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ABSTRACT 

Optimizing Laser and Optical Systems 

by 

Michael Richard McGuire 

A simple narrow linewidth dye laser cavity design is 

presented. The design features the use of a prism primarily 

as a beam expander rather than the more traditional use of 

a prism as a dispersive element. This feature allows a 

tremendous simplification to be made over the usual dye laser 

cavity by eliminating beam expanding telescopes, étalons, and 

intra-cavity lenses, and by shortening the cavity by as much 

as a factor of two. The net result is an order of magnitude 

improvement in the linewidth of the system at a fraction of 

the cost of the system currently in use in the Atomic Colli¬ 

sions Laboratory. 

Further refinements are discussed that increase the 

efficiency of the system while maintaining the improvement in 

linewidth. Projected refinements are also discussed. 

The use of elastic membranes for electric field modeling 

has been successfully applied in the design of an ion beam 

deflection system. The instrument subsequently constructed 

demonstrated the usefulness of this technique in the field of 

electro-optics. A brief report on the theory of elastic mem¬ 

brane electric field modeling and its application in this 

instance is presented as an appendix following the main effort 

of the thesis. 



Why should we 
be in such 

desperate haste to succeed, 
and in such 

desperate enterprises? 
If a man does not keep pace 

with his companions, 
perhaps it is because 

he hears 
a different drummer. 

Let him step to 
the music which he hears, 

however measured 
or far away. 

Henry David Thore au 
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11 
The Inadequacy of the Present System 

The demands of ongoing and projected experiments in the 

Atomic Collisions Laboratory are beginning to exceed the 

present dye laser cavity design operating limits. As an 

example, a current experiment in the lab requires two lasers, 

simultaneously pumped at peak power levels of about 15 kilowatts 
0 

and linewidths approaching O.IA(FWHM). The dye lasers now in 

use in the lab are only capable of producing linewidths in 
o 

excess of 0.75A. Figure 1 shows the two systems traditionally 

used in the lab. To understand their inadequacies it is nec¬ 

essary to discuss the designs in detail. 

The dye lasers are pumped by a molecular gas laser (N2) 

typically capable of producing 600kW peak powers with a pulse 

width of 6 nanoseconds. The output beam from the laser is 

approximately 2 inches long by 0.25 inches wide in cross sec¬ 

tion. The beam is focused onto the dye cell by a spherical 

lens. In the system shown in Figure la, the partially reflect¬ 

ing mirror reflects approximately 4% of the incident light 

back into the dye cell as feedback for lasing. The prism 

serves to disperse and magnify the beam onto the grating. 

The reflection off the prism is discarded. In system lb, a 

telescope serves to magnify the beam in order to illuminate 

the grating. The output of both systems are taken through 

the partially reflecting mirror. 
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The first system is very low in efficiency since perhaps 

as much as 30% of the output reflects off the prism and is 

lost. The second system is too long for optimum pumping. The 

length of the cavity is important in that efficient amplifica¬ 

tion will occur only when the cavity feedback reaches the dye 

cell for amplification within the lifetime of the initial 

dye pulse. An over-long cavity will result in the cavity 

feedback returning as the pulse is dying out leaving little 

power available for stimulated emission amplification. (See 

Figure 2). 

In both systems la and lb, spherical lenses were used 

to focus the rectangular pumping beam. To achieve saturation 
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Intensity Cavity 
Length: 20cm 

Time - 2ns/div. 

Intensity Cavity 
Length: 47cm 

FIGURE 2 — The time delay between the incident N~ laser pump and the 
dye laser output for two different lengths of the aye laser cavity. 
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of the dye it is necessary to focus onto as small an area 

as possible. The focussing of a rectangular beam by one 

simple (i.e. spherical and singlet) lens is poor at best, 

since spherical aberration and coma prevent a sharp focus. 

A substantial part of the incident pumping energy is deposited 

as a fuzzy haze surrounding the geometrical focal point. 

In summary then, the present systems used in the lab 

can not meet impending requirements. To meet these require¬ 

ments it is necessary to abandon these designs in lieu of 

more efficient, narrower linewidth, cavity designs. The new 

cavity design must then meet the following requirements: 

1) Maintain or improve the existing 
efficiency. 

2) The linewidth must be improved 
by a factor of ten. 

3) To permit the use of broad band 
laser dyes, the cavity must be 
useful over tuning ranges ap¬ 
proaching 400A. 

4) Incur as little expense as possible. 

How these requirements can be met will be discussed in the 

next chapter. 
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The Parameters 

To understand how and what parameters affect the band¬ 

width of a dye laser, a mathematical model of the dye laser 

must be derived. With the nitrogen pumping laser beam tightly 

focussed on the dye cell one can consider the excited cylin¬ 

drical region in the dye as a slit in a spectrometer. This 

model1 is feasible only when the transverse dimension of the 

excited region is made quite small. By adjusting the focus 

of the incident pumping laser and the concentration of the 

dye these conditions can easily be met. Using this "spectrom¬ 

eter model" the cavity design from Figure lb can be analysed. 

In Fig. lb, the grating is in Littrow mount (angle of 

incidence equals angle of diffraction) with the telescope 

adjusted such that the slit image coincides with the slit 

(autocollimation). 

The general grating equation is given by 

d(siru + sine) = ml . 

When in littrow mount 1=6, and if in first order the equation 

becomes 

2d*sin0 = X . 

Differentiating to find the rate of change of angle with 

wavelength results in the angular dispersion, 

d9 _2tane 
dX ~ X 
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To get the linear dispersion, dl/dX, the angular dispersion 

is multiplied by the focal length of the telescope, F: 

dl _ r d9 2Ftan8 
éX ~ r dX " X * 

For a telescope consisting of corrected components 

Thick Lens Theory must be used. Suppose the telescope 

consists of two thick lenses L-j and Lg (Figure 3). Let sQ-| 

siT fl and so2 * si2’ f2 be tbe obJect and image stances 

and focal lengths, all measured with respect to their own 

principal planes. The lateral linear magnification of any 

system of lenses is given by the product of the magnification 

of its elements. So, 

where sQ and are the object and image distances for the 

telescope as a whole. To calculate the focal length one sets 

so=»=sol . It follows that s^i=f-j , Sq2 = - ( Sj i-d), and s = F - - 

the focal length of the system. As 

_1_ + _L_ = i_ 
so2 si2 f2 

then s • o = --^2so2 
so2 - f2 

Continuing: F ‘ *1 ■ -Mso * -sil'i2 • 
so2 

= -fl f2so2 
so2 so2 “ f2 

M'2 
so2 " f2 
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FIGURE 3--Thick Lens Geometry 

Thus 

or equivalently, 

F = f 1 f 2 
si 1 + f2 " d 

1=1 +1 . d 

F " f 1 f
2"

flf2 

With the telescope adjusted for autocollimation, the separation 

d between the lenses is given by 

d = sil + so2 = si1 + f2* (see Fig. 3) 

Since 

il Vol 
sol " fl 

d may be solved for: 

d = fisol + f, 
sol - fl ' 
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Substituting 

focal length 

d - ü_iVoi_i_ü + f 
sol ’ fl 

2 , 

= f1^sol - fl> + fl + 2 • 

sol ‘ fl 

= f1 + f2 + '1 

sol"fl 

this result into the formula derived for the 

one arrives at 

F - <sol “ fl)* 

The limit of resolution of a slit spectrometer, AX^, is 

found by dividing the FWHM of the instrument profile function 

A^ by the linear dispersion1. Thus, 

2(soi - f1 ) (f2/f-| )tane 

It is to be noted that the linewidth decreases as sQi (the 

distance between the dye cell and the first lens of the 

telescope) becomes larger and as the magnification (fg/f^) 

increases. Increasing either sQi or M will, of course, 

lengthen the cavity resulting in a decrease in output efficiency. 

However, using a grating blazed in a higher order will increase 

the angle of diffraction 0 without lengthening the cavity, but 

the usable tuning range will decrease. The tuning range of 

a grating, the Free Spectral Range FSR, is determined by the 

angle at which adjacent orders start to overlap. Mathematic¬ 

ally the FSR is given as X/m, where m is the order number. 



Any dye laser cavity design 

must work by trading off these 

two mutually competitive 

parameters. 

By far the most popular 

design approach is to use the 

cavity shown in Fig. lb. 

Hanch2 used a X20 telescope 

coupled with a grating blazed 

in 39th order. Kis cavity 

was 10% efficient in energy, 

and was capable of linewidths 

of 0.03A. The cavity length 

was around 50cm. The main 

drawback in his design was 

that by using the grating in 
o 

39th order results in a maximum tuning range of 100A before 

overlap from adjacent orders interfere. Also, the telescope 

was highly corrected for spherical aberration and coma. The 

lenses were coated to prevent unwanted feedback into the dye 

cell. Such a telescope costs about $1000. Recalling that 
o 

the new dye laser cavity design must be tunable over 400A 

and be inexpensive, Hanch's design can not be used. 

Another approach is to use a design by Fitzsimmons1. 

Fitzsimmons uses a short low magnification telescope with an 

echelle grating blazed in 8th order with a pulse processing 

scheme for the pump laser. (See Figure 4). By generating a 

weak prepulse, oscillation in the cavity is initiated. The 
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main body of the pulse is delayed such that its arrival 

coincides with the laser feedback. Such a design essentially 

uses the dye cell first as an oscillator and then as an 

amplifier. The drawback here is that the nitrogen laser used 

in our laboratory diverges. Since both the pre-pulse and 

delayed main pulse are focused by the same lens, both beams 

are not focused at the same point; consequently, the feed¬ 

back from the pre-pulsed beam does not get effectively 

amplified. An alternative approach is to use an external 

amplifier with its own focussing lens, but this requires an 

additional dye cell with a precision micro-translator to 

insure alignment. Fitzsimmons’ laser design is not suitable 

for our laboratory in one other manner. The nitrogen laser 



used in our lab has an 8ns 

pulse length. Delaying the 

main pulse by 2ns, (the time 

it takes for the feedback to 

leave and return to the dye 

cell is 2L/c, where L is the 

length of the cavity—here 

15cm), does not really 

constitute a pre-pulse fol¬ 

lowed by the main pulse. 

(See Figure 5a.) For pulse 

lengths of 5ns or greater 

the pre-pulse does not get 

started before the wings of 

of the main pulse overwhelm 

it. The net result is very nearly that of just a straight 

pulse into the dye cell. 

Fitzsimmons's pumping laser has a 3ns pulse width. (See 

Figure 5b.) In this instance the pre-pulse makes all the 

difference. At each oscillation more power is available for 

amplification. It is not surprising that Fitzsimmons saw an 

increase in his output efficiency. 

As mentioned before, and external amplifier could be 

used instead of the internal amplifier. This solution would 

also hold for lasers with large pulsewidths as the spacing 

between the oscillator and amplifier can be adjusted to allow 

a gain in the efficiency. 
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Another approach to produce a short cavity with a grating 

working at maximum dispersion (for the given tuning range of 
o 

400A) must be sought. Since the two most popular designs 

are not appropriate for the stated requirements, a completely 

different concept is necessary. This concept is the prism- 

beam-expander . 
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The Prism Beam Expander 

The telescope is not the 

only method of magnifying a 

laser beam. A prism may be 

used. With an input beam 

with a waist size on the 

order of 1mm a magnification 

of X25 is easily accomplished. 

A prism of 25mm base length 

will suffice for a X25 mag¬ 

nification, and will take up 

less room in the laser cavity than a telescope of the same 

magnification. A X25 telescope is t.ypically 25cm in length. 

Consider Figure 6. A laser beam of waistsize do impinges 

on a prism at an angle of incidence a. The prism has an 

index of refraction np, and an apex angle of y. From Snell's 

law, the angle of refraction, 3, is given by 

3 = arcsin(sina/rip). 

The angle of refraction is related to the angle of incidence 

on the second surface 6 by the prism's apex angle: 

6 = y - 3 . 

Thus the angle of refraction at the second surface is 

e = arcsin(npSin5) .- 

FIGURE 6 — Prism Geometry 
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The angle of incidence necessary to obtain a magnification 

of 20 for a prism of rip=1.5, y=60° is just over 83°. For 7=45? 

the angle required is just under 88°. At such high angles of 

incidence, the reflection loss at the first surface is signif¬ 

icant—the fraction of the incident intensity, Io, transmitted 

is only 0.0087 per passage through the prism for unpolarized 

light. 

Dye lasers utilizing the prism as a beam expander have 

been around since Myers3 first reported using a prism in his 

cavity in 1971. (See Figure 7.) Myers reported linewidths 

of 0.9Â at 20% energy conversion. 

In 1974, Hanna, et al.1*, used the same cavity but with 

more dispersive gratings. They reported linewidths of 0.06A 

with a 2% energy conversion efficiency. The gratings used 

to achieve the linewidth were holographic gratings of 3680 

and 2880 lines/mm. Such gratings cost =*$600 each. 
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Using the same cavity design as both Myers and Hanna, 

but with gratings of only 1200 lines/mm, linewidths of 0.1Â 

at 2% energy conversion have been achieved in our laboratory. 

Utilizing techniques to be discussed shortly, energy conver¬ 

sions of 3% have been obtained. Further refinements promise 

linewidths of less than .05Â at the same efficiencies. 

3.2 -- Decoupling 

The problem with beam expanding prisms is the fact that 

the magnification is such a strong function of the angle of 

incidence (See Figure 8). Worse, the transmission of the 

prism-beam-expander is given by 

fvianemiffûH COSIl C0S1 2 
—    3 (1 - Ri)(l - R2)cosri cosr2 , (cf. math appendix 1) 
*incident 

where : Ij.,1. 3 intensity transmitted and incident 

ix,i2 = angle of incidence;first and second 
surfaces. 

f*i,r2 
3 angle of refraction;first and second 

surfaces. 

R. i j R2 
3 intensity reflected at the first and 

second surfaces, where R is calculated 
from the Frenel Equations. A composite 
result : 

R -, sin2(i-r) -,tan2(i-r) 
“ sin^i+r) stanz(i+r) 

When plotted against ii this function turns out to be an 

extremely sensitive function for angles of incidence greater 

than 88° (Figure 9). At 87°, the fraction transmitted of the 
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FIGURE 8 

The magnification through a prism of n=1.50/y=60° is shown above 
as a function of the angle of incidence at the first surface of the 
prism. The data is tabulated in Table Two. 
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ANGLE OF INCIDENCE AT FIRST SURFACE 

FIGURE 9 

The transmission through a prism of n=l.73/y=59.5° is shown 
above as a function of the angle of incidence at the first surface of 
the prism. The data is tabulated is Table Four. 
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incident light is 0.0187. At 88°, it is 0.0087; at 89°, 

it is down to 0.0024. High magnification and transmission 

are diametrically opposed. 

Hanna et al,4 suggested that using two prisms in tandem 

could result in an increase in transmission. This is, in 

fact, true. For a magnification of 18, a single prism 

(rip=1.5) in air will yield a single pass transmission of 

0.8%. Two prisms will transmit as much as 1.1%—and increase 
4* 

of 38%. Experiments carried out in the lab for two prisms 

in tandem show that the increase does not result in any 

ff 
significant increase in power output of the dye laser. 

Of course, the prisms could be coated to transmit more of the 

incident light, but such coatings would not be useful at near 

grazing angles of incidence over any appreciable range of 

wavelengths. 

The idea is to increase the transmission while main¬ 

taining the magnification. To understand how this can yet 

be done must first involve a detailed analysis of the trans¬ 

mission function previously derived. 

^See Section 3.4 

+ + 
By cascading prisms aligned such that most entrance surfaces 

are at Brewster's angle can result in increased transmission, 
with a subsequent increase in power. A system with a x25 
magnification requires at least 8 prisms for a transmission 
of 50%. Such a system is currently being designed by the 
author, with a projected length of not more than 9cm. A 
telescope of equal magnification is typically more than 25cm 
in length. 
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3.3 — The Transmission Function 

At near grazing angles of incidence the transmission of 

a prism is strongly dependent on 0. (See Figures 10,11,etc. 

and Tables I,II,III). By removing this sensitivity it is 

possible to study the transmission through a prism as a func¬ 

tion of the surrounding medium at constant angles of incidence. 

To decouple the transmission and magnification requires 

the use of a prism of high index of refraction with a large 

apex angle. Using a prism of rip=1.73 (extra-double dense 

flint) comes close to removing this sensitivity. Reference 

to Tables I, II, and III show a change in magnification of 

only 20% throughout the range of solvents tabulated for the 

prism —while a change of 90% is seen for the prism of 

rip=1.5. This sensitivity can be reduced further, but prisms 

of higher indices of refraction that are transparent over a 

large wavelength range are not common. The material is 
t 

available, but the prism would have to be custom ground. 

Flint glass is abundant, transparent, and cheap. 

Table IV and Figure 11 show the transmission character¬ 

istics of a np=1.73 prism. Note that as the surrounding 

medium index of refraction nm increases to more closely 

index match the prism, the amount of transmission nearly 

doubles, while the magnification remains effectively constant. 

3.4 — The Results 

To implement this effect, a small tank was constructed 

out of fused quartz. To minimize the reflection losses, the 
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FIGURE 10 

The magnification through a prism of n=1.50/Y=60° is shown above 
as a function of the angle of incidence at the first surface of the 
prism, and as a function of the index of refraction of the surround¬ 
ing medium. The data is tabulated in Table Two. 

Upper Curve: Air (n=*1.000) 
Middle curve: Dimethylmalonate (n=1.414) 

Lower Curve: Toluene (n=1.497) 
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5 
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0 
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FIGURE 11 

The transmission through a prism of n=l.73/ =59.5° is shown 
above as a function of the angle of incidence at the first surface of 
the prism, and as a function of the index of refraction of the surround¬ 
ing medium. The data is tabulated in Table Four. 
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TABLE ONE 

^prism" = 1.73 MAGNIFICATION. / . = 59 
'prism 

0 Air Methanol Ethanol Dimethyl- 
malonate 

cci4 Tri¬ 
chloro¬ 

ethylene 
n 1.000 1.327 1.359 1.414 1.461 1.480 

50.000 0.532 1.172 1.174 1.169 1.157 1.151 
51.000 0.589 1.193 1.194 1.186 1.172 1.164 
52.000 0.642 1.215 1.214 1.204 1.187 1.179 
53.000 0.694 1.238 1.236 1.222 1.203 1.194 
54.000 0.744 1.262 1.258 1.242 1.220 1.210 

55.000 0.793 1.288 1.282 1.263 1.239 1.227 
56.000 0.842 1.315 1.307 1.285 1.258 1.246 
57.000 0.892 1.343 1.334 1.308 1.279 1.265 
58.000 0.942 1.373 1.362 1.334 1.301 1.286 
59.000 0.993 1.405 1.392 1.360 1.325 1.308 

60.000 1.045 1.440 1.424 1.389 1.350 1.333 
61.000 1.099 1.477 1.459 1.420 1.378 1.359 
62.000 1.154 1.516 1.497 1.454 1.408 1.387 
63.000 1.213 1.559 1.537 1.490 1.440 1.418 
64.000 1.274 1.605 1.581 1.530 1.476 1.451 

65.000 1.338 1.655 1.628 1.572 1.514 1.4-8 
66.000 1.407 1.710 1.680 1.619 1.556 1.52- 
67.000 1.480 1.769 1.737 1.671 1.603 1.572 
68.000 1.559 1.835 1.799 1.728 1.654 1.621 
69.000 1.644 1.907 1.868 1.790 1.711 1.675 

70.000 1.736 1.987 1.944 1.860 1.774 1.735 
71.000 1.837 2.075 2.029 1.937 1.844 1.803 
72.000 1.948 2.175 2.124 2.204 1.923 1.879 
73.000 2.072 2.286 2.231 2.123 2.013 1.965 
74.000 2.209 2.413 2.352 2.234 2.115 2.062 

75.000 2.365 2.557 2.491 2.362 2.232 2.174 
76.000 2.541 2.722 2.650 2.508 2.366 2.304 
77.000 2.744 2.914 2.834 2.679 2.523 2.454 
78.000 2.979 3.140 3.051 2.880 2.708 2.632 
79.000 3.256 3.407 3.309 3.119 2.929 2.845 

80.000 3.588 3.730 3.620 3.408 3.196 1.102 
81.000 3.993 4.126 4.002 3.763 3.524 3.418 
82.000 4.496 4.624 4.482 4.210 3.938 3.817 
83.000 5.147 5.265 5.102 4.788 4.473 4.334 
84.000 6.011 6.124 5.931 5.561 5.191 5.027 

85.000 7.218 7.329 7.096 6:648 6.201 6.002 
86.000 9.029 9.141 8.848 8.285 7.722 7.472 
87.000 12.044 12.168 11.775 11.020 10.265 9.931 
88.000 18.072 18.229 17.638 16.501 15.365 14.862 
89.000 36.151 36.431 35.246 32.969 30.691 29.682 

Toluene 

1.497 
1.144 
1.157 
1.171 
1.185 
1.200 

1.216 
1.234 
1.252 
1.272 
1.293 

1.316 
1.341 
1.368 
1.397 
1.429 

1.464 
1.502 
1.544 
1.591 
1.642 

1.700 
1.764 
1.837 
1.919 
2.013 

2.121 
2.245 
2.390 
2.561 
2.766 

3.014 
3.319 
3.705 
4.204 
4.873 

5.817 
7.239 
9.618 

14.391 
28.738 
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TABLE TWO 

n . - 1.50 MAGNIFICATION 
prism 

' . =60° 
prism 

0 Air Methanol Ethanol Dimethyl- 
malonate 

cci4 Tri¬ 
chloro¬ 

ethylene 

Toluene 

rijjj 1.000 1.327 1.359 1.414 1.461 1.480 1.497 

50.000 1.042 1.129 1.110 1.072 1.035 1.018 1.003 
51.000 1.072 1.140 1.119 1.078 1.037 1.020 1.003 
52.000 1.103 1.152 1.129 1.084 1.040 1.021 1.003 
53.000 1.135 1.164 1.139 1.091 1.044 1.023 1.004 
54.000 1.169 1.178 1.150 1.098 1.047 1.025 1.004 

55.000 1.203 1.192 1.162 1.106 1.051 1.026 1.004 
56.000 1.239 1.207 1.175 1.114 1.055 1.029 1.005 
57.000 1.276 1.224 1.189 1.123 1.059 1.031 1.005 
58.000 1.315 1.241 1.203 1.133 1.064 1.033 1.005 
59.000 1.356 1.260 1.219 1.143 1.069 1.036 1.006 

60.000 1.400 1.280 1.237 1.154 1.074 1.039 1.006 
61.000 1.446 1.302 1.255 1.167 1.080 1.042 1.007 
62.000 1.495 1.326 1.275 1.180 1.087 1.046 1.007 
63.000 1.547 1.353 1.298 1.195 1.094 1.050 1.008 
64.000 1.603 1.381 1.322 1.212 1.103 1.054 1.009 

65.000 1.664 1.412 1.349 1.230 1.112 1.059 1.009 
66.000 1.729 1.447 1.378 1.250 1.122 1.065 1.010 
67.000 1.799 1.485 1.411 1.272 1.133 1.071 1.011 
68.000 1.876 1.527 1.447 1.297 1.146 1.078 1.013 
69.000 1.961 1.573 1.487 1.325 1.161 1.086 1.014 

70.000 2.053 1.625 1.532 1.357 1.178 1.095 1.015 
71.000 2.156 1.684 1.583 1.392 1.197 1.106 1.017 
72.000 2.269 1.750 1.641 1.433 1.218 1.118 1.019 
73.000 2.397 1.825 1.706 1.480 1.244 1.132 1.022 
74.000 2.540 1.910 1.781 1.534 1.273 1.149 1.025 

75.000 2.703 2.009 1.868 1.596 1.308 1.169 1.028 
76.000 2.889 2.123 1.968 1.670 1.350 1.193 1.033 
77.000 3.104 2.256 2.086 1.756 1.399 1.222 1.038 
78.000 3.355 2.413 2.226 1.860 1.460 1.258 1.044 
79.000 3.653 2.602 2.393 1.985 1.533 1.303 1.053 

80.000 4.010 2.830 2.597 2.138 1.626 1.359 1.064 
81.000 4.448 3.113 2.849 2.329 1.742 1.432 1.079 
82.000 4.496 3.469 3.168 2.573 1.893 1.528 1.099 
83.000 5.702 3.931 3.583 2.891 2.094 1.658 1.128 
84.000 6.644 4.553 4.142 3.323 2.371 1.840 1.172 

85.000 7.964 5.428 4.931 3.936 2.770 2.108 1.240 
86.000 9.946 6.750 6.123 4.867 3.383 2.529 1.358 
87.000 13.252 8.963 8.121 6.433 4.426 3.257 1.581 
88.000 19.868 13.404 12.136 9.589 6.548 4.758 2.093 
89.000 39.724 26.760 24.217 19.105 12.985 9.360 3.813 



-24- 

TABLE THREE 

r*prisn 
1.50 MAGNIFICATION ^prism- 45° 

0 Air Methanol Ethanol Dimethyl - cci4 Tri¬ Toluene 
malonate H* 

chloro¬ 
ethylene 

n 1.000 1.327 1.35S i 1.414 1.461 1.480 1.497 

50.000 1.282 1.144 1.120 1.076 1.036 1.019 1.003 
51.000 1.307 1.154 1.128 1.082 1.038 1.020 1.003 
52.000 1.333 1.165 1.137 1.087 1.041 1.021 1.003 
53.000 1.360 1.176 1.147 1.093 1.044 1.023 1.004 
54.000 1.389 1.189 1.157 1.100 1.047 1.025 1.004 

55.000 1.419 1.202 1.168 1.107 1.050 1.026 1.004 
56.000 1.452 1.216 1.180 1.115 1.054 1.028 1.004 
57.000 1.486 1.231 1.192 1.123 1.058 1.030 1.005 
58.000 1.522 1.248 1.206 1.132 1.063 1.033 1.005 
59.000 1.561 1.265 1.221 1.142 1.067 1.035 1.006 

60.000 1.603 1.285 1.238 1.153 1.073 1.038 1.006 
61.000 1.647 1.306 1.255 1.165 1.079 1.041 1.007 
62.000 1.695 1.328 1.275 1.178 1.085 1.045 1.007 
63.000 1.747 1.353 1.296 1.192 1.092 1.049 1.008 
64.000 1.803 1.381 1.319 1.208 1.100 1.053 1.008 

65.000 1.863 1.411 1.345 1.225 1.109 1.058 1.009 
66.000 1.929 1.444 1.373 1.245 1.119 1.063 1.010 
67.000 2.001 1.481 1.405 1.266 1.130 1.069 1.011 
68.000 2.080 1.521 1.440 1.290 1.143 1.076 1.012 
69.000 2.166 1.567 1.479 1.318 1.157 1.084 1.014 

70.000 2.262 1.618 1.523 1.348 1.173 1.093 1.015 
71.000 2.368 1.675 1.573 1.383 1.192 1.103 1.017 
72.000 2.487 1.739 1.629 1.423 1.213 1.115 1.019 
73.000 2.620 1.812 1.693 1.469 1.238 1.129 1.021 
74.000 2.771 1.896 1.766 1.522 1.267 1.146 1.024 

75.000 2.942 1.992 1.851 1.583 1.302 1.166 1.028 
76.000 3.139 2.104 1.949 1.655 1.342 1.190 1.032 
77.000 3.367 2.235 2.065 1.740 1.391 1.218 1.037 
78.000 3.634 2.389 2.202 1.842 1.451 1.254 1.044 
79.000 3.950 2.575 2.366 1.965 1.624 1.298 1.052 

80.000 4.331 2.799 2.567 2.116 1.615 1.354 1.063 
81.000 4.798 3.077 2.815 2.304 1.731 1.426 1.078 
82.000 5.383 3.428 3.129 2-544 1.880 1.521 1.098 
83.000 6.137 3.884 3.538 2.859 2.079 1.651 1.127 
84.000 7.145 4.496 4.088 3.285 2.354 1.832 1.171 

85.000 8.559 5.360 4.866 3.890 2.749 2.099 1.239 
86.000 10.683 6.663 6.041 4.809 3.356 2.516 1.356 
87.000 14.228 8.846 8.012 6.355 4.391 3.240 1.580 
88.000 21.325 13.228 11.971 9.472 6.496 4.734 2.091 
89.000 42.630 26.407 23.887 18.871 12.881 9.312 3.809 
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TABLE FOUR 

n . - 1.73 TRANSMISSION PER PASS v . = 59.5° 
prism 'prism 

0 Air Methanol Ethanol Dimethyl - 
malonate 

CCI 
4 

Tri¬ 
chloro¬ 
ethylene 

Toluene 

1.000 1.327 1.359 1.414 1.461 1.480 1.497 

50.000 1.3235 0.8122 0.8172 0.8304 0.8458 0.8531 0.8599 
51.000 1.2294 0.7968 0.8029 0.8177 0.8346 0.8424 0.8496 
52.000 1.1496 0.7813 0.7883 0.8047 0.8229 0.8313 0.8392 
53.000 1.0800 0.7654 0.7735 0.7914 0.8109 0.8198 0.8283 
54.000 1.0183 0.7493 0.7583 0.7776 0.7985 0.8080 0.8169 

55.000 0.9626 0.7329 0.7427 0.7634 0.7856 0.7956 0.8051 
56.000 0.9116 0.7162 0.7268 0.7488 0.7722 0.7828 0.7927 
57.000 0.8645 0.6991 0.7104 0.7337 0.7583 0.7694 0.7799 
58.000 0.8206 0.6816 0.6936 0.7181 0.7438 0.7554 0.7664 
59.000 0.7792 0.6636 0.6763 0.7020 0.7288 0.7409 0.7523 

60.000 0.7400 0.6452 0.6585 0.6852 0.7131 0.7256 0.7375 
61.000 0.7026 0.6264 0.6402 0.6679 0.6967 0.7097 0.7221 
62.000 0.6667 0.6070 0.6213 0.6499 0.6796 0.6931 0.7058 
63.000 0.6322 0.5872 0.6019 0.6312 0.6618 0.6757 0.6888 
64.000 0.5987 0.5668 0.5818 0.6119 0.6431 0.6574 0.6709 

65.000 0.5662 0.5458 0.5612 0.5918 0.6237 0.6383 0.6522 
66.000 0.5346 0.5243 0.5399 0.5709 0.6034 0.6183 0.6325 
67.000 0.5037 0.5022 0.5179 0.5493 0.5822 0.5973 0.6118 
68.000 0.4734 0.4795 0.4954 0.5269 0.5601 0.5754 0.5901 
69.000 0.4437 0.4563 0.4721 0.5036 0.5370. t 0.5525 0.5673 

70.000 0.4145 0.4325 0.4482 0.4796 0.5130 0.5285 0.5434 
71.000 0.3858 0.4082 0.4237 0.4548 0.4880 0.5035 0.5185 
72.000 0.3575 0.3834 0.3986 0.4292 0.4620 0.4774 0.4923 
73.000 0.3297 0.3581 0.3729 0.4028 0.4351 0.4503 0.4651 
74.000 0.3023 0.3324 0.3467 0.3758 0.4073 0.4222 0.4367 

75.000 0.2754 0.3064 0.3201 0.3480 0.3786 0.3931 0.4072 
76.000 0.2490 0.2800 0.2931 0.3197 0.3490 0.3630 0.3767 
77.000 0.2231 0.2535 0.2658 0.2909 0.3188 0.3321 0.3453 
78.000 0.1978 0.2270 0.2384 0.2618 0.2879 0.3006 0.3130 
79.000 0.1732 0.2006 0.2110 0.2325 0.2567 0.2684 0.2801 

80.000 0.1493 0.1745 0.1838 0.2033 0.2253 0.2360 0.2467 
81.000 0.1264 0.1488 0.1571 0.1743 0.1939 0.2035 0.2131 
82.000 0.1045 0.1239 0.1310 0.1459 0.1629 0.1713 0.1798 
83.000 0.0839 0.1001 0.1060 0.1184 0.1327 0.1399 0.1471 
84.000 0.0647 0.0776 0.0823 0.0923 0.1038 0.1097 0.1155 

85.000 0.0472 0.0569 0.0605 0.0680 0.0760 0.0813 0.0859 
86.000 0.0319 0.0385 0.0410 0.0463 0.0525 0.0556 0.0588 
87.000 0.0189 0.0229 0.0244 0.0277 0.0315 0.0335 0.0355 
88.000 0.0089 0.0108 0.0115 0.0131 0.0150 0.0159 0.0169 
89.000 0.0024 0.0029 0.0031 0.0035 0.0040 0.0043 0.0045 
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TABLE FIVE 

n . =1.50 TRANSMISSION PER PASS y. =60.0° 

0 Air Methanol Ethanol Dimethyl - 
malonate 

cci4 Tri¬ 
chloro¬ 

ethylene 

Toluene 

50.000 
1.000 1.327 1.359 1.414 1.461 1.480 1.497 

0.8565 0.8753 0.8940 0.9298 0.9659 0.9820 0.9971 
51.000 0.8316 0.8662 0.8862 0.9246 0.9633 0.9806 0.9969 
52.000 0.8073 0.8567 0.8780 0.9190 0.9605 0.9791 0.9967 
53.000 0.7833 0.8468 0.8695 0.9132 0.9575 0.9775 0.9964 
54.000 0.7597 0.8364 0.8605 0.9069 0.9543 0.9758 0.9961 

55.000 0.7363 0.8256 0.8511 0.9004 0.9509 0.9739 0.9958 
56.000 0.7132 0.8143 0.8412 0.8933 0.9473 0.9719 0.9955 
57.000 0.6902 0.8024 0.3807 0.8859 0.9433 0.9698 0.9951 
58.000 0.6672 0.7900 0.8197 0.8779 0.9390 0.9674 0.9947 
59.000 0.6443 0.7769 0.8080 0.8694 0.9344 0.9648 0.9943 

60.000 0.6214 0.7631 0.7957 0.8603 0.9294 0.9621 0.9939 
61.000 0.5985 0.7486 0.7826 0.8505 0.9240 0.9590 0.9933 
62.000 0.5755 0.7333 0.7687 0.8399 0.9181 0.9556 0.9928 
63.000 0.5524 0.7172 0.7540 0.8286 0.9116 0.9519 0.9921 
64.000 0.5291 0.7002 0.7383 0.8164 0.9045 0.9479 0.9914 

65.000 0.5058 0.6822 0.7216 0.8032 0.8967 0.9433 0.9906 
66.000 0.4823 0.6632 0.7039 0.7890 0.8881 0.9383 0.9897 
67.000 0.4586 0.6432 0.6851 0.7735 0.8786 0.9326 0.9887 
68.000 0.4348 0.6221 0.6650 0.7568 0.8680 0.9263 0.9876 
69.000 0.4108 0.5998 0.6436 0.7387 0.8563 0.9192 0.9863 

70.000 0.3867 0.5762 0.6209 0.7190 0.8433 0.9112 0.9848 
71.000 0.3624 0.5514 0.5967 0.6977 0.8287 0.9020 0.9830 
72.000 0.3381 0.5253 0.5710 0.6745 0.8124 0.8916 0.9810 
73.000 0.3137 0.4979 0.5838 0.6493 0.7941 0.8796 0.9786 
74.000 0.2892 0.4692 0.5149 0.6220 0.7735 0.8659 0.9758 

75.000 0.2648 0.4391 0.4844 0.5924 0.7503 0.8499 0.9724 
76.000 0.2406 0.4077 0.4522 0.5603 0.7241 0.8314 0.9683 
77.000 0.2165 0.3751 0.4184 0.5256 0.6944 0.8097 0.9632 
78.000 0.1927 0.3414 0.3830 0.4883 0.6608 0.7842 0.9570 
79.000 0.1692 0.3067 0.3462 0.4482 0.6228 0.7541 0.9490 

80.000 0.1464 0.2713 0.3081 0.4055 0.5799 0.7184 0.9389 
81.000 0.1242 0.2354 0.2691 0.3602 0.5315 0.6761 0.9256 
82.000 0.1029 0.1995 0.2295 0.3128 0.4774 0/6257 0.9077 
83.000 0.0827 0.1639 0.1899 0.2637 0.4173 0.5659 0.8831 
84.000 0.0638 0.1294 0.1509 0.2136 0.3516 0.4955 0.8481 

85.000 0.0466 0.0966 0.1135 0.1639 0.2811 0.4137 0.7970 
86.000 0.0314 0.0665 0.0787 0.1160 0.2079 0.3210 0.7197 
87.000 0.0186 0.0403 0.0480 0.0723 0.1356 0.2205 0.6002 
88.000 0.0087 0.0193 0.0232 0.0356 0.0701 0.1205 0.4180 
89.000 0.0023 0.0052 0.0063 0.0099 0.0204 0.0372 0.1726 
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entrance and exit windows 

were aligned to be near 

normal to the incident and 

transmitted light. 

Using the cavity shown 

in Figure 12 the following 

configurations were tested: 

1) Prism of n=1.73,y=60°. 
In air. 

2) Prismiof n=l.73,y=60°; 
Prismzof n=1.48, =60°. 
Both in air. 

3) As in (2), but Prisnu 
in Trichloroethylene. 

In each case, the grating (1800L/mm) was used in first order. 

Normalized to the first test, the expected improvement in 

feedback may be calculated from the- tables. For a total 

magnification of 18: 

Test Feedback 

1 1.000 

2 1.375 

3 2.981 

Scans were made across the lasing spectrum for the organic 

dye Rhodamine 6G. The cavity was tuned to a wavelength 

measured by a spectrometer with a 0.1Â resolution. The 

average power was then measured using a calibrated thermopile. 

From the measured average power, the peak power was calcu¬ 

lated from the pulse width and pulse rate. The results 

showed no appreciable improvement for test 2, but test 3 

showed significant improvement. The results are shown in 

FIGURE 12 — The New Cavity 
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Figure 13. The third test configuration (one prism in a bath) 

resulted in a maximum of 60% increase in peak power with a 

subsequent increase of approximately 10% in the tuning range. 

Since such improvement resulted from only an increase of 

2.981 in the transmission through the prisms, the author is 

currently designing a X25 prism-beam-expander network with an 

expected transmission approaching 50%.(Compare to 0.8% for 

one prism in air at X18 magnification.) 

It was mentioned earlier that the linewidth can be de¬ 

creased by increasing the angle of diffraction 6, but only at 

a subsequent decrease in tuning range. The next chapter deals 

with an alternative solution. 
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PEAK POWER VS. WAVELENGTH 

wavelength 

i i . i — "i—'—■[ ■   ■ | ■ 1 ■ '11 | | | | I | 

5700 5800 5900 6000 A 

DATA 

Without Tank: One prism;n=1.73,Y=59-5° 

In air. 
Magnification: 18 

With Tank: Two prisms: 
Pi—n=1.73 , 

Y=59.5°, 
P2—n=1.48 

Y=60.0°. 
PI in Trichloro¬ 

ethylene. FIGURE 13— Test Results 
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4 
Alternative Techniques 

Increasing the angle of 

diffraction 6 usually denotes 

operating the grating in 

higher orders. The line- 

width decreases with increas¬ 

ing order m due to the in¬ 

crease in the angular dis¬ 

persion: 

d9 . 2tani= isec9. 
dX X m 

To get the linear dispersion, d£/dX, the equation is multi¬ 

plied by the focal length of the telescope, F: 

d l cde 
3X “ TX " 

2Ftan9 . pd 
X m • 

sece. 

However, while both the angular and linear dispersions 

increase with m, the free spectral range is reduced,as: 

FSR = X/m. 

There is an alternative approach which avoids this conflict. 

In the mid 1950's high dispersive gratings were not 

available. To obtain high angular dispersions, many spec¬ 

trometer designs were proposed that involved multi-passing 

a single grating.5 »6’7’8•9 When the spectrometer is in near 

littrow mount, each reflection off the grating results in a 
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increase of the angular 

dispersion by a factor of two. 

Designs were submitted that 

involved as many as 4 reflec¬ 

tions off the same grating. 

(See Figures 14.) Popular 

acceptance of these designs 

faded as grating manufac¬ 

turing technology improved. 

To the author’s best 

knowledge, he has successfully 

applied this technique to 

dye lasers for the first 

time. 

To use this technique the grating is no longer operated 

in a direct littrow mounting, but is turned to direct the 

blazed order onto a plane mirror. The mirror is aligned 

normal to the light reflected from the grating; consequently, 

the light travels back to the grating at the original 

diffraction angle. The second diffraction therefore occurs 

at the original incidence angle. The grating is then once 

again in a littrow mount configuration. Since two passes 

off the grating have occured, the system now has twice the 

angular dispersion. (Cf. math appendix II for details of the 

derivation.) 

Using test configuration one,(one prism in air), with 
o 

a grating of 1200 lines/mm, a linewidth of 0.25A is typically 

obtained for a magnification of 18. Double passing the grating 

FIGURE 15 — Double Pass Dye 
Laser Cavity 
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resulted in a measured linewidth of 0.12Â. No decrease in 

power was noted. In both cases the total cavity length of 

17cm was maintained, as was the magnification and input 

pumping power. A cavity design using two mirrors to quad¬ 

ruple pass the grating is now currently now under investigation 

by the author. 

4.2 -- Projected Refinements 

By immersing a grating in a solution of high index of 

refraction, it is possible to shift the energy distribution 

into higher orders than the order for which the grating is 

blazed. 

When a plane grating blazed for first order is immersed 

the diffracted light is shifted into the third, fourth, and 

fifth orders; in other words, the blaze has been shifted. 

When an echelle grating blazed for 41st order is immersed, a 

shift of energy into the 68th order results.10 

o 
To maintain a FSR of no less than 400A it is necessary 

to limit the order of the grating to eight. Plane gratings 

are almost always blazed in low orders (1 or 2), and because 

of this the groove shapes in the grating can be controlled with 

much accuracy. Typically, plane gratings exhibit 80% effi¬ 

ciencies in their blazed orders. On the other hand echelle 

gratings are blazed for large orders (usually 8 or 39), but 

the control over the groove shape is limited because of the 

necessary groove depth to achieve the high blaze angles. 

Consequently, echelle gratings exhibit efficiencies much less 
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than plane gratings, usually 50%. By using an immersed plane 

grating, it is possible to transfer the energy into higher 

orders such that the efficiency exceeds that of an echelle. 

Investigation of this technique is currently under way by 

+ 
the author. 

4.3 -- In Summary 

In Summary, three new designs have been proposed to 

replace the two designs now in use in the Atomic Collisions 

Laboratory. They are presented in Figures 7,12, and 15. 

Each of the three designs satisfies the four requirements 

set forth in chapter one: 

1) Maintain or improve the existing 
efficiency. (FROM 2% TO 3%) 

2) The linewidth must be improved 0 

by a factor of ten. (FROM 0.75 TO 0.12A)* 

3) To permit the use of broad band 
laser dyes, the cavity must be 
useful over tuning ranges ap- 0 

proaching 400A. (Maintained FSR AT 5000A)* 

4) Incur as little expense as possible. 
(TOTAL EXPENSE LESS THAN $100). 

+ 
See appendix III for details concerning pertinent equations. 

o 

* For the çavities using the echelle grating: linewidth: 0.05A; 
FSR: 400A. 
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MATHEMATICAL APPENDICES 

Appendix One 

The four equations repre¬ 

senting Fresnel's laws of reflection 

may be found in almost any 

advanced optics textbook. 

They are usually stated in 

the following form: 

R sin(<M>') — eu 
Eg sin(<t>+<j>') 

tan(4>-<J>') 

Ep tan(<j>+<j>' ) 

E^ 2si ntj) * cosc^ 

Es sin(4>+4>' ) [2] 

E' 2si nd> ' cosd> 
[3] -2. =   [4] 

Ep sin(4>+4>' ) cos 1 ) 

In addition to the Fresnel equations , the boundary conditions 

for the normal and tangential components of the electric 

field intensity ? give two more equations: 

The derivation for these equations from the boundary conditions 

may be found in FUNDAMENTALS OF OPTICS, by F.A. Jenkins and 

H.E. White,(McGraw-Hill Book Company) 1957, p. 529-33. 

Since it is not the simple ratio of the E.vectors that is 

usually measured but rather the square of the ratios, 
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the boundary value equations are not generally used. Instead, 

an expression of conservation of energy is used which utilizes 

the squared E ratios. The square of the E ratios represents 

the ratio of the intensités. The energy is given by the 

intensity multiplied by the cross sectional area of the 

incident, reflected, or refracted light. The intensity of 

light in a refractive medium is just the intensity ratio 

multiplied by the index of refraction n. Since the incident 

light undergoes refraction at the medium surface the cross 

sectional area of the refracted light will differ from the 

cross sectional area of the incident light by the ratio 

Consequently, the conservation of energy for light incident 

on a surface may be expressed: 

cos<|> '/cos<f>. 

which applies to either s or p light. 
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Appendix Two 

From Figure 17: 

sinai = cosysina 

sin3i = cosysing 

Substituting into the general 

grating equation,the relation 

mX = d(sinai + singi) 

is obtained. Defining 

d* = dcosy, 

the equation reduces to 

mX = d'(sina + sing) . 

If the angle of diffraction 

for light of wavelength (X+AX 

is (g+Ag), then 

m(X+AX)=d{cosysina + cosysin(g+Ag)} 

=d'(sina + sing) + d'Agcosg. 

So, 

mAX = d'Agcosg. 

The angular dispersion for the first diffraction is thus 

Di = —- = tn . 
AX d'cosg 

For the second diffraction the general diffraction equation 

is given by 

FIGURE 17 — A center (0) 
lies on the axis of a large cyl¬ 
inder with grating rulings para¬ 
llel to this axis (OR). An 
incident ray is (AO) and its 
diffracted ray is (OB). A line 
(OH) lies on the grating surface 
and is perpendicular to both the 
normal (ON) and (OR). A cross 
line made by both the plane 
(ON-OR) is (ON) and a projected 
line of (AO) on the plane (0N-0H) 
is (A'O). The cross line made by 
both the plane (0B-0H) and the 
plane (0N-0R) is (ON") and the 
projected line of (OB) on the 
plane (0N-0H) is (OB'). 

mX = d"(sina + sing), 

where d" = dcosy' . 

The angle y' is the angle of oblique incidence for the 

second pass on the grating. 
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For the second diffraction,the angle of incidence 

is (3 -A3) for light of wavelength (X + AX). Therefore, with 

the angle of diffraction just (a + Aa): 

m(X+AX) = d{coSY'sin(3-A3) + C0SY'sin(a+Aa) 

= d"(sina+sin3) + d"(Aacosa-A3cos3)» 

so, mAX = d"(Aacosa-A3cos3)• (a) 

From the results of the first diffraction off the grating 

mAX = d'A3cos3. (b) 

Combining equations (a) and (b) one arrives at 

d" 1 - ~p~ mAX = d"Aacosa . 

The angular dispersion for the second diffraction is thus 

D2 
Aa 
AX 

cT_ m 
d' d"cosa ’ 

or, in terms of Dj: 

D2 
cos3 
cosa * 

For the special conditions present when the grating is in 

a littrow mount configuration, a=3;Y=Y'- Thus 

D2 = 2Di . 
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Appendix Three 

Figure 18 shows a grating immersed in a medium of 

refractive index n. covered by a glass plate of index n . l m g 

From Snell's law then, 

n^sina = ngsin& = n
al-r

sinY = siny. 

For a grating in littrow mount, the grating equation 

(with the grating immersed) is 

mX. = 2dsina, un 

where X. = X/n. un un 

Writing the equation in terms of X results in 

mX = 2d*n. sina * 2dsiny . un 
But this is just the equation for the grating in air. There¬ 

fore, the spectrum produced by a grating in immersion will 

be identical to the same grating's spectrum in air. 



Any of the diffraction orders produced by a grating 

may be used in a littrow configuration, but as most of the 

incident light is directed into one of the available orders 

(the blazed order) at the expense of the others, gratings 

are almost never used in littrow mount outside the blazed 

order. Thus, before immersion 

mX = 2dsiny = 2dsincx, 

where a is the blaze angle of the grating. (See Figure 18) 

With the grating in immersion, 

siny = n. sina.. 

So, for a given X, the order in which the blaze appears is 

now m*n. . Generally n. is not an integer, so the blaze l m * im 

will appear spread out over more than one order. 



FIGURE 19 — Elastic Membrane 

Appendix Four 

Elastic Membrane Electric Field Modeling 

A4.1—Theory of an Elastic Membrane 

For the membrane, the following three assumptions are 

made : 

1) The membrane is homogeneous 
and perfectly flexible. 

2) The membrane is stretched and fixed 
along it entire boundary. The mem¬ 
brane is allowed to come to equilibrium 
such that the tension is constant through¬ 
out the membrane. 

3) The deflection of the membrane is small 
compared with the size of the membrane, 
and all inclination angles are small. 

To derive the equation governing the membrane's deflection, 

consider the forces acting on a small segment of the surface 
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as shown in Figure 19. The sides of the portion of the 

membrane have the dimensions Ax and Ay . The forces acting 

on the edges may be expressed in terms of the tension T 

(force per unit lèngth) as TAx and TAy. Since the membrane 

is perfectly flexible TAx and TAy are tangent to the membrane, 

The net upward force in the yu plane on the portion 

is then given by the equation 

A F = TAz/sinS - TAz/sina . 

Since the angles are small, their sines may be replaced with 

their tangents, which may be written as 3u/3x. Therefore, 

AF - TAy 3 3 ££utx+Ax,yi) - ^u(xayz) 

where y\ and yz lie between y and y+Ay . 

The net force in the xu plane is given similarly as 

AF = TAx X 
3 3 ^u(xXay+Ay) - ^u(xZay) 

The entire system is in equilibrium, therefore the sum of 

the forces acting on the membrane segment must be zero. 

Thus : 

0 = F + F = TAy y x 3 
3 3 ^u( X+AX3 yx) - ^u(x3yz) 

+ TAx 3 3 j^u(xx>y+Ay) -2y*(xZay) 

Recalling the definition 

3 3 lim u(x+Ax,yx)- ^ u(x3yz) 3z 
A x-*-0— :  = — u(xay) , 

Ax 3x2 

the equation then becomes 

0 - 3
2
*/3X

2
 + 3

2
U/3Z/

2
 = V2u, 

which is equivalent to the electrostatic Laplace equation 

with the deflectionu corresponding to the electric potential. 
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Consider now a point mass 

moving without friction on the 

membrane. Figure 20 shows 

the forces acting on the mass 

m. From the figure, the hor¬ 

izontal component Ki is given 

by 

K\= mg’sinacosa. 

Furthermore, 

tana = -— , 
ds 

so, 

Ki = -mg_ 
du 
ds 

du> T 

i * (Sr) ds' 

As all angles of deflection are small du/ds << 1, so Ki may 

be written as 

K 
ix 

du 
= ^ 

7, du K - = -mg -T- 
à y a dy 

[1] 

Now the motion of an electron in an electric field is 

given by F=qE=-q^V. The components of which are 

d2a? 37 
qZx ’ 

[2] 
m- 
dt‘ 

d 2 y 37 
mdp- = -qTÏ 

These equations are equivalent to [1]. Therefore the motions 

of electrons in an electric field are equivalent to a point 

mass moving on a stretched membrane. 
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In conclusion then: when a set of boundary conditions 

are applied to an elastic membrane, the surface thus formed 

will assume a shape that satisfies Laplace’s equation, and 

furthermore, if a point mass is placed on the surface, its 

subsequent motion will be equivalent to that of a electron 

moving under the influence of an electric field with the 

same boundary conditions. 

A4.2 — An Application 

In 1976, a decision was made to design and construct an 

ion-beam deflection system for the Merged Beams Apparatus in 

the Atomic Collisions Laboratory at Rice University. The 

following specifications were placed on the instrument's 

design : 

1) Whatever system used must be 
capable of handling an ion beam 
as large as two inches in dia¬ 
meter in such a manner that all 
of the particles in the beam are 
focussed on an electron multiplier 
placed behind the system. 

2) The system must meet the rather 
severe dimensional limitations 
present in the detection chamber 
of the apparatus. 

3) The system must be shielded from 
the surrounding chamber to pre¬ 
vent the detector's receipt of 
signal not related to the ion 
beam. 

4) The entire system must be self- 
contained in that it may easily be 
removed for maintainance and/or 
modification. 
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5) Hardware to align the beam within 
the system must be included as 
part of the system. 

6) The deflection system must be bakable 
up to 200°C 

The purpose of the deflection system was to remove neutral 

background particles from the signal beam by deflecting 

the ion beam 90° and into an electron multiplier located in 

the top of the surrounding chamber. 

Constraints (2) through (6) were met by choosing the 

proper materials and careful engineering at the drafting 

board, but only detailed modeling would be able to show 

if the proposed system met specification (1)—the ability 

of the system to accurately deflect and focus a beam two 

inches in diameter. 

The author chose to model the system through the 

elastic membrane technique already described. A three foot 

square frame was constructed in which a neoprene sheet was 

stretched and firmly fixed in place. Adjustable jacks were 

placed underneath the frame to support the "electrodes" and 

to allow for their adustment in height(i.e. potential). 

Plate 1 portrays a typical setup. 

Before the system was used to test the proposed deflection 

design, tests were made to test the ability of the rubber 

sheet to predict trajectories of electrons in mathematically 

solvable fields. Agreement between test and theory was always 

better than 15%. Accordingly, the proposed deflection design 

was mimiced and tested on the rubber sheet. 



PLATE ONE 

PLATE TWO 
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The initial design was to consist of two concentric 

cylindrical plates. The beam was to enter normally between 

the cylinders and be delfected upward to the electron multi¬ 

plier. Since the cylindrical plates also inherently focus 

the beam, no further optics were considered necessary. When 

just two plates were modeled on the rubber sheet this be¬ 

haviour was observed. (Plate 2) However, when a grounded 

grid was included in the model to represent the presence 

of an energy analyzer that would be attached to the deflec¬ 

tion system when in acutal use, the expected minor pertur¬ 

bation was seen to be a severe perturbation. Also, when 

tests were conducted to investigate the instrument sensi¬ 

tivity for off axis beams, it was found that the trajectories 

were perturbed enough to seriously affect the focus of the 

beam onto the electron multiplier. (See Plates 3,and 4) 

The rubber sheet model proved invaluable in determining the 

placement, size, and potential of auxilliary delfection plates 

that corrected for the observed aberrations. (Plates 5,and 6) 

From the data thus obtained a deflection system was con¬ 

structed that consisted of the original concentric cylindri¬ 

cal plates plus two parallel plates placed between the 

electron multiplier and the main deflection system. (Figure 21) 

The deflection system's subsequent installation demon¬ 

strated that all six specifications were satisfied. The 

application of the elastic membrane electric field modeling 

technique proved to be simple, rapid, inexpensive, and 

accurate. So much so, that the technique is now regularly 

used in the Atomic Collisions Laboratory. 



PLATE THREE 

PLATE FOUR 



PLATE FIVE 

PLATE SIX 



FIGURE 21 

ELECTROSTATIC SIGNAL DEFLECTION SYSTEM 

Designed for use in the Merged Beams Apparatus of the Atomic 

Collisions Laboratory at Rice Universtiy. The final design of the 

ESDS relied on intensive elastic membrane electric field modeling 

tests. 
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Nine-tenths of modern science is in this 
respect the same: it is the produce of 
men whom their contemporaries thought 
dreamers—who were laughed at for caring 
for what did not concern them—who as 
the proverb went, "walked into a well 
from looking at the stars"—who were 
believed useless, if anyone could be such. 

Walter Bagehot: The English Constitution 


