated with *a monochromatic 

collimated beam which corresponds to an index of refraction n = 1.49. 

The lens refracts the "on axis'" beam to a sharp focus at the center of 

the collector, as dictated by Eq. (19J. .Moreover, since it is aplanatic, 

the lens maintains the capability of stigroatic focus for the off axis beams 

without any comma (off axis aberrations). Only a slight curvature aberration 

is found in Fig. 9(c) where the sharp focus is obtained somewhat above 

the collector (or focal) plane. Because of the imaging behavior of this 

lens, its concentrating capability for any small 9 is obtained simply from 

the relation C=[2(f-number)tan6 ]~ . Parts (d), (e) and (f) show the 

behavior of the lens for the red collimated beam. As shown, the focal points 

are broadened almost symmetrically and independently of 7; the rays 

propagate towards stigmatic foci below the original focal plane. Parts (g), 

("hi and 'it depict the behavior of the rays when the lens is illuminated 

with blue Light. The effect of broadening the focal point is similar to 

that with red illumination, but the nev. focal plane is above the original 

one. The separations of either the red or blue focal planes from the 

actual focal plane of the lens are comparable, being equal to F/300. The 

concentration is of course reduced by this chromatic abberation. 

Figures 10 traces the beam through the flat Fresnel lens having its 

grooves down. \s for the aplanatic lens, this flat lens is free of 
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spherical aberrations, as illustrated in Fig. 10(a). However, strong comma 

aberrations are revealed at a field angle 9*0.25° in Fig. 10(b), and even 

stronger aberrations at e*l° shown in Fig. 10(c). These aberrations prevent 

the lens from serving as a good concentrator. If only green-yellow light 

is to be collected, the solar concentration of the flat lens will be a 

quarter of the aplanatic lens (the sa»e aperture and four tines larger 

collector), *s seen fro» Fig. 10(b), Figure 10(d), (e), (f), (g), (h) 

and (i) reveal further broadening of the light spot at the focal p;ane, 

which is equivalent to a lower concentration. Figure 10 also shows that 

the flat lens is a poor imaging device. We see that except for the case 

of the axial green-yellow light of Fig. 10(a), none of the oeams are trans

mitted to a sharp focus by the lens. This is substantially different 

from the aplanatic lens where even off axis light of different wavelengths 

focuses sharply, albeit not on the exact focal plane. 

Figure 11 shows the parameters y(x), *(x) and '>(x) of the aplanatic 

lens for different n's. The lens becomes wider as n increases and thus 

its concentrating capability increases (Table I). As n-~* the shape 

becomes spherical with f-number = 0.5 which enables the maximal (ideal1* 

concentration at small acceptance angular fields. This shape could hav* 

been deduced in a different manner, as discussed in the appendix. 

4. Conclusions 

We considered a new design for a concave cylindrical Fresnel lens 

which behave-, almost as an "ideal" concentrator, and described the 
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behavior of these lenses for different acceptance half angle 9 , ranging 

from 0" to 90°; it was shown that the lens designed for 9 =>0 is aplanatic. 

The influence of different refractive indices was evaluated, showing that 

as n increases the maximal f-number of the lens also increases. The f-number 

approaches a finite value as n nears infinity, where the ideal concentration 

limit is reached (if the surface reflections as well as the blocking by the 

grooves at off axis beams are ignored). The f-number of the aplanatic 

lens of infinite n is equal to 0.5, which is known to be the lower limit 

for any aplanatic system. Compared to flat Fresnel lenses of smooth 

upper surface, the aplanatic lens has a higher overall concentrating 

capability, having no comma and low chromatic aberrations; moreover it 

is slightly more efficient. \1though all the computations here assumed 

thin lenses with infinitely small grooves, the results depict the behavior of 

real Fresnel lenses having finite thickness and a finite number of grooves.* 

The newly designed cylindrical Fresnel lens has the following attractive 

features for solar energy concentration: (1) the outside surface is saooth; 

(2) for any given acceptance field =*• , the concentration power of the 

lens approaches the ideal lens; (3} the efficiency of the lens is high 

because of minimal reflection losses at the surfaces and minimal blocking; 

and (4) the concave shape adds high mechanical stability and strength to 

the lens. 
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When compared to a cylindrical Mirror, the efficiency of the new 

lens is greater since the mirror system usually needs an additional window 

shield which introduces losses. An additional advantage is the reliability 

and lifetime of a lens made of acrylic' ' In comparison with the "ideal" 

mirror concentrators, the lens generally require less optical area than 

the mirror walls. However, for higher values of 6 , when the area of the 

walls can be reduced, the mirrors could be advantageous because they are 

relatively insensitive to declination of sun out of the tr&jisverse cross 

plane. 
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Appendix: The Aplanatic Lens of n • ». 

The parameters of this lens could be derived analytically if wc only 

argue that as n increases to infinity, *(x) must approach ;ero; otherwise 

total internal reflections will prevent transmission of the light. As a 

consequence the lens may be regarded as having smooth surfaces with almost 

zero angle ${x) between them, so it is logical to assume that the 

lens conforms to the Fermat principle. To be aplanatic the lens must obey 

the sine Ian of Abbe^"0' which for an infinite conjugate plane, becomes 

If ' ,ln(V»» • ™ 

which, together with Eq. (19) can be satisfied if and only if, 

y2(x) = F" - x: . (21) 

Equation (21) implies that the lens is spherical, with the radius equal to F. 

Now we can also find t(x) using Eq. (13), as 6 -0 and n~«, to obtain, 

n (x) = arcsin(n«©(x)-sina(x)) + a(x) , (22) 

where we ignored i(x) (but not n-*(x)), and used the approximations 

sin[5(x)-B(x)] « t(x) - 800, and arcsin(
sin°(i°) » s i n ° ( x ) . On the other 

hand if the lens is spherical, then, 

i0(x) - i(x). (25) 
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By juxtaposing Eqs. (21), (22) and (23) we obtain that, 

n-*(x) » sino(x) - £ . (24) 

Equations (21) and (24) can be validated by substituting +(x) and 

Y(x) into the aplanatic relation of Eq. (16). Ke first write Eq. (17) 

in the limit as IH« , 

3tann„ (x) 
o cosq(x) f 2 5 ) 

e ,„ cos2n0(x)-[l-(n"Hx)-sina(x))
2]!i 

Using Eqs. (23) and (24), the expression on the right-hand side of 

Eq. (25) reduces to p y , so upon substitution in Eq. (16) we obtain, 

F « y(x)/cos o(x) , (26) 

which can indeed be fulfilled by the spherical solution. 

To verify that the lens indeed obeys the Fernat principle, we show 

that the optical path of an on axis ray fron the point (X,F) to the focal 

point (0,0) (Fig. 12), is independent of X. The optical path 1(X) is 

comprised of three parts, 

1(X) - 1,(X) • 1,(X) • 13(X) (27) 

where lj(X) is the path fro« y«F to the Lens, 1,(X) is the path through 

the lens, and 1 (X) is the path of the transmitted ray to the focal 

point. l.(X) is given siaply by, 

1,(X) - f - y(X) • (28) 



20 -

To calculate 1. we take the advantage of the fact that +(x) is 

almost zero, and that the propagation of the ray inside the lens 

material is essentially perpendicular to its surfaces. Then the optical 

path is equal to n multiplied by the thickness w(X) of the .lens, which 

in turn can be represented by an integral on the circle, 

X X 

w(X) - / *(x)ds - / «(x) ^Ux , (29) 
x*F F 

where s(x) is the pathlength along the circle. Since 

its derivative is equal to 

w ( X ) . [ _ i _ . c . F ) . ^ d x . / ? p E 

Finally, 1,(X) becoaes, 

(30) 

M i l . -F-iliii . (SI) 
dx dx 

We differentiate both sides of the equation sino(x) - p 

and rearrange the terms to obtain, 

dx F-cosa(x) F./F2.x2 /fT? • 

Substituting Eqs. (24), (31) and (32) into (29) yields: 

X 

(33) 

12(X) . / F 2 - X 2 . y(X) . (3«) 



1,00 is the radius of the lens, and is given by, 

lj(X) - F (35) 

Finally by substituting Eqs. (28), (34) and (35) into Eq. (27), we 

obtain, 

HX) « F - y(X) • y(X) • F « 2F , (36) 

which is independent of X. 
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Figure Options 

Fig. 1 : Concentrating optics with entrance aperture A and exit 

(absorbing) aperture a. 

Fig. 2: An artist's view of a linear concentrating system based 

on a concave Fresnel lens. 

Fig. 3: A thin concave Fresnel lens. One of the grooves'is 

magnified. 

Fig. 4: The shape y(xj, the priaary angle $(x) and the secondary 

angle ifr(x} of thin Fresnel lenses for various 9 . 

Fig. S: y[x), »(x) and vM of thin Fresnel lenses with different 

indices of refraction n. 

Fig. 6: The efficiency of whole (a) and halffb) lenses of various 

6. On the bottoa appear the losses for a lens of 

9 * 30°. 
o 

Fig. 7: Efficiency and loss of the aplanatic and flat lenses 

as a function of f-nuaber. 

Fig. 8: Efficiency au-1 loss of the aplanatic and flat lenses as 

a function of the incident beaa direction 8. 

Fig. 9: Tracing rays near the collector of the half aplanatic lens. 

Input collinated aonochroaatic beaas are of three colors. 

Fig.10: Tracing rays near the collector of an aspherical flat lens 

of f-nuaber equal to that of the half aplanatic lens. 

Fig.11: Aplanatic design for various values of the index of refraction. 

Fig.12. A ray trace in the aplanatic lens with infinite index of re

fraction. 
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Table Legends 

Table 1: f-Nunber and concentration C of lense." with different 

indices of refraction n. 

Table 2: f-Nunber and concentration C of lenses designed for 

different acceptance angles ± 8 : n » 1.49. 



V 
n \ 

1.1 

1.3 

1.5 

1.7 

1-8 

2.1 

0° 

f-nunber 

1.3 

0.8 

0 .67 

0.61 

0 .58 

0 .56 

0 .5 

c 

77 

125 

149 

164 

172 

179 

200 

C / C i d e a l * 

0.38 

0 .63 

0.7S 

0.82 

C.8S 

0.89 

1.0 

30° 

f-number 

1.09 

0.58 

0.52 

0.49 

0.48 

0.47 

0 .43 

c 

0.79 

1.48 

1.67 

1.76 

1.82 

1.86 

2.0 

C / C i d e a l 

0 .39 

0.74 

0 .83 

0.88 

0.91 

0 .93 

1.0 

* 
concentration for acceptance half angle 6 = 5 mrad. 
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TABLE 2 

9o 

0' 

10 

20 

30 

40 

SO 

60 

type 

whole 

half 

whole 

half 

whole 

half 

whole 

half 

whole 

half 

whole 

half 

whole 

half 

f-mmber 

.67 

.7S 

.65 

.73 

.60 

.68 

.52 

.6 

.44 

.5 

.35 

.4 

.26 

.3 

c 

149* 

133 

4.34 

3.87 

2.29 

2.03 

1.68 

1.45 

1.37 

1.18 

1.21 

1.04 

1.11 

0.955 

cideal 

200 

S.76 

2.92 

2.0 

1.56 

1.31 

1.15 

c/cideal 

.745 

.67 

.7S 

.67 

.79 

.70 

.83 

.73 

.88 

.76 

.92 

.79 

.97 

.83 

the concentration for acceptance half angle 6 * 5 mrad. 
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