
Office of imai Stsüfeh 

THE CÖiSTÜÜCTieM kM AÜAIYSIS ÖF 
RATIO aEFLECTÜETER 

Sy 

f-ml % SeEirei 

I 

Msy m$ 

Yislilgil 8« port 88. H?« 18 

QivitiMt of ItifissefiBg «n«» Äpplitd Physics 

tairvsret University * Csmfef^ge, ^8tstswsett$ 

"H 

• ««r 

. •■.---.-. ■-....-.-    ' -   .. . -.     ] att ;mlt ,,,,„affimrniäj,,!! X v 



BEST 
AVAILABLE COPY 



0{ii<~~ of Naval Research 

Contract N00014-67-A-0298-0012 

NR  - 017 - 0U8 

THE   CONSTRUCTION  AND   ANALYSIS 

OF   A   RATIO   REFLECTOMETER 

By 

Paul T.   McElroy 

May 1968 

Technical Report No.   HP-20 

Technical Report No. ARPA-33 

Reproduction in whole or in part is permitted by tha U. S. 
Government.    Distiibution of this document is unlimited. 

The research reported in this document was made possible through 
support extended the Division of Engineering and Applied Physics, 
Harvard University, by the Office of Naval Research, under Contract 
N00014-67-A-0298-0012 and by the Advanced Research Projects 
Agency   under   Contract   ARPA SD-88. 

~* *j fj »v v u 

Division of Engineering and Applied Physics 

Harvard University    Cambridge, Massachusetts 

«9-^ 
!'«<^B8R?fc--ai5t t.&5«igSe^gS 



PREFACE 

This technicaJ. report, entitled "The Construetion and 

Analysis of a Ratio Reflectometer", is the first of two re- 

lated reports bassd on the author's work at Harvard. The 

second, KP-21 (also known as ARPA-34), is entitled "The 

Application of the Ratio Reflectometer to Energy band Studies 

in Germanium and Gray Tin".  The report has been divided 

into these two parts both because of length and because in- 

dividual readers will usually have greater.- interest in one 

than in the other.  Cross references between the two parts 

have been minimized but not entirely eliminated. 
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ABSTRACT 

In our work we have conducted four related investigations: 

(l) the design and construction of a ratio reflectometer for optical 

measuremants; {2)  the description and analysis of a polarization de- 

pendent false structure in the reflectivity, which arises in the sys- 

tem monochromator; (3) the application of the ratio reflectom ter 

to the accurate measurement of reflectivity structure in germanium 

and gr^.,'' tin, which are then interpreted in terms of energy band 

models; and (4) the development of an improved method for theoreti- 

cally computing e_ through the study of the dependence of the diamond 

double group selection rules on light polarization direction, and 

a suggested modification to the double group labels at L, with par- 

ticular reference to gray tin. 

In this technical report we discuss (l) and (2) while (3) and 

(4) are considered in Technical Report HP-21 (ARPA-34), entitled 

"The Application of the Ratio Reflectometer to Energy Band Studies 

in Germanium and Gray Tin". 

(l) We have designed and built an optical-electronic system 

for reflectivity studies which has the following characteristics. 

Amplitude changes as small as .05^ can be detected, permitting f..e 

experimenter to measure fine structure and the effects of pertur- 

bations. The readout of reflectivity data is direct and rapid, and 

the sample volume is very large, enabling one to modify the sample 

crystal environment with a variety of stimuli. 
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Our discussion of the ratio reflectometer contains a full de- 

scription of the design problems and the final form of the optical, 

mechanical, and electronic components. We deal with the various 

sources of noise and their reduction, the factors affecting linear- 

ity and it? optimization, and scattered light and electronic drift 

as sources of false reflectivity structure. Normal operating con- 

ditions are described and a guide for locating system malfunctionr, 

is included. 

(2) False reflectivity structure of small magnitude, arising 

from the polarizing characteristics of our monochromator grating, 

was exactly correlated with peaks in the In curve occurring under 

the same polarization conditions. Our analysis shows the effect is 

not unique to our system; it may account for fine structure occasion- 

ally noted in the work of other investigators. 

We have studied the false structure in detail, dividing our 

effort into two parts. First, we examine the evidence supporting 

the hypothesis that some of the structure in iü(
>) arises fron 

changes in the angle of incidence of light on the grating, rather 

than wavelength changes. Sec one-:, we assume that all the I0(^) 

variation is due to angle of incidence variation in order to deter- 

mine the importance of this in creating false structure. We derive 

an expression for the reflectivity which indeed shows false structure 

correlated with the I0 structure.  In carrying out this analysis, we 

make use of two geometrical factors: the light incident on the grating 
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is not perfectly collimated; and our optical nystem obscures varying 

amounts of light from the incident light and reflected light optical 

paths. 

The false structure has been eliminated from our system by 

using light polarized parallel to the monochromator slit and by 

ensuring that the incident and reflected light paths do not obscure 

differing amounts of light. 



CHAPTER I 

INTRODUCTION 

A. THE UTILITY OF REFLECTIVITY MEASUREMENTS 
IN BAND STRUCTURE DETERMINATION 

Optical measurements are very useful in determining the allowed 

energies of electrons in solids. Our understanding of semiconductor 

energy iinds rests in large measure on such studies. 

1. Short Discussion of ÜMr.d Theory 

Electrons in atoms have discrete energies which are very narrowly 

defined. When these atoms are brought together to form a solid, the 

overlap of electronic wave functions results in a broadening of the 

energies into energy bands. 

The understanding of these bands has been advanced by the one- 

electron model. In this model, the wave function describing all the 

electrons In a solid is assumed to be the product of single electron 

wave functions. These one-electron wave functions take on different 

forms: they are localized on individual atomic sites in the case of 

electrons with high ionization energies, while higher energy electrons 

in the valence and conduction bands are more appropriately described 

by wave functions of the Bloch form which extend over the entire crystal 

volume. 

Both types of electron states can be studied using optical tech- 

niques, provided one extends his studies into the vacuum UV and X-ray 

regions. However, in our work, interest will be centered on the near 
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UV, the visible, and the near IR, where Bloch functions provide the 

appropriate description of the electron. Bloch functions have the form. 

bn(i?,?).^
?un(i?,-?) (1.1) 

where k is the crystal momentum of the electron and n is an index 

labeling the various energy bands. 

Within the Bloch electron framework, the crystal momentum, k, 

serves to label the various electron states, and electron band energy, 

E(k), is a function of k. Because the energies E(k) repeat throughout 

-».-♦. -» 
k space, E(k) vad. not be specified for all k values, but only for those 

. -»    . 
lying within the first Brillouin zone (a volume in the k space) appro- 

priate to the crystal being studied. The first Brillouin zone for the 

diamond crystal lattice is shown in Fig. 4-1. This is the zone for 

germanium and gray tin, the specific materials we shall study. The 

letters in the figure label various directions or points in k space 

which have high symmetry. 

A major goal of solid state studies is to determine the shape of 

the energy bands within the Brillouin zone since many properties of 

interest can be predicted from a knowledge of the zone. 

The band shape is not known a priori. Optical measurements com- 

prise one of many techniques for determining band detail. This infor- 

mation is restricted to small regions of the Brillouin zone. So that 

we may know the character of the bands throughout the entire zone, we 

resort to theoretical one-electron calculations such as the k»p, pseudo- 

potential, or "first principles" techniques. Crystal symmetries allow 
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us to apply group theory as an aid in the calculations. These same 

synunetries suggest preferred crystal orientations to the experimenter 

so that his data will most simply give information on the particular 

region of i? space of interest. 

Once the band structure information is complete, we can make 

a quantum mechanical calculation of a macroscopic quantity, such as 

the dielectric constant. This calculation provides a partial check 

on the internal consistency of much of the process described above. 

We can compare the calculated value of € with its measured value, 

e may either have been measured directly or computed phenomenologic- 

ally by applying the Kramers-Kronig theory to optical data. 

Thus, optical measurements provide both fundamental data to 

determine band structure and a means for checking the correctness 

of theoretical models by using additional sources of data. The work 

of Brust [1-01 ], in which € is calculated from bands derived from 

pseudopotential theory and compared with experiment, is an exciting 

example of this process at work. The rough agreement in structure 

is encouraging, but the differences in magnitudes and positions show 

that further work is necessary. 

The labors of theorist and experimentalist are complementary. 

The experimentalist often needs the insight provided by a band theory 

calculation to identify the Brillouin zone location of the effect he 

is studying; the theorist needs experimentally determined band separ- 

ations and curvatures at certain discrete points in order to perform 

his calculations. Although generally' fruitful, the exchange 



1-4 

occasionally shows signs of inbreeding, resulting is misldentifica- 

tlons which may take some time to root out. The process of reiden- 

tification and recalculation continues even in silicon and germanium, 

some of the best understood semiconductors.-*" Until this process is 

refined, we cannot hope to attain a perfect match of theory and ex- 

periment in the type of comparison Brust performed. 

2.    Optical Measurements 

Perhaps the simplest optical measurerosnt is sbsorption, which is 

actually measured by noting the transmitted light. Measurement of the 

absorption edge of a semiconductor is one of the most direct ways to 

determine its minimum band gap. With care, one can determine other 

Important band separations lying near the gap, but as one studies the 

light absorption of higher energies, a limitation is soon reached: 

too little light is transmitted to permit detection of changes due 

to further gaps. One possible solution is the use of thin films, pro- 

vided great care is taken in growing and preparing them so that they 

replicate bulk material properties as much as possible [1-04, pp. xlli, 

5-7]. 

Philipp and Taft [1-05], amongst others, pointed out the real 

utility of reflection measurements in determining band properties at 

energies Inaccessible by absorption techniques. There is an intimate 

relation between absorption and reflection; knowing the values of one 

for all wavelengths, one can then determine the values of xhe other. 

The papers by Herman [1-02] and Kane [1-03] are two recent examples. 
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Tliis rela' ionship between absorption and reflection is expressed 

analytically in the Kramers-Kronig relütions which coi. set n and k, 

or € and 6^, o. reflection amplitude and phase. Thus, by measur- 

ing reflection amplitude, one can compute reflection phase from the 

relations. These in turn give us n and k from which T, the quantity 

of light transmitted through the sample, can be computed. This 

cl je relationship between reflection and transmission encourages 

us in reflection studies for, knowing k or € , we can determine 

mora energy gaps. 

However, we must recognize certain experimental limitations: an 

accurate determination of n and k presupposes an accurate knowledge of 

the absolute value of R for all wavelengths. R must be estimated at 

unmeasured wavelengths and this estimate will affect n and k values 

at measured wavelengths. 

B. EXPERIMENTAL PROBLEMS 

Once one has admitted the usefulness of reflectivity measurements, 

the problem arises of designing equipment to measure magnitudes ac- 

curately and to determine fine structure. 

1. Standard Method 

The usual method employed in reflection and absorption measure- 

ments is to arrange a simple optical system in which monochromatic 

light illuminates a sample, is reflected (or transmitted), collected 

at a detector and amplified for display on a recorder. The spectral 

range of interest is swept twice: once with the sample in the light 
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beam and again without the sample. The two resultant traces, when 

divided, give the percent of light reflected. 

There are two major disadvantages to this technique. Drift 

in the components, particularly the light source, occurs between 

the two sweeps. This limits resolution of amplitude changes to 

1^6 of reflection amplitude. The standard employed is that amplitude 

change/drift = signal / noise = 1. 

A second disadvantage ia the delay that arises from the laborious 

process of reading intensities, dividing them, and then plotting the 

results before the experiment can be evaluated. This objection is 

not Just a matter of convenience. Often one experiment suggests 

another, and if results are not known immediately, it may be difficult 

or impossible to return to the original conditions. Changes of con- 

ditions during the time of the experiment may be difficult to detect, 

and the need for further measurements requiring greeter amplitude or 

wavelength resolution will be less obvious. 

C.  FURTHER MOTIVATION PROVIDED BY PHYSICAL PROBLEMS 

The objections Just cited are concrete enough, but one should 

ask if they are of significance in the types of experiments one con- 

siders performing. A number of examples con be adduced to support 

the construction of an Improved experimental system: specifically, 

the ratio reflectometer to be discussed later. 
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(1) In the first measurement of the reflectivity of germanium 

at normal incidence [1-05], a bump was noted at ?M5 eV, eventually 

ascribed to transitions occurring at a point along the 111 direction 

in k space. Determination of the splitting of this peak awaited the 

work of Taue and Antoncjfk [1-06]. The dip between the two peaks was 

small, about 1# at a reflectivity of 55^. Very careful point by point 

measurements were necessary to resolve thetn. A ratio system could and 

does display them directly.  In general, such spin-orbit splittings 

are small and are crucial in identifying reflectivity structure in 

terms of the Brillouin zone energy bands. 

(2) One can modify reflectivity structure by applying various 

stimuli to a sample. Uniaxial stress can cause cplittLngs and wave- 

length shifts [1-07]. Electr'c fields will cause wavelength shifts 

and change structure [1-08], while magnetic fields will add an undulant 

ripple to the basic structure [1-09]. Often these changes are small, 

either because of limitations in the size of the stimulus one can ap- 

ply, or because one wishes to study the effect as a function of the 

magnitude of the stimulus. Often a small value of a parameter, such 

as electric field, will produce a different effect from a large 

value [1-10]. 

One applies these stimuli because they give additional information, 

such as an effective mass, deformation potential, or sjinmetry infor- 

mation, not derivable from reflectivity alone. An experimental system 

with good resolution in amplitude and wavelength is necessary to 

measure these effects. 
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(3) Another class of experiments is concerned witli tne ab- 

sorption caused by deep-lying impurities in semiconductors. Their 

energy levels lie closer to the center of the fundamental gap thin 

do those of the hydrogenic impurities. It has generally proved im- 

possible to get concentrations of these impurities large enough to 

note their direct effect on the absorption of light. One exception 

is sulfur-doped silicon, but even here concentrations are lov; 
i 

10 - 10  impurities/cm0 [1-11]. The presence of impurities is 

i 
usually detected in photoconductivity measurements. The direct 

absorption measurement is more satisfftctory, since one need not con- 
i 

tend with the conduction mechanism which complicates interpretation. 

Electron spin resonance experiments are complementary, but do not 

replace the information gained in an absorption experiment. 

Because äe?p-lying impurity concentrations are low and their 

»rave fux.. tions highly localized, one mr...» have high amplitude sensi- 

tivity to detect their presence over background ataorption. Commercial 

double-beam units are not well adapted to this problem. The Gary 14- 

spectrophotomster cannot detect changes smaller than . / naar 100^ 

transnicsion. The ratio reflectotneter, when modified for absorption, 

should be better by an order of magnitude.* 

Thus, three classes of measurement motivate the construction of 

a ratio reflectometer: the fine structure of reflectivity, fine 
1 

structure Induced in reflection spectra by applied stimuli, and the 

Applied Riysicn Corp., Monrovia, California. 

This estimate is based on sensitivity In reflection measurements. 
No jnorption measurements were mad?. 
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sim. i.l absorption in certain materials such as that caused by deep- 

lying Impurities in semiconductors. 

D. THE RATIO REFLECTOMETER 

A ratio reflectometer is an admirable solution to the two prob- 

lems of amplitude sensitivity arid si J  data readout. Indeed, it was 

the experimental limitations which they Implied that provided the 

initial motivation to construct this instrument. 

Conceptually, a ratio reflectometer Is very similar to the 

double-beam units sold commercially for absorption measurements. 

Light from a monochromatr-- ^s divided into two beams. One beam il- 

luminates the sample and the other provides a reference channel without 

sample. Detection and electronics are contrived to present ultimately 

the light intensity reflected from the sample divided by that from the 

reference channel. A recorder displays R, the reflectivity. 

1. Sensitivity 

By  switching the li'jht quickly from one channel to the other, 

drift and noise of frequency whi^h is low compared to the switching 

frequency do not affect the reflectivity ratio. Amplitude sensitivity 

is improved. Under optimum conditions (Sec. II-D-5) signal changes 

as small as .05^ can be detected. Again, the criterion is that signal 

change/noise = 1.  rarious experimental complications, detailed in 

the next chapter, prevent realization of this sensitivity under some 

conditions. 
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When even greater sensitivity is required, a multichannel analyser 

can be coupled to the ratio reflectometer, thereby improving signal 

amplitude sensitivity by a factor equal to the square root of the 

number of scans tnrough the spectrum. Use of the multichannel analyser 

proved desirable in magnetic field studies. 

?_  Rapid Readout 

The ratio reflectometer displays directly and immediately the 

reflectivity on a chart recorder. If care is taken in alignrent, this 

readout is within +5^ of the absolute reflectivity.^ 

Scale expansion capabilities provide selection of nearly any arbi- 

trary upper and.  lower percentage limits for the recorder presentation. 

Thus, an initial run can be made looking at a sample spectrum in gross 

detail and then immediately followed by a finer examination of regions 

of special interest. This does not merely save time, although that is 

important in that it enables one to make corroboratory measurements, 

but more important, one can make different measurements before experi- 

mental conditions change. Time dependent phenomena are strikingly 

displayed. Some relate to phenomena in the samples themselves. Others 

are a result of degradation in certain experimental components. Both 

are worth knowing about; the first suggests new effects, the latter pre- 

vents waste effort on false effects. 

Bennett and Koehler [1-12] give a description of an  instrument where 
absolute errors are reduced to .1^. If one wishes an absolute calibra- 
tion for our system, an instrument conceptually similar to theirs 
should be constructed and sample reflectivity then checked at a few 
discrete wavelengths. 
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3. Sample Geometry 

A third consideration in designing and constructing a ratio 

reflectometer is the flexibility it provides in ensuring that the 

sample volume be sufficiently large. By sample geometry, we mean 

not just the sample and its mounts, but also the ancillary equipment 

necessary for temperature control and application of stimuli, includ- 

ing magnetic field. Commercial units are limited in this respect, 

since volumes are small and not easily modified. 

In conclus.on, a ratio reflectometer is justified in terms of 

its improved performance in sensitivity, rapid readout, and adequate 

sample volume. 

E. AR/R EFFECTS 

Close to the time of completion of the ratio reflectometer, new 

techniques were advanced, capable of measuring far smaller changes in 

reflectivity. These are called AR/R measurements and utilize phase 

sensitive detection of the effects upon sample reflectivity of an AC 

stimulus such as an electric field [1-13, 1-14] or uniaxial stress 

[1-15]. Alternatively, one can modulate the wavelength of light in- 

cident on the sample and again use phase sensitive det- .-tor systems 

to measure the results [1-16]. Changes as small as 1 in 10 have 

been detected [1-17]. 

AR is the modification to reflectivity caused by the given AC 

stimulus. Thus, when we modulate wavelength, AR = (iR/d?\)AA, where 
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M is the rras excursion of the wavelength. Similarly, with electric 

field the AR is related to dR/dE. The way in which the ^xperL. its 

are typically performed results in normalizing AR with R. 

By measuring slope, such as dR/dX or dR/dE, the AR/R measure- 

ment may isolate structure much more readily than a measurement of R, 

Further, the detection only of that quantity related to the slope, 

AR, and not the far larger R, results in greatly enhanced sensitivity. 

More explicitly, we are not detecting R and then differentiating it; 

rather, we measure the quantity AR directly. 

If one is interested in structure from an unperturbed sample, 

the bes« technique is that of varying the light wavelength by use of 

an  oscillating slit assembly. The variation of any other type of 

stimulus, such as electric field or stress, raises the question of 

how the stimulus modifies the effect being studied. Change certainly 

occurs with electric field measurements and the effect of the field 

must become an intimate part of any evaluation of the experimental 

data. Fortunately, present theory for electric field measurements 

gives direct interpretations of the optical structure in terms of 

the energy bands [1-18, 1-19]. Incidentally, the electric field of 

the light probing the sample is too small to be of concern except in 

the case of laser sources. 

In short, AR/R techniques provide a sensitive probe of band 

structure, differing from R measurements in their capabilities. The 

AC modulation can be used to study the unperturbed sample or the ef- 

fect on it of various stimuli such as electric field, magnetic field, 

or stress. 
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F. AR/R INSTRUMENTATION 

The ratio system proved readily adaptable to AR/R measurements 

in which electric field is the stimulus.  The only major addition 

was feedback circuitry to permit auttnatlc normalization of the data. 

One measures AIn - change of the intensity of the reflected light. 
K 

This is proportional to the level of reflected light = I .  In general, 
K 

AI,,/!,, = AR/R. SO if I_ = constant, Al_ is proportional to AR/R. 
n  K h K 

Feedback keeps ID - constant. 

The AR/R instrumentation offers the same advantages cited in 

the ratio reflectometer design itself: higher sensitivity, faster 

viewing of results, and large sample volume. The smallest signal 

change detectable in these experiments depends on total light inten- 

sity which in turn is determined by source intensity and slit width. 

The latter can he varied somewhat at will provided necessary resolution 

is not lost. 

We applied the electric field by using the sample as one electrode 

of an electrolytic cell, a technique originally developed by Williams 

[1-20] and applied -..'ith great success by Cardona [1-21]. 

G.  COMPARISON OF R AND AR/R METHODS 

In our own work, we have made both R and electric field AR/R 

measurements. The primary focus has been upon reflectivity. But 

we have attempted to see how that technique might supply information 

either lacking or confused in AR/R studies. 



1-14 

AR/R techniques are generally superior: 

(1) AR/R structure which is many times the noise level often 

has no reflectivity counterpart which is discernible above the noise. 

(2) M/R line widths are narrower. For instance, the "Q" of the 

germanium A transitions is roughly 50 in Seraphin's electric field 

AR/R study [1-14] and 3 in reflection.  (Compare Figs. 4-21 and 

4-6.) 

(3) The AR/R peaks suffer less broadening with temperature in- 

crease. 

(4) AR/R peaks induced by electric field are generally quite 

close in energy to the corresponding transition in the Brillouin 

zone, while reflectivity peaks may be .1 to .2 eV away. 

(5) We have noted the effect of an H field on "'e A transition 

in germanium in the presence of em electric field where no effect 

was noted in a straight reflectivity measurement. 

Nc.ietheless, reflectivity serves a number of useful purposes: 

(l) The analysis of AR/R data requires a knowledge of n and k. 

These are derivable from reflectivity provided one makes a reasonable 

attempt, to measure the absolute level of R and not just relative 

changes in its magnitude. Our own wide spectral range studies of gray 

tin can be used in a Kramers-Kronig analysis to give the first n and k 

values for that material. 

The peaks in AR/R occur at «-he same energies as those in Aei and Aea 
(Eq. 5.16), both of which theoretically peak when the joint density 
of states factor is a maximum. On the other hand, R is a function 
not only of es but of €i. The dispersive contribution results in a 
shift in R from the peak in €£. 
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(2) We have noted structure in R which is missing in AR/R studies, 

e.g., one of the L,, -* h~  transitions in gray tin. 

(3) R structure is not subject to the satellite effects occurring 

in AR/R measurements under electric field. These satellites are ad- 

ditional structural features associa .ed with one transition. Conse- 

quently, R structure, when seen, may be more easily interpreted.  In 

our own work, this has proved relevant in the analysis of structure 

in germanium near 3.2 eV and in Ct-Sn near 3.3 eV. 

(4) Optical transition selection rules change under the applica- 

tion of an  electric field. For example, some forbidden transitions 

become allowed. AR/R structure in the Of-Sn spectrum has been tenta- 

tively assigned to an electric field permitted transition [1-22]. 

By noting small structure at the same energy in reflectivity, we have 

disproved the original identification. 
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CHAPTER II 

RATIO REFLECTOMETER INSTRUMENTATION 

In the design and construction of the ratio reflectometer there 

were three major areas of concern. 

(1) Optics: implementation of beam splitting so as to permit 

ratio measurements with a minimum of reflectivity error. 

(2) Electronics: maximization of linearity and sensitivity in 

the processing of the signal and minimization of noise. 

(3) Sample geometry: sample arrangement to permit measurements 

at low temperature and under magnetic fields or applied stress. 

The reduction of noise, electronic a-id vibrational, was a major 

problem in all three areas. Once this was solved, the system worked 

with linearities of about 1$ and maximum sensitivities of .05^. 

The discussion of the ratio reflectometer is divided into three 

parts: 

(1) Design features of the final state with discussion of relevant 

problems. 

(2) Capabilities and limitations. 

(3) Alignment and use. 
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A. OPTICAL DESIGN FEATURES OF THE RATIO REFLECTOMETER 
IN ITS FINAL STATE AND RELEVANT PROBLEMS 

1. Basic Concepts in Design 

Care in optical design was central to the attainment of improved 

sensitivity, rapid readout and adequate sample volume. The prime op- 

tical feature was the use of a double-beam system, whereby monochro- 

matic light is switched alternately between the sample and reference 

paths. The beam splitter itself was of major importance. Equally im- 

portant was the quality of optical components, such as mirrors, where 

reflectivity structure might induce errors in R(^), the reflectivity 

of the sample. The System Block Diagram (Fig. 2-1) shows a general- 

ized layout of the double-beam system. The special features sire more 

evident in the details seen in Fig. 2-2. 

Light from a source (xenon arc or tungsten) is focussed on the 

entrance slit of a grating monochromator (JACO 82-000). Dispersed 

light is chopped (1080 Hz) and filtered upon leaving the monochromator. 

After passing through the first mirror system, it is divided into two 

beams by the beam splitter at .13 Hz. After the sample beam is re- 

flected, both beams are spatially recombined though temporally se- 

parated. The second mirror system permits focussing on a choice of 

detectors, usually photomultiplier tubes. The remaining processing 

is electronic. 

Aluminum mirrors have structure which modifies in time due to 

oxidation [2-01]. Therefore, the light intensity at the monochromator 
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exit slit '- [ '0,(7v.)) is reduced at each reflection by the factor 

R (A), tiich is the reflectivity of the xth aluminujn mirror. These 
A 

aluminum reflection factors may vary from one mirror to another or 

over r ^iven mirror surface. If light from the two beams should 

fall on different mirrors, or on different portions of the same 

mirror, false structure in the reflectivity measurement could result. 

This woulr1 certainly occur if the sample and reference beams 

underwent an imeqaai. number of aluminum mirror reflections. Figure 2-2 

shows the optical layout in detail. When the beams are separated, 

each undergoes the same number of reflectiont, from mirrors whose sur- 

faces were simultaneously deposited; when recombined, the two beams1 

images are superposed. By affecting each beam in the same way and 

to the same degree, the effects of mirror reflections are cancelled 

out. 

A similar philosophy is applied to the detector (and also the 

electronics). A single detector is employed and the images of the 

two beams are defocussed and superposed to minimize the effects of 

variation in detector sensitivity. Analytically we could say, if: 

lA*"J'('A) = light intensity at the monoclvcraator «xit slit,   (2.1) 

I_(A) = detected lig'.: level reflected from the sample, (2.2) 

I.(A) = detected light level in the reference beam, (2.3) 

R(^) = percent of light reflected from the sample, (2.U) 

R (A) = percent of light reflected from mirror T X, (2.5) 
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D(^) = a function proportional to the response of the 

detector to light, (2.6) 

then 

V^  V  ^WlVB.S.R(%.S.R7R2R10RllD(A) 

I-J^T ,m.s. 
= RU)   (2.7) 

I0'
ü • (A) RgRgR^g^     R^ ^^10\^ (A) 

provided R5 = R^ = RB<S- = \eam Splltter
+. and provided images are 

superposed on individual mirrors. 

The wavelength range is determined by the source, monochromator 

grating, and detector. At the time of writing this range was 2300- 

ll,0O0Ä although it could be extended into the infrared. 

A double-beam system, employing a beam splitter in conjunction 

with a specially chosen optical layout, ensures proper performrnce 

of the ratio reflectometer with a minimum of distortion. Individual 

components can. be considered within this framework. 

2. Sources 

The criteria for sources are simple. First, they must exhibit 

short term stability to eliminate noise. Slow drift.- pose no problem 

because of the dual beam nature of the system. Second, they must 

maximize the intensity of light entering the monochromator. This re- 

quires that the source have as high a brightness temperature as possi- 

ble and that its area be large enough to fill the entrance slit of 

the monochromitor. Shot effects in the detector axe a significant 

In the instrument described in ref. [1-12], high accuracy in absolute 
R values (.1^) is attained by interchanging mirrors equivalent to our 
mirrors ifh, 5, and the beam splitter, and then averaging the R values 
measured under the different conditions. 
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source of noise. Since S/N is proportional to "^Intensity in tho 

case of shot noise, hiph source intensity ensures that this noise 

is not the limiting factor ir over-all system performance. Third, 

source intensity should vary slowly with wavelength. Emission spikes 

resulting in sudden large amplitude changes may bring the electronic 

system into regions of nonlinearity. 

a. Tungsten Sources. The best tungsten sources are the iodine 

quartz lamps which can operate as much as U00oC hotter than the usual 

tungsten ribbon filament. The iodine vapor serves as a catalyst to 

scour the inside of the quartz envelope free of vaporized tungsten. 

The filament lasts longer and there is no coating of tungsten on the 

envelope to cut down intensity. The light output is remarkably stable 

in time,, and long term drift does not exceed 1^/hour, 3^ over its life- 

time.  Intensity is higher than in the usual filament lamps, as shown 

in Table 2-1, and varies smoothly with wavelength over the useful range 

o 
of 25C0A-2.7|j. (the quartz cutoff). The question of range is discussed 

more fully under filters. 

The disadvantages of these tungsten sources are their short life 

at maximum temperatures and their coil-like shape, which results in 

uneven illumination of the slit and hence of the sample. Also, it is 

important that the lamps be run at no less than 907» of rated wattage. 

If they are too cool, the iodine catalyst is ineffective and they be- 

come noisy. 
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TABLE 2-1 LIGHT SOURCE CHARACTERISTICS 

Source 
Type 

Identifying 
Number 

Color 
Temperature 

Relative 
Brightness 
at 5300X 

Lifetime 
Size of Hot 

Element 
(HxW) 

Ribbon 
filament 
tungsten 

GE 9A/T6J/L 2950-3000°K 0.08 200 Hrs. .68" X .Ok" 

Iodine 
quartz 
tungsten 

GE 6.6AM/CL ZOöO-ZlOO'K 0.17 500 Hrs. .k"    X  .12" 

Iodine 
quartz 
tungsten 

SYL DXM 3^00oK OM 10 Hrs. .325"X.oa" 

Xenon arc Osram ^50 watt 9000°K 2.0 2000 Hrs. .105" X.020" 

Xenon arc Osram 150 watt 9000°K 1.2 1200 Hrs. .088" X.035" 

b. Xenon Sources. Xenon sources have extraordinarily high 

brightness temperatures and considerable intensity in the UV range, 

a region inadequately covered by the tungsten source (Table 2-1 and 

Fig. 2-5a). Disadvantages limit their usefulness, however. Short 

term stability is worse than in the tungsten source; at best, there 

are noise spikes and steps of about t^. As the source ages, or if 

it is initially poor, these may increase to 20^. To minimize this 

effect, the current level must be carefully chose*, to ensure that 

the source is neither too hot nor ^oo cool. As a consequence, noise 

due to source instability is often the limiting factor in system 

performance. The bright spot is only l/3 of maximum slit height, re- 

sulting in only partial filling of the slit. Motion of this spot 

can add to noise. Emission spikes mar much of the range. Useful 
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wavelength ranges are 2300-it500Ä, 5000-7500Ä, 7620-8010JL Ozone 

production can at times pose a health hazard. 

Since the gas discharge plasma moves as the ambient magnetic 

field changes, one must shield the source with a mu-metal housing 

during magnetic field measurements. Fringing fields from the 

electromagnet as low as 5 gauss cause the arc to distort so much 

that it is extinguished. Lower fields rill deflect it, causing a 

change in slit illumination. This in turn can result in a modifi- 

cation of reflectivity structure if the sample's reflectivity varies 

over its surface. 

c. Other Sources. Other possible light sources include the 

deuterium arc source. In choosing between the deuterium and xenon 

arcs, the important criterion is the relative noise each imparts to 

the total system. The shot noise of the dimmer deuterium axe  is 

more serious than the xenon arc's greater instability, so that the 

xenon arc is the preferred choice.* Tne Sylvania Metal Arc source 

was tested and found unsatisfactory because of its low intensity 

compared to the xenon and tungsten sources. For the infrared, one 

would use a globar. 

d. Sources Utilized in the System. An Osram 450 watt xenon 

arc source"" is used for the UV and part of the visible spectrum 

(2300-4500Ä) and occasionally for the full visible range (out to 7500Ä). 

When maximum intensity is needed in the visible and near  infrared, 

the Sylvania DXM is the best choice, while the General Electric 

MacBeth Sales Corp., Newburgh, New York 
* o 
The exception to this occurs at wavelengths less than about 2500A 
where the smaller scattered light level of the deuterium source makes 
it definitely preferable. 
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ü .6A/TH/CL is better for lonp; rune; where lesser intensity is tolerable. 

There are adjustable mounts for each of these sources, and they 

are imaged on the entrance slit of the moncchromator with a concave, 

aluminum-coated mirror. This was chosen In preference to a quartz 

lens so that the ultraviolet range could be extended as far as possi- 

ble. Figure 2-3 is a photograph of these three sources. 

e.  Input Optics. The object distance and image distance of the 

source optics are adjusted to maximize the amount of light collected 

by the raonochromator and to minimize the changes in intensity due to 

source motion arising from vibration or thermal effects. A complete 

theoretical study of this problem takes into account the source di- 

mensions, slit dimensions, and f number of the raonochromator, as well 

as mirror diameter and focal length. The conclusions depend on the 

relative size of the source and slit.  If the source is larger, as in 

the tungsten sources, then magnification should be 1, and the f number 

of the input optics and moncchromator'' should match so that the raono- 

chromator acceptance angle iv f:"1^^ '•"' a light. 

If the source is smaller than the slit, as in the xenon source, 

then theory predicts that more light will be collected if there is 

sufficient magnification to fill the slit with light. Again, f numbers 

should match. In practice, when the magnification is large enough to 

fill the slit, the source is so close to the mirror that it blocks 

part of its own image and aberrations further reduce the amount of 

light collecoad. Since there is no gain from increasing the magnifi- 

cation, in actual use it has been left at about 1 for all sources. 

Monochromator f number is f/9. 

--- 
—'iPMiiPWiti --ill 
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The considerations above determine mirror magnification and f 

number. The mirror focal length is determined by the finite size 

of the sources and their housings. Figure 2-2 shows that the input 

optics are slightly off-axis. For a given size of source, the shorter 

the focal length, the more off-axis will be the input optics if the 

source is not to block its own reflected image. But the more off- 

axis the optics, the more light is lost by aberrations. Thus, the 

focal length of mirror 3 has been chosen long enough to permit the 

input optics to be only slightly off-axis when magnification is 

about 1. 

f. Source Power Supplies. To prevent intermodulation effects, 

discussed later (Sec. II-B-21), sources should be fed from direct 

current power supplies. If the ripple in the power supply results 

in a source output ripple of no more than 1^ (peak to peak) of the 

DC level, then this noise will be nearly an order of magnitude less 

than'that created by unavoidable fluctuations in the electronics. 

Both tungsten sources are powered by a Sorensen DCR ^0-10 supply, 

and the xenon arc by an Ionics PSXE-450.   Both supplies fulfill 

the ripple criterion. 

g. Wavelength Calibration Sources. Two calibration sources 

are useful: a low pressure mercury lamp and the Riilips1 Hg-Zn-Cd 

lamp Type 9^136. Most of the wavelength range is covered by the 

This fluctuation is found in the phase sensitive detector DC 
level discussed in Sec. II-B-6-a. 

Sorensen, South Norwalk, Connecticut 

Ionics, Inc., Watertown, Massachusetts 
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mercury lamp. A few paps, particularly in the UV ranr.e of 2000-2300A, 

are nicely supplemented by the Zn and Cd lines in the Philips' lamp. 

The wavelengths of the calibration lines are those listed in 

the article by Zwerdling and Theriault [2-02]. 

3. Monochromator 

a. Capabilities. The light is dispersed by a Jarrell Ash 

82-020 i  meter grating monochromator of Ebert design. Entrance and 

exit slits are adjustable in synchronization from 5 to 3000M. with a 

o 

maximum resolution of .2A in first order in the visible. Slit height 

can be set from 20 to zero mm. A kinematic mount permits swift grat- 

ing interchange: the system is supplied with one 30,000 lines/inch 

grating blazed at 7500A and another with 7500 lines/inch blazed at 

o 
l.lM.. The resultant wavelength range is from 2300A to greater tha.i 

l.lM-- A wavelength counter, coupled directly to the grating drive, 

o 
gives wavelength readings within 2A of the true wavelength for the 

_     0 
500A grating. For the other grating, this figure is multiplied by 

-V,   • a.-     t. .-        . o V 50,000      O     n      ., the inverse ratio of dispersion; e.g., 2 X ^inn    = 8A. Once the 

system is calibrated for the 7500A grating, the grating removed and 

then replaced in its kinematic mount, one can be assured that the 

o 
output wavelength will be within 2A of its calibrated value over the 

grating wavelength range without further calibration. These features 

are summarized in Table 2-2. 

Wavelength can be adjusted by hand,or swept by motor drive at a 

rate linear with time. Rates are 2, 5, 10, 20, 50, 125, 250, 500A/min. 

Philips, Eindhoven, Netherlands 
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TABLE 2-2 MONOCHROMATOR CHARACTERISTICS 

Counter Reset- 

Grating 
Number 

Blaze Lines/ 
Inch 

Dispersion 
At Exit 
Slit 

Wavelength 
Range 

Maximum 
Resolution 

Accuracy 
Over 
Full 
Range 

ability 
Over 
Full 
Range 

35-00-58-38 
#i+23BB 

7500Ä 30,000 
o , 

16A/mm. in 
first 
order 

17501-9250A .2k * 2Ä 3 2%  3 

35-00-58-69 
#U89H9 

l.lM- 7,500 6kk/rm.  in 
first 
order 

7600A- 
1.32M.4 

.8A2 8Ä 3 8Ä 3 

~ Scattered light and low source intensity limit the lower wave- 
length to around 2300Ä. 

2 The maximum resolution can be improved by a factor of 2 over 
limited wavelength ranges if care is taken in adjustment. 

■'Counter accuracy and resetability can be improved with careful 
adjustment. 

4 Measurements have been made up to 1.32M., although intensity 
diminishes quickly above l.ljj.. With infrared detectors, other 
than the S-l photomultiplier, this upper limit could be extended. 

v signal suitable to actuate a wavelength marker is created every 10Ä. 

Error in the firing of this signal does not exceed .25A. 

b. Problems and Changes. Those capabilities enumerated above did 

not always exist and represent considerable improvement in the original 

monochromator. 

The original grating interchange procedure was laborious, requir- 

ing up to a day for change, adjustment and calibration. This delay 

adversely affected the rapid readout feature of the system. Certain 
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measurements, requiring full wavelength range, were not very feasible. 

A company installed modification, employing a kinematic mount in the 

monochromator and a mating kinematic holder for each grating, facili- 

tates interchange. With this new arrangement, grating interchange 

time is reduced to two minutes, a time compatible with general system 

philosophy. One precaution should be noted. The grating holder is 

held in the mount by a spring.  If this spring is improperly positioned 

or weak, the grating will shake in response to beam splitter and light 

chopper vibrations. Any imbalance in the light chopper blade will 

aggravate the problem. 

Adequate intensity is indispensable for attaining amplitude sen- 

sitivity. A combination of bright source and widely variable slits 

is necessary. When white light is employed, intensity at the mono- 

chromator output is proportional to slit width squared. The mono- 

chromator is now fitted with an improved slit assembly which gives 

30 times the maximum slit width of the former unit, or 900 times as 

much light.  In general, one would use the maximum slit width con- 

sistent with necessary resolution. 

A wavelength marker pulse is essential to accurate reading of 

experimental data. The original monochromator came without this 

feature. 

Too much scattered light is a deficiency of the JACO mono- 

chromator. Over most of the wavelength range, the ratio of light 

intensity at a given wavelength to scattered light intensity is 

satisfactory- (between 100 and 5000). But below 2600A the ratio 
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falls off steeply. Excess scattered light distorts the measured 

reflectivity and  imposes a practical lewer wavelength limit of 

o 
2200-2300A. There is a more complete discussion in Sec. II-A-5, 

where partial solutions to this problem are discussed. 

Slit height adjustment serves two functions. When a small 

sovrce only partially fills the entrance blit, blocking off the 

remainder reduces scattered light. Secondly, some samples are 

shorter than the slit. Reducing the slit height ensures that only 

the sample reflects light, which in turn reduces reflectivity errors; 

it also diminishes noise due to light beam motion. 

c. Polarization Dependent Structure Created by the Grating. 

me grating and slits in a monochromator partially polarize the 

ligbt. The intensity of light po?arized parallel to the slits varies 

Si.iootMy wJth wavelength, while that polarized perpendicular to the 

slits shows a large amount of additional structure. When the perpen- 

dicular polarization is used in reflectivity measurements, the re- 

flectivity exhibits false structure which correlates closely with 

the I, s true ture. 
o 

Elimination of this structure requires certain precautions. 

Only light polarized parallel to the slits should be used. Measure- 

ments with unpolarized or perpendicularly polarized light should be 

avoided. Becavise of the variation with wavelength in the spatial 

distribution of the light, the beam shouTd be constricted ^rior to 

arriving at the beam splitter by an iris (shown in Fig. 2-?; so that 
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■i 

no light is lost at the beam splitter in either the IA or I channels. 

Care rhould be taken in the rest of the system to ensure that the 

light beam does not extend beyond the mirrors or sample. At the 

photomultiplier the Images of both channels must be exactly super- 

posed and must not extend beyond the phntocathode.  Finally, no 

measurements should be performed with optically active samples or 
I 

system component? unless total compensation can be assured. 

This problem is discussed in considerable detail in Chapter III, 
I 

where some physical insight is gained. For those interested only in 

an enumeration of conclusions and related experimental procedures, 

Sees. III-B, III-F-4 and III-H are particularly relevant. 

i 
d. Calibration. Calibration is easy because the wavelength 

I drive is nearly linear a: .. deviates only slightly from counter 

readings. 
- 

The lüiportant features  of the monochromator are:its  adjustable 
I 

intensity; good resolution; swift, accurate grating interchange; 
s 

and easy wavelength readout. 
I 

Light Chopper 

A light chopper, placed close to the monochromator exit slit, 

alternately obscures and passes the light at 1080 Hz. Tne need for 
I 

it is twofcld. arising from the electronic detection method. 
s 

(1) Certain detectors with good signal-to-noise characteristics 

exhibit l/f noise. While photomultiplier noise has a flat frequency 

characteristic [2-0?j, various semiconductor detectors used in the 

fe 

llMl 
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infrared, such as PbS, InAs, and impurity-doped germanium, display 

l/f noise. Causes are found in photoconductive dark current [2-04], 

generation and recombination of charge carriers [2-0^], and crystal 

surfaces and contacts [2-05]. By operating at a high enough fre- 

quency, l/f noise becomes negligible compared to that from other 

sources such as shot noise. Any frequency over '♦OO Hz is satis- 

factory . 

(2) It is Treferable to use AC amplification methods since 

they eliminate the drift problems found in DC methods. 

The light choppe" is shown in Figs. 2-Ua and Z-kh.    Each of 

its components serves an important function. 

a. Frequency and Blade. The chopping frequency is adjustable 

by changing the number of holes _n the blade. The motor rotates 

at 30 Hz. A lower limit on frequency is set by l/f noise consider- 

ations, and the attempt to reduce intermodulation effects between 

this frequency and that of the beam splitter (see Sec. II-B-21), 

which suggests raising the frequency. An upper limit is imposed 

by two factors. 

(1) As frequency is raised, the width of each hole decreases 

until it soon becomes comparable with the size of the beam. (Re- 

member that slit width varies from Sp. tc 3000M. = 3 mm.) When they 

are comparable, the average light intensity is reduced and the 

fundamental of the chop frequency becomes smaller. This adversely 

affects signal/noise. Average chopper hole width for a 1030 Hz 

chopper is .22" and J" for a U50 Hz blade. 
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{?.)    Machining tolerances become an increasing fraction of the 

hole width as frequency increases. However, the resultant modulation 

of the chopping frequency is not serious because it occurs at the ro- 

tation rate of the blade, 30 Hz, and is filtered out. 

There are chopper blades for 400, 450, and 1080 Hz. 

b. Blade Position. The light leaving the monochromator diverges 

from the exit slit. To ensure that the beam size is as small as possi- 

ble in relation to the chopper holes, the chopper unit it; placed in 

contact with the exit slit. This placement is based on the same con- 

sideration, light intensity, cited above in determining the upper 

limit on chopper frequency. 

c. Reference Signal Unit. The AC component of the light is 

eventually processed by a phase sensitive detector. These detectors 

require a reference signal phase-locked to the experimental signal. 

As the monochromatic light for the experiment passes through a hole 

in the upper portion of the chopper, light from a small bulb passes 

through another hole, 180° away, and is detected with a light sensor. 

The reference light if processed in electronic units aescribed later. 

Thus, experimental and reference signals are phase-locked. Their re- 

lative phase can be controlled and optimized by moving the light-sensor 

assembly relative to the lower hole by means of a hand screw drive. 

In practice, this method of adjustment proves to have adequate sensi- 

tivity. It is reliable and not subject to the shifts due to component 

aging which might occur in electronic equivalents. 

Dialco #39, Dialight Corp., Brooklyn, New York 

Type LS 222, Texas Instruments, Dallas, Texas 
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The small bulb is powered by a DC supply to ensure that there 

are no intermodulation effects between 120 Hz (AC heating frequency) 

and the chop frequency. 
I 

d. Motor. The blade is mounted directly on the shaft of a 

l/75th hp, 1800 rpm synchronous motor. It is importsnt that the 

motor be synchronous and of adequate power so that the blade will 

I 
rotate at a constant velocity with no slippage or oscillation. 

At first consideration, one might think that irregular speed 

would make no difference because of the phase-lock of reference 

f 
sind experimental signal. This is not so. Over the time of tran- 

sition from one speed to another, the light on and off periods may 

be unevenly weighted relative to one another. The result is noise. 

To understand this better consider a Fourier approach. During th3 
§ 

period of changing speed, «he AC signal must be analyzed using, not 

just the instantaneous frequency, but others as well. Some of the 

information is in these other frequencies, but we detect only at the 

instantaneous value. This lost information results in noise. 

e. Construction. The motor is mounted on a cast-iron block, 

which is more effective than other materials in damping out vibra- 

tions. The entire unit sits on a i" sheet of polyurethane foam to 

isolate it from the table. The blade and its housing axe black 

anodized to minimize light from the reference bulb mixing with the 

monochromatic light. 
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5. Optical Filters 

Attached to the chopper is a bracket capable of firmly holding 

up to three optical filters of varying thicknesses. Filters are 

necessary to ensure the spectral purity of light leaving the mono- 

chromator. Although only the first order di ffractions of the mono- 

chromator gratings are used, there are wavelength ranges in which 

significant second order light leaves the monochromator as well. 

The wavelength at which second order light becomes a problem de- 

pends on which combination of source, grating, and detector is 

used. Second order light is easily eliminated by an appropriate 

choice of filter. 

Scattered light is more difficult to deal with.  It is light 

of all frequencies and it leaves the monochromator with the mono- 

chromatic light. Filters help reduce ic by ensuring that only 

that scattered light within their pass band is permitted to enter 

the rest of the system. 

a. Criteria. Scattered light and second order light distort 

optical spectra. Since scattered light contains a range of fre- 

quencies, it would appear that the scattered light is unlikely to 

add new structure in optical measurements but only to change the 

amplitudes of the first order structure. Actually, it can add 

structure as well. In addition, second order is monochromatic 

light arl can  add new structure to a spectrum. Since the elimin- 

ation of scattered light and second order light is never total, 

some criterion is necessary to assess the distortion created by 
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LUem. Measurement of scattered light provides that criterion. 

By adjusting wavelength beyond the transmission ran;, of a 

filter or the output of a lamp, any residual signal which is 

measured will be due to scattered light or second order. If this 

signal is constant with ^, the cause is scattered light {-  In(3catt)), 

not second order. This constancy indeed occurs beyond the low wave- 

length limits of the filters. Figures 2-5a, b, c, and d plot the 

ratio I0(X)/l (scatt) = a(^)  versus wavelength for various 

combinations of source, grating, detecto»- and filter.  ln(-M is 

defined in Eq. 2.3.  It is the reference channel light intensity 

tjid includes the effects of source, grating, filter, polarizer, 

mirrors, and  detectors. Slit width has little effect on the plots. 

(l) Structure Magnitude. These plots provide a means for de- 

termining the correctness of structure magnitude. Consider the fol- 

lowing analysis of scattered light: 

Let 

R (X) - reflectivity measured at wavelength ^. (2.8) 
m 

R (A) H true reflectivity at A. (2.9) 

ID(A) - R. (>0l_(>0 = true reflected intensity at detector.  (2.10) 
K      tu 

R(scatt)=sample reflectivity of the scattered light occur-  (2.11) 

ring in a given experiment. It is an average of 

all wavelengths in the band pass of the optical 

filter, weightedby their relative intensities. It 

is easily determined experimentally by measuring 
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FIG.2-5a LIGHT iNTEKSITY AT WAVELENGTH  X NORMALIZED BY THE SCATTERED LIGHT  VS. 
WAVELENGTH.   CONDITIONS:   XENON ARC. 7500Ä  BLAZE GRATING, S-13 PHOTOMULTIPLIER, 
VARIOUS FILTERS. Filters listed by Corning number. 
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R in the ^ region where only scattered light 

occurs. Thus is typically found at wavelength 

settings below the optical filter cutoff. 

IR(scatt) = R(scatt)l0(scatt) 

By sununing monochromatic and scattered li^ht intensities we 

get the measured reflectivity. 

= I^(^) IR(>)+IR(scatt) Rt(^)Io(>0+R(scaot)lo(scatt) 

m ' T^i-h)    I0(^)+I0(scatt) I0(^+I0(8catt) 

(2.12) 

(2.13) 

Employing simple algebraic manipulation, we get 

R(sjatt')a(^) \m 5jatt)a(j 
Rt(>) 

1 + a(>0 

R4.(^) = R (^)(l+a(>))- R(scatt)a(^) t     m 

[Rt(7v)-Rm(A)] = [Rm(>.)-R(scatt)]a(>v) 

Noting that R (X) < 1, P.(scatt) < 1, 

then 

jR (>0- R(scatt)| < 1 

Hence, 

I-(scatt) 

An approximate criterion for the effect of scattered light is 

given by Eq. 2.17. The error in R. is less than a(^). Equation 2.15 

is an exact expression of the effect, and in theory permits one to 

correct R (>0 for the effects of scattered light. R(scatt) is measur- 
m 

able and a(^) is given by Figs. 2-5a through d. Usually this cor- 

rection is of interest only for small effects where errors in a(^) 

(z.uo 

(2.15) 

(2.16) 

(2.17) 
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and H(scatt) would prevent an accurate reconstruction of R.(^). 

The R(scatt) measurement is noisy due to Ivv light intensities. 

For a graphic solution, sea the note in Sec. II-B-6-a. 

(2) False Structure Created by Scattered Light. The scattered 

light can not only modify magnitudes, but also create false structure 

under certain circumstances. This structure will match structure in 

the I0 curve as is demonstrated by Figs. 2-6a through e, which could 

be thought of as showing the low UV end of a spectrum or the behavior 

at the low wavelength cutoff of a filter. 

Suppose that the true sample reflectivity, R.(^), is shown in 

Fig. 2-6a and that I0(^) has the form shown in Fig. 2-6b, where we 

have temporarily eliminated scattered light. A sinusoidal variation 

in I. has been postulated to svow clearly the effects of I0 structure. 

I0(A) = 2-. (1 + ^ sin x)    for x > 0 

(X.Ao) 
where x '  (A -A )/3 ^ aXiä 

I0(A) = 0  for x < C. 

Note that (^ -^ )/3 determinej the horizontal wavelength scale, 
c o ' 

When there is no scattered light, ID(A) will have the form shown 
it 

in Fi?. 2-6b since 

IR(>) - Rt(>0lo(>0       (from Eq. 2.10). 

In Fig. 2-6c, scattered light, I0(scatt.), is introduced and the 

measured intensities, 1^1^) and IR(^)> are shown. 

!£(*) - I0W + I0(scatt), 

Ip(^) ■ Ij}^) + R^scntt)l0(scatt)  from Eq. 2.13. 

We sometf- " arbitrarily let R(8catt) « 30^. 
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FIG. 2-6 FALSE  REFLECTIVITY  STRUCTURE CREATED BY  SCATTERED   LIGHT 
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Finally, in Figs. 2-6d and e, we see the measured reflectivity, 

R (^), which should be compared with R.(^). Particular features of m z 

interest are the false peak at ^ (the wavelength where light intensity 

becomes zero) and the sinusoidal bumps correlated with I0 structure. 

Note that these bumps decrease in magnitude as I0(^) increases with 

increasing A. 

There are concrete examples of both false features, (a) As 

wavelength approaches a filter cutoff frequency, a false rise or 

drop often occurs, (b) At 2535ft. in the xenon arc spectrum, there 

is a small sharp peak which is regularly found in reflectivity spectra. 

Equations 2.15 and 2.17 of the prior subsection have application 

here as well for dev-ermining the reality of structure. 

(3) False Structure Created by Second Order Light. A similar 

a-.clysis provides the criterion for determining the effect of second 

order light in creating false structure. This light is at wavelength 

V2. 

IR(^)+ IR(V2)  Rt(^)l0(^) + R(V2)l0(V2) 
Rm(X) = I0(X)+I0(V2) I0(X)+I0(X/2)  

(2.18) 

_ I0(V2)   a(A) 
(2.19) 

[R.W-R (*)] = [R (^)-R(V2)]b(^ t    m      m 

|Rt(
x)-RmW| <b(X) 

Equation 2.21 indicates that second order light causes a de- 

viation of reflectivity from its true value by an amount less than 

b(^). In applying this criterion, let us suppose that there is no 

(2.20) 

(2.21) 
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reflectivity structure at A and a peak in R (A) is due to an effect 
m 

at "h/Z.    Then R (^) - R(^) is the measured increase in R in the vicinity 

of the peak.  If this difference is < b(>.) it could be due to second 

order light. However, if it is > b(A), the peak must arise from first 

order light. In practice, ue need not use the more general equations 

to correct R (A) as we did in the case of scattered light. It is far 
m 

better to use adequate optical filtering to reduce b(A) to an accepta- 

ble level. 

b(A) is not quite the function we wish. The plots (Figs. 2-5a 

through d) give us a(A)  for a given A, and hence for a given angular 

position of the grating. We should like a(V?) for the same grating 

angle, but we must settle for a(V2) at the angle corresponding to 

V2. However, the two a(A/2) values should be of the same order of 

magnitude and b(A) has nearly the correct value. 

b. Actual Filters—Range of Use. Corning Glass filters are 

suitable over almost the entire present range of the tystem, ZkOOk-- 

1.1H. Figures 2-5a through d suggest their individual regions of 

validity. 

Below 2U00A there are no band-pass filters. As an alternative, 

one could use interference filters such as the Bausch and Lomb Type 

III Fabry Perot First-Order Ultraviolet Filters, extending down to 

o 
a center wavelength of 2000A. 

c. Lens Effect of Fi]4-5^  The plane parallel filters shift 

the light beam and its focus whenever the component beams are not 

normally incident. This shift is particularly noticeable when some 

H^sasow 
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BEAM PATH IN ABSENCE 
OF FILTER 

FIG. 2-7 LIGHT BEAM DEFLECTION il  PLANE PARALLEL FILTER 

light is blocked by the beam splitter. Different blockage occurs 

for the IQ and I_ paths, and when this blockage is changed by in- 

serting a filter, the measured ref3ectivitj» changes as well. 

By shifting the slit image focus onto different portions of 

a sample with varying reflectivity, the filter can cause further 

changes in R . 
m 

The effect is small, typically .5^ at R = kCff», PJTA can be re- 

duced in two ways. Both are employed in practice. 

(1) When the light beam is constricted before reaching the 

beam splitter (Sec. II-A-3-c), light is no longer lost at the splitter 

and one of the two causes of error is removed. 

dM. " ^ ' -■ ' * ■ -    ■ 
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(2) If Mie filters are placed at the photomultipller instead 

oV  at the monochromator exit silt, the only effect they can have is 

to shift slightly the I and I_ images on the photocathode. Provided 

these two images are well superposed, this shift will cause minimal 

changes in R (.1^ or less). 

Any residual change in R will vary from filter to filter as a 

function o^ its thickness, which determines the lens effect. In the 

common wavelength range of the two filtere, reflectivity values 

measured using them can oe matched by u small scaling factor. For 

this matching to be correct, however, it should be done only in those 

wavelength ranges where neither filter absorbs strongly. When the 

absorption is strong, there will be errors in reflectivity due to 

the decrease cf I0('A)/l (scatt). 

d. Gray Filters. Gray filters provide a rough means of check- 

ing system 1. arity. They are screens with varying sizes and spac- 

ing c. conical shaped holes and are reported as nearly wavelength 

independent [2-06]. 

Their real usefulness lies in reducing the size of the reference 

channel signal when the reflected signal is relatively weak. The 

need for the two channel signals to be of roughly the same size 

arises from noise considerations in the electronics. The gray 

filters are mounted on e, bracket in the In channel. 

Electroplate conical hole screens. Perforated Products, Inc., 
Brookline, Massachusetts 
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6. First and Second Mirror Systems 

The first mirror system takes the light from the monochromator 

exit slit up to the bemn splitter. It includes plane mirrors #3, 8, 

6, and concave mirror #1 (Fig. 2-2). The second takes light from 

the beam splitter to the detectors and includes plane mirrors #7, 

lu, 11, and concave mirror #2. Mirror #11 is used only when light 

is tc be deflected to the alternate detector. 

The mirrors are coated on their front surfaces with aluminum 

by evaporation, thus assuring adequate reflection over the entire 

range (2000^-1.Iji). There is no SiOa coating so they must be 

handled with care. The plane mirrors are flat to i wave and the 

concave mirrors deviate from a spherical curve by no more than l/lO 

wavelength. 

Figures 2-8 and 2-9a, b show a plane and a concave mirror in 

their mounts. Each has a large number of degrees of freedom. The 

plane mount can be attached to the table surface as desired by 

using the clamps shown. Mirror 1. light and rotation about vertical 

and horizontal axes are then adjustable. Once the concave mirror's 

table position is selected (by means of the clamps), it can be moved 

back and forth along its axis of rotation, thereby changing focus. 

The four screws permit angular adjustment about vertical and hori- 

zontal axes. 
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Reflection from the plane mirrors is at close tr> 43° incidence. 

Like reflection fro.n a dielectric, reflection from a metallic sur- 

face introduces polarization (Fig. 3-6). Consequently, care must 

be tak'.n in any experiment where Vne plane of polarization of the 

I0 channel lighc rotate by an amount di^'erent from that of the 

I_ channel light. This point is discussed in more detail in 

Sec. III-H. Ideally, reflection from the concave mirrors would 

be cn-axis. Incident light as little as 10° off-axis results in 

an intolerable amount of image distortion at focus due to aberra- 

tions, primarily coma. Light incidence is kept as close to on-axis 

as possible consletent with ensuring that no light is lost elsewhere 

by blockage. Note that the glass behind nirrcr #10 (a& in others) 

is shaped so that it will interfere as little as possible with the 

| light paths, 
i 

Concave mirror #1 is used with a magnification of 1 so that 

the image size on the sample is that of the slit. The object- 

image distances of concave mirror #2 are adjusted to reduce the 

image size at the Iet";Ctor. 

7. Beam Splitter 

The beam splitter is the optical heart of the dual beam system. 

At. 13 timeo a second it directs light first into the reference path 

and then into the sample path. Light reflected from reference path 

mirrors and the sample return to the beam splitter and are than 



4 SCREWS  TO CONTROL ROTATION 
ABOUT VERTICAL AN^ HORIZONTAL /'IS 

I CLAMP FOR CENTRAL AXIS 
pOF MIRROR; LOOSEN TO 
|?i ADJUST FOCUS ..  £_ 

-■•'^1^^'ÄT;ti:'?^i^?i^ftft^V „    cine   uipu 

b.  IRONT VIEW 

ff»«i...t...?...f...t^_J 

FIG. 2-9  CONCAVE  MIRROR IN ITS  MOUNT 

S ■ 

■: 

::i 

jg^itranw«— 



2-40 

merged into the same spatial path to pass through the second mirror 
■ 

system to the detector. The operation of the splitter ensures that 

the reference and sample signals are separated in time. 

a. Basic Design. The beam splitter is shown in Figs. 2-10a 

through d. Light from mirror #6 passes tnrough the right-hand 

triangular hole in the shield and is incident at U50 either on a 
j 

mirror or a hole. If a mirror, the light passes to the sample, is 
i 

reflected to the second mirror on the splitter and then to mirror 

#7. If a hole, it passes to the two reference path mirrors, and 

back through the second hole to mirror #7. Note that we have two 
I 

mirror reflections in each channel plus the reflection from the 
I 
i 

sample in the sample channel; the effects of mirror reflections 
I 

compensate. 

The mirror-hole unit is mounted in a thin section ball bear- 

ing, wh-^h in turn is • iunted in a housing. It is rotated at 6i Hz 

1 
by a brass wheel with rubber ring, similar to a phonograph drive. 

Its angular position is sensed by two light bulb-detector assemblies 
i 
I 

like that found in the light chopper. They, too, are adjustable in 
i 

phase relative to the experimental signals from the reference and 

sample channels. The sensor signals permit separating the infor- 

I 
mation in the two experimental channels aftcx electronic processing. 

I 

Each of the beam splitter components is worth considering in 

some detail for they represent problems in design. 
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b. Rotating Mirror-Hole Unit. Note that each hole occupies 

45° of arc as does each mirror. In between are h50  segments of non- 

reflecting surface. In conjunction with the k50  holes in the shield, 

this ensures that there is no overlap of the two channels. 

The unit was manufactured from AISI 316 stainless steel. What 

was needed was a reasonably hard, noncorroding, nonmagnetic material. 

It was machined, ground,lapped and. then polished to a flatness of 

1 wavelength. Aluminum was evaporated onto its surface. Since it 

wa* likely to suffer a bit more wear and tear than the other mirrors, 

and because of the comparative expense of coating it, a protective 

layer of MgFg was evaporated on top of the aluminum. The protection 

is not as complete as a SiOa layer anr1 hence the unit requires caxe 

e 
in handling. The MgFa thickness wts set at 380A to maximize reflec- 

tion in the ultraviolet. 

Around its outer edge is a cam made up of two 78° segments. 

They alternately obscure and pass the light directed from the refer- 

ence light bulbs to the sensors. The cam length was specifically 

chosen less than 90°, the maximum time, expressed in terms of arc 

length, that light would pass through the beam splitter for a given 

channel. With the shorter cam, the electronics, operated by the cam 

derived reference signals, would have no trouble in separating the 

two channels. As it turned out, the arc did not need to be as short 

as 78°; 86° would have been an appropriate choice, but the loss of 

signed is negligible. 
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The blackened portions of the unit are painted with a special 

optical flat black paint designed to reflect poorly at all angles 

of incidence. 

c, Light Shield. The light shield contains two wedge shaped 

holes: one for light entering the beam splitter and the other for 

light leaving it. The size and shape of the holes are related to 

the size and shape of the mirrors and holes behind, and take into 

account the h50  angle of incidence and the convergence of the light. 

d. Mounting. The mirror-hole unit rotates in a very thin 

section stainless steel ball bearing.  This, in turn, is mounted 

in a cast-iron housing. The size of the balls and the amount of 

press fit of the bearing in its housing must be carefully balanced. 

If too t?ght, the drive wheel slips and the motor has inadequate 

power. If too loose, the mirror surf aces will jiggle under the axial 

thrust of the drive wheel. The balls are installed with no preload, 

in fact they have .001-.002 diametral clearance. Normal grease 

found in the bearing is removed since it imposes an excessive load. 

A light machine oil," designed to cling to moving surfaces, is used 

sparingly. Any excess ic soon flung out. 

The housing originally contained only a portion of the bearing, 

the lower third, since there was concern that a complete housing would 

block light. Unfortunately, the bearing was inadequately supported. 

Velvet Coating 9560 Series, Minnesota Mining and Manufacturing Corp., 
St. Paul, Minnesota. 

KC80XP5 h  pt. Contact Ball Radial Bearirg with stamped bronze cage 
and #5 Precision, SST., Kaydon Engineering Corp., Muskegon, Michigan 

Aleraite Concentrated Oil #28, Alemite Division, Stewart Warner Corp., 
Chicago, Illinois. 
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It warped, resulting in excessive lead. A slight readjustment in 

the optics permitted using a full housing. Even then, great care 

was necessary to ensure not only that the housing rfas accurately 

machined, bvt '„hat it fitted smoothly into its tase plate. Warpage 

imposes a drag, resulting in irregular speed. 

The housing was made of cast-iron because of its superior vibra- 

tion damping. The remainder of the mounting design was dictated by 

three concerns: beam splitter position adjustment, reference sensor 

mounting, and power drive. 

e. Position Adjustments. Ur-ing dovetails, motion in two hori- 

zontal directions is possible. In addition, the mirror-hole unit can 

be rotated about a vertical ax? s running through the center of the 

unit. There is no height adjustment, for the heights of other optical 

components are adjusted relative to this. 

To make any adjustments, the motor must be detached. 

f^ Reference Light Bulb-Sensor Units. Two light bulb-sensor 

units are clamped in slots on the shield. There is one unit for each 

of the sample and reference channels. Their angular positions can be 

changed by 65° of arc or 130° of a period, so that they have the proper 

relation to the experimental signals. 

In the light chopper, light from a bulb was transmitted or ob- 

scured by the chopper blade and then passed to the detector. Here, 

the geometry demanded that reflection be used. Light from a bulb is 

reflected from a gold plated surface on the bearing housing unless it 
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is blocked by the blackened cam. It returns to the detector only 

when the cajr.  5 absent. 

There was some concern that light from the bulb might be scattered 

into the experimental optical path. This dictated the choice of gold 

as the reflecting surface rather than other materials brighter in the 

visible.  If necessary, small filters could be installed in the units. 

These would paos only light beyond the range of the experimental sig- 

nal detector. Fortunately, this did not prove necessary. 

Light bulb intensity is kept as low as possible. The bulbs are 

DC powered because of a concern with intermodulation effects. 

g. Splitting Speed--Choice and Fluctuations.  In the initial 

design stages, a mechanical ratner than an optical cam was considered. 

This suggested operat5ng the beam splitter at 13 Hz, the speed used 

in Perkin-Elmer systems, so that we could use some of their components. 

Although the impractical aspects of a mechanical cam soon became evi- 

dent, 13 Hz seemed a good figure to retain. The practical mechanical 

problems of a higher splitting speed seemed formidable. Anything 

lower was rejected because beam splitting should occur much faster 

than likely changes in source intensity. It has proved to be a good 

choice, since it is well separated from the light chopper frequency 

of 1080 Hz (see intermodulation effects. Sec. II-B-21). 

Speed fluctuations are easily monitored by feeding the electronic 

signal derived from the reference signals into an electronic counter 

operating in the period mode. This signal can be selected at position 

Bearing oil spattered on the cam may result in partial reflection. 
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5 or 3 of the Upper Jack of the Channel Monitor. The DC level must 

be capacitively blocked. Under best cond'tions, the fluctuations 

are + .1^ in a 1 period measurement (Period .07548-,07562) and 

+ .013^ in a 10 period measurement (Period .07553-.07555). This 

compares favorably with line frequency fluctuations. 

In addition to fluctuations, drifts in speed can be noted. 

Before the housing was completely correct, euid warpage imposed 

slight drag, the speed would build up to its maximum value slowly, 

increasing around i^/hour. 

h. Power Drive--Drive Wheel. The mirror-hole unit is coupled 

to the motor by a 2i" diameter brass drive wheel with a 2-3/16" ID 

rubber 0-ring fitted to its outer jdge. The 0-ring is glued to a 

depression in the outer edge with Weldwood Contact ceme.,t.^ After 

the cement is thorouguiy dried (drying is encouraged by baking) the 

0~ring is ground, not machined, to a diameter of 2.600". 

The drive wheel is attached to its shaft in a particular way. 

The concern is ensuring that there is no wobble in rotation, with 

a resultant radial oscillatory motion of the 0-ring on the mirror- 

hole unit. This results in irregular speed, rapid wear, and increas- 

ing speed deviations. Good balance is also necessary. An earlier 

method used set screws to attach the wheel to the shaft and tipping 

resulted. Here the shaf- is made first. A roughly made wheel has 

a hole accurately reamed. A cut is made through the hole and a 

piece removed to serve as a clamp. But most of the hole is left 

U.S. Plywood, New York, New York 
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so that the position of shaft and wheel are well defined (Fig. 2-10d). 

With the wheel clamped on the shaft, it is machined. On reassembly 

the shaft and wheel retain their proper relative positions. This ar- 

rangement has worked well despite its very slight imbalance; cne 0- 

I 
ring has over 300 hours of use without serious wear. 

The rubber cement ..3 a problem. It oozes out, eventually coat- 

ing the drive wheel with lumps, increasing speed fluctuations tenfold. 

They are easily removed with trichlorethylene, but the lumps will recur 
1 

for sometime. No better attachment has been found although others, 

including GE cement, v/ere tried. 

i. Power Drive--Motor. A large, powerful motor is used. It 

is a l/30 hp synchronous 1200 rpm Bodine B 7360.  The need for powt;r 

and synchronous drive are the same as in the light chopper; speed 

fluctuations are intolerable. The motor is fed through a Vanac with 

voltages up to 130 with-,,t overheating and will drive the mirror-hole 

unit at synchronous speed if components are properly mounted and 

lubricated. 

The motor was formerly attached to a housing, suspended from 
I 
i 

the beam splitter itself. This was an unstafe mount and the vibra- 

tions induced by the motor were transferred to the beam splitter. 

This method did have the advantage of easy beam splitter positioning. 

The motor is now supported from the floor. A metal-rubber 

coupling* permits slight misalignment of the motor and drive wheel 

shafts. More importantly it isolates some motor vibration. 

( ___ ,, „„^.„^^______ __^^_^___^_ .______..______.^____...___-__-_______ 

Poiine Electric Company, Chicago, Illinois 

J-1211-3-2 Lord Flexible Coupling, Lord Mfg. Co., Erie, Pennsylvania 

Eastman 310 cement (Eastman Kodak Company) has been suggested as a 
better bonding material. It is effective in joining rubber and metal. 
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J.  Vibration Isolation. The motor-driven beam splitter 

vibrates. Part of this problem was solved by repositioning the 

L motor.  Coupling of Vibration from the beam splitter to the table 

was reduced by placing the entire beam splitter assembly on a 

double pad of i" polyiirethane foam and felt. Mounting screws pass 
j 

through clearance holes in the table top and through rubber stoppers. 

A nut presses the stopper against the table. There is no metallic 

contact 

Table vibration was reduced 100 fold without increase.ig beam 

splitter vibration. 

3. Reference Path Mirrors 

The reference path mirrors provide a return path for reference channel 

light. This path is nearly of the same optical length as the sample 

channels. The two mirrors were made of stainless steel in the same 

way as the mirror-hole unit. All four were simultaneously coated 

with aluminum and MgF2 in the hope that their reflectivities would 

be the same. 

Thair mount has many degrees of freedom so that their positions 

can be optimally chosen. These adjustments permit superposition of 

reference path and sample path light after leaving the beam splitter. 

Ti.ere are two horizontal translation degrees of freedom for the unit 

as a whole.  In addition, one mirror can be moved horizontally re- 

lative to the o.her. Both are adjustable in height and in rotation 

about horizontal and vertical axes (Fig. 2-11). 

The attainment of perfect light image superposition following 

the beam splitter is frustrated by two factors. 



CLAMP TO PERMIT 
SEPARATION OF 
THE  TWO MIRRORS 

i    NYLON   SCREW TO 

CONTROL ROTATION 
ABOUT HORIZONTAL 
AXIS 

COLLAR TO ADJUST  HEIGHT 

CLAMP  TO FIX  ROTATION 
ABOUT VERTICAL AXIS 

DOVETAIL 
BASE 

FIG.2-11   REFERENCE   PATH   MIRRORS 
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(1) There are slight geometrical differences In the reference 

and sample paths caused by the need for two mirrors at the point of 

focus in the reference path. 

The differences arise in the following way. Consider point A 

in Fig. 2-12a. Once the angle of the beam splitter is set and the 

sample positioned at focus, then point A is determined uniquely by 

a simple geometrical intersection. We should like to position our 

reference mirrors at point A to ensure perfect superpositior. for the 

I0 and I images at mirror 7 and beyond. Perfect superposition re- 

quires that the centers of the Ir and ID images lie along the same 

line (be coaxial) and that path lengths for both beams be the same 

so that image sizes at any point along their common path be identical. 

This goal can be attained easily if a single mirror is placed at point 

A, but it is impossible to place the double mirror, 4 and 5, at that 

point (Fig. 2-12b), since light can leak through at their intersection. 

Further, only a slit of zero width could be incident on the inter- 

section. When adjusting for slit widths up to 3 mm., the slit image 

must deviate slightly from the mirror intersection. 

The solution of the problem is shown in Fig. 2-12c where 4 and 5 

are moved back from point A. They could just as well be moved for- 

ward. Under this condition !_. >wid ID light images are coaxial but 

of sligitly different size. Therefore, as observed at the outset, 

superposition is imperfect. 

(2) Light images passing through the holes or reflected from 

the mirror0 become wedge shaped. Upon leaving the beam splitter. 

_^.._-^-i=^^^^i*: 
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a. PT. A, THE IDEAL POSITION FOR  REFERENCE  PATH MIRRORS. AS DETERMINED 
BY BEAM  SPLITTER  POSITION   AND FOCUS IN SAMPLE  PATH 

#5 

#4 :r= b. UNSUCCESSFUL ATTEMPT  TO  PLACE   2  REFERENCE 
MIRRORS AT POINT A. FINITE  WIDTH  BEAM  CANNOT 
BE FOCUSSED ON  THEIR LINE  OF INTERSECTION 

#5<a-^-c. 
#4 N> 

Z^-c. REFERENCE   MIRRORS   DISPLACED  FROM POINT A 

Fit 2-12     GEOMETRICAL  FACTORS   PREVENTING  LIGHT  IMAGE  SUPERPOSITION. 
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the two images are reversed relative to one another. This problem 

FIG. 2-13 IMPERFECT SUPERPOSITION OF I0 AND IR LIGHT IMAbES FOLLOWING 
THE BEAM SPLITTER. 

disappears when light constriction is used before the beam splitter 

(Sec. II-A-3-c). The light beam can be trimmed so that it is sym- 

metrical on reflection from the sample and mirrors 4 and 5. 

9. Photomultiplier Detectors 

The detector requirements are good D* (low noise), a sufficiently 

large detector area to capture all the incident light, and appropriate 

frequency response at the light choppe" frequency. 

a. Tubes Used. For the present range of the system the require- 

ments are satisfied by two photomuitipliers. The EMI 6256B tube' has 

an S-13 response extending from 1650 to 6500X (up to 7200A in extreme 

cases). The RCA 7102* with its S-l response is suitable from 4200 to 

ll,00OA. 

b. Noise. There are two major sources of noise in photomuiti- 

pliers. Shot noise arises from the quantum nature of light, the fact 

that a given photon has a probability less ihan 1 of releasing an 

TEMl/US, Westbury, Long Island, New York 

RCA, Electron Tube Division, Harrison, New Jersey 
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t'lerUv " . and from i'ne variation in the number of electrons releaned 

in later stages by each electron. Shot noise effects average out as 

the number of photons increases. S/H is proportional to vLight Intensity, 

so that brighter sources and wider slit widths are important. 

The second source of noise is thermionic and is more serious in 

the S-l response tube because of its larger area and its wavelength 

response: as a detector's sensitivity extends into the infrared, 

thermally excited dark current adds to the photon-derived current. 

The choice of the particular S-13 response tube was dictated 

by the fact that thermionic emission may be reduced by keeping de- 

tector areas small.  In the 6256B, thermionic noise is only one- 

tenth of  the shot noise typically encountered. Cooling the tube 

to dry ice temperature has no noticeable effect on the thermionic 

noise. 

In contrast, cooling is essential in the large area S-l tube, 

where, without cooling, thermionic noise exceeds signal size. 

Dramatic improvement occurs on cooling to the temperature of dry 

ice: noise is cut by a factor of 20. 

c. Housing. The tube housing serves a number of purposes. 

It geometrically positions the tube and protects the user from high 

voltages. By filling the housing's styrofoam well with dry ice, 

the tube can be sufficienfy cooled. To prevent photocathode fogging, 

the tube housing is purged with dry Na gas and capped with a quartz 

window. The tube itself is surrounded by a mu-metal shield, for 

fields as low as two gauss can reduce anode current by a factor of 
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four [2-07]. The dynode resistor chain is inside the housing as 

are three capacitors in the last three stages of multiplication.''" 

d. Arrangement of Two Pnotodetectors. The two detectors are 

set up at right angles. Mirror frll is removed when the S-13 is in 

use, but can be readily inserted to deflect light to the S-l. 

e. Photocathode Saturation.* A convenient way to check total 

system linearity is to illuminate the monochromator slit with white 

light in a region where the spectrum is flat (or very slowly chang- 

ing). Then, as the slit width is reduced, light intensities, as 

monitored on a chart recorder, should decrease at a rate proportional 

to slit width squared. A plot of ^Intensity vs. slit width should 

be a straight line. However, it proved to be two straight lines, 

meeting at a cusp, showing some sort of saturation. 

Various tests proved that the position of this cusp depended 

only on the intensity of light on the photocathode (provided the 

image was in focus). Irregular action of slit width adjustment, any 

effect from changing photomultiplier voltage, and nonlinear elec- 

tronic performance were all eliminated as causes. As source inten- 

sity decreased, the cusp moved to higher slit widths so that it 

always occurred at the same resultant intensity at the phototube. 

But defocussing the slit image would move the cusp to higher slit 

widths so that it could be entirely eliminated. 

All these factors pointed to photocathode saturation. There 

is an easy cure: defocus the slit image so that it covers the entire 

photocathode area. 

For housing drawing refer to [2-08, Fig. 2-6]. 

A discussion of collector saturation and fatigue in the 6256B photo- 
tube ran be found in ref. [2-09]. 
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f. Circuitry. Circuitry for the photomultiplier Is discussed 

in the Electronics section. 

g. Additional Detectors. Detectors suitable for the infrared 

range are listed in Table 2-3. 

TABLE 2-3 INFRARED DETECTORS 

Detector A Range 
in \l 

Time 
Constant 

in 
MSec. 

Max. Freq. 
for 

Significant 
l/f Noise, 

in Hz 

D*  Under the Following 

Conditions: 

| 
Refer- 
ence 

D   in 
max 

cm(Hz)/watt in M 

Chop 
Freq. 
in Hz 

Band- 
width 
in Hz 

Temp, 
in 0K 

PbS 1.0-4.0 
at 

T=1930K 

3500 more than 

io4 
4 X io11 2.8 780 1 193 [2-10] 

InAs 1.0-3.5 < 1 400 2.5 X 1011 3.1 450 1 77 [2-11] 

InSb 2.0-5.5 < 1 200 6 X IO10 5.4 1000 1 77 [2-11] 

Ge:Hg 2-14 < .1 
when 

T < 20oK 

300 2 X IO10 11.3 1000 1 5 [2-11] 

Ge:Cu 2-27 < .1 
when 

T < 20t,K 

400 1.3 X IO10 2.2 1000 1 5 [2-11] 

j Ge:Au 1-9 1 200 3 X IO9 6.0 840 1 77 [2-10]1 
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10. Optics Table and Shielding 

The optical table is a sheet of J" aluminum jig plate /8" X 48" 

mounted on a support base constructed of welded angle iron. The 

plate is maintained reasonably flat over its area ai.i is covered 

with drilled and tapped holes to permit easy attachment of optical 

components. The surface is painted with a flat black optical paint. 

Over-all table height relative to the sample area may be ad- 

justed by screw legs in each of the corners. Sitting on the table 

is a light shielding box, 15" high, which not only protects the 

optics from ambient room light but also isolates various sections 

of the optical system from one another. Various goals attained in 

the design were: 

(1) Access to the optics by removal of a cover only. 

(2) Capability to remove the box without modifying the optics 

significantly. 

(3) Ease in removing the monochromator cover (for source 

alignment and grating interchange) and in removing the monochromator 

itself (for maintenance or adjustment). 

(4) Easy access to the monochromator during an experimental 

run. 

(5) Isolation of source optics from the rest of the system. 

The sample area shielding encloses the entire sample area. 

When coupled to the optics table shielding, the total optical system 

is light tight enough to permit experimenting with room lights on. 

Velvet Coating i^GO Series cited in Section II-A-7-b. 
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11. System Improvements--Optical 

Certain additions could expand system capabilities. None in- 

volves a fundamental change in design. 

(1) A concave mirror behind the xenon arc source to double 

the sunount of light incident on the monochromator. The trans- 

parency of the arc makes this possible. 

(2) Globa** for use in the infrared beyond the cutoff of 

quartz at 2.7^. 

(3) Gratings for use in the infrared. Jarrell Ash feels the 

wavelength limit of its 82-000 monochromator can be extended well 

into the infrared. The next logical grating choices are  those 

blazed at 2.1*1 (35-00-58-59) and 6\i  (35-00-78-■'SA). Gratings 

blazed as high as 10*1 have been sold for use in the instruaent. 

(4) Band pass filters for the edge of the UV range, 1900-2300A, 

where scattered light is a problem. 

(5) Repositioning of the hole used to constrict the light beam. 

Refer to Fig. 2-2, showing the optical layout. 

(6) Design of a kinematic mount for mirror #11 so that light can 

be directed to either the S-l or S-13 photomultiplier without extensive 

adjustment. 

(7) Detectors for the infrared. 

(8) Changes in the optics to permit absorption and differential 

measurements (Sec. II-C-6). 

(9) Tests of the gray filters for the wavelength dependence of 

their transmission. 
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(10) Use of a high speed (» 1080 Hz) light chopper in the 

In channel as a truly gray filter. The chopper should have a varia- 

ble opening so that transmission can be varied. 

(11) An integrating sphere in front of tne photomultiplier de- 

tector. The sphere, by diffusing the light for both IR and !_ chan- 

nels, ensures that one's data are not distorted by variations in the 

photocathode sensitivity over its surface. The effect of slight 

shifts in sample position is also eliminated by the sphere. 

Integrating spheres cannot be used in the infrared. Reference [1-12] 

shows a method for eliminating the effects of sample motion, which 

might be adapted to our system. 

B. ELECTRONIC DESIGN FEATURES OF THE RATIO 
REFLECTCMETER IN ITS FINAL STATE AND RELEVANT PROBLEMS 

1. Basic Concepts in Design 

Electronic analogs of optical intensity data are amplified, 

separated into reference and sample channels, divided, and ultimately 

displayed as sample reflectivity on a chart recorder. Central con- 

cerns were noise reduction to maximiEe sensitivity and the optimiza- 

tion of linearity. Just as it is arranged that both optical signals 

are subject to the same reflections, so the electronic signals cor- 

responding to Ip and. I- are made to pass through the same active 

electronic elements. Once separated, they pass through passive ele- 

ments only. 

mm 
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i'he block diagram, Fig. 2-1, outlines the logic of th- elec- 

tronic system and its multiple, coupling to the optics. Figure 2-14 

shows the relay rack arrangement of the components. The photomulti- 

plier develops a voltage across its anode resistor proportional to 

the light intensity at a given wavelength. A preamplifier boosts 

the signal (by a factor of 10, 100, or 1000), which is then filtered 

by a variable band-pass unit. Further amplification, followed by 

pnase sensitive detectirn, takes place in the phase sensitive detector. 

The detector receives its riference signal from the light chopper 

reference signal unit. Immediately following, the channel switch 

unit, activated by two signals from ehe beam splitter reference units, 

divides the signal into two channels, sample (called I,,) and refer- 

ence (called I-). Variable matched iow-p\ss filters remove the ripple 

in the two channel signals, and a modified servo-type recorder per- 

forms the aivision of IA into ID with pen yu3ition indicating reflec- 

tivity. 

Arbitrary upper and lower limits on the reflectivity, IR/l0> 

can be selected, thus providing scale expansion. There a, . upper 

limits on the time constants used in the matched filter sy^tcan. To 

permit longer integrations, a retransmitting slide wire followed by 

9  circuit with adjustable time constants is coupled to the recorder. 

The output is displayed on a second recorder. 

When signal changes are less than the noise-limited sensitivity 

of the system, the retransmitting slide wire output can be fed into 

a multichannel analyser. By making many sweeps through a spectrum, 
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S/N can be improved b;, vnumber of spectrum sv/eeps. The analyser's 

output can be displayed on an x-y recorder. 

Yet another mode of readout is a two-recorder display of I0 

and I_. 

A calibration and AC offset unit is driven by signals derived 

from the light chopper and beam splitter reference signals. Cali- 

bration and  offset for both I_ and I- channels can be independently 

adjusted and ai. coupled into the system through a resistor in 

series with the photomultiplier anode resistor. 

There are several units to permit monitoring of the signal at 

various points throughout the electronic system, and there is a ver- 

satile oscilloscope for appropriate display. 

In the sections that follow, the individual components will be 

described. The circuitry in some cases is quite simple but will be 

included so that there will be a complete record. Following these, 

problems associated with the attainment of constant !_ and with 

system-wide intermodulation effects are discussed. 

2. Photomultiplier Power Supply and Control Box 

a. Power Supply. The photomultiplier power supply is a Beva 

HV 302B-5+, which is adjustable from 500 to 2600 volts, and from 0 to 

5 milliamperes. The stability and regulation are 0.01^ and  there is 

only 10 mv. ripple. Polarity is reversible but is kept in the "ground 

polarity +" position. 

Beva Electronics Inc., 185 4th Street, Trenton. New Jersey 
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b. Control Box. The control box (Fig. ?.-lb)  acrv^ a number 

of functions for the 6256B photoraultiplier, although not for the 

7102. 

(1) Control (through the 200 Kfl potentiometer) and monitor- 

ing (with the 200 Ma. meter) of the voltage applied to the cathode- 

dynode 1 stage of the photomultiplier. A signal-to-noise study in- 

dicated an optimum setting of around 125 volts. 

(2) Monitoring of the DC anode output to ensure it does not 

exceed the prescribed level. Switch positions are: l) 100 Ma. full 

scale; 2) 1 na. full scalej 3) and 4) by-pass meter. 

(3) outing of power from the power supply to tne 6256B tube. 

(4) Routing of photomultiplier anode current to the control 

box when there is a choice of anode resistors with values of 1, 10, 

50, and 100 KH as well as a variable 10 KH resistor. The 50 and 

100 KT resistors introduced nonlinearitiec into the ratio measure- 

ment causing deviations of 2^ and 5^, respectively, in an actual 

ratio of 42^. The 10 KO caused a negligible deviation of the ratio 

compared to the 1KQ. Either is suitable, although the 1 KQ is the 

more conservative choice. The variable resistor is mounted exter- 

nally and is used for keeping I constant in ^R/R measurements. 

Anode resistor switching is accomplished with a shorting switch 

to ensure that current is bled off from the photomultiplier at all 

times. 

(5) Addition of an AC offset voltage to the experimental sig- 

nal, by means of a 100 2  resistor in series with the anode resistor. 
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When this offset is not used,the 100 Ü  resistor should be shorted 

tc- ground to eliminate noise from this resistor. 

c. Resistor Chain. Davohm wire-wound 1^ resistors were used 

in the p.iotomultiplier resistor chain because of their low temper- 

ature coefficient, thereby ensuring a stable voltage distribution 

along the chain and hence minimum gain change as the unit heats up. 

The 1 watt size resistors proved a good choice because they do not 

overheat. Capacitors shunting the last three resistors before the 

anode reduce the modulation of the tube gain caused by the AC com- 

ponent of the experimental signal. 

d. Exceptions in 7102 Control. The 7102 tube is not as care- 

fully controlled as the 6256B. In its use the control box is by- 

passed except for the use of the anode resistors. A BNC connector 

from the 7102 attaches to the signal BNC on the control box. 

e. Photomultiplier Settings. Settings for tne 7102 and 8256B 

photomultipliers are given in Table 2-4. 

5. Preamplifier 

Because of limited gain in the phase sensitive detector, a pre- 

amplifier is necessary, particularly when small (l KH) anode resistors 

are used to maximize photomultiplier linearity. Gain must be high 

enougL so that no significant noise is added by the next stage — the 

active filter. The system uses a transistorized, low noise, high 

source impedance preamplifier with a pass band of 5 Hz-1 MHz.  Its 

gain may be set at 10, 100, or 1000. 

Radiation Electronics Co., TA-5, now manufactured by Infra-Red In- 
dustries, Santa Barbara, California, and known as the model 617. 
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TABLE 2-4 SETTINGS FOR "mE  PHOTOMULTIPLIER TUBES 

Tube Number 6256B 7102 

Photocathode Characteristic S-13 S-l 

Maximum Cathode-Anode Voltage 2500 volts 1500 volts 

Maximum Cathode-Dynode 1 Voltage 200 volts 400 volts1 

Optimum Cathode-Dynode 1 Voltage ~ 125 volts not measured 

Maximum Dynode 10-Anode Voltage not applicable 250 volts1 

Maximum Anode Current 1 ma. 10 Ma. 

Optimum Anode Current for Gain 10 |ia. not given 
Stability 

Employing the resistor chain shown in Fig. 2-15, one will not 
exceed these limits so long as total voltage across the resistor 
chain is less than its limit, 1500 volts. 

a. Noise. The preamplifier specifications indicate that the 

TA-5 is a low noise unit, adding only 2 db of noise above the Johnson 

noise of a 100 KÜ  source resistor, when measured at 100 Hz with a 

1 Hz bandwidth. 100 K^ is the resistance of the preferred source. 

The added noise should become 5 db for a 1 KQ source resistor. Ac- 

tual noise measurements with a 100 Kl  resistor showed somewhat worse 

performance: 8 db instead of 2 db. However, in the usual R and <ÜR/R 

measurements, the light intensity is high enough that photomultiplier 

shot noise Is far in excess of any noise contributed by the preampli- 

fier. Consequently, noise arising both from the failure of the pre- 

amplifier to meet specifications and the necessity to use a 1 KQ 

source instead of the optimal 100 KÜ  source is not important. 
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PreaaiplJ.fier noise would become important only in experiments per- 

formed at light levels far lower than are used in the ratio system. 

b. Linearity. The manufacturer claims that the maximum un- 

distorted output is 3 volts peak to peak, but for linearity to lie 

within 1^, the output voltage should not exceed 2 volts. Under these 

conditions the linearity is within 0.1 db (1^) at a g±ven frequency. 

Over the range 20 Hz to 60,000 Hz, it can deviate as much as 0.3 db. 

When the instrument was first received the attenuator settings 

deviated by up to 1.7^ from their prescribed values, but they can be 

adjusted to within 1$  or less through use of resistors R215, R216, 

and R227. 

c. Signal Distortion by the Preamplifier. The signal coming 

out of the photomultiplier has the shape shown in Fig. 2-0SC-5, which 

has the xblowing Fourier components: 

DC 

n X 13 Hz n= 1,2,3,... (2.22a) 

m X 1080 + n X 13 Hz     m = 1,3,5,... (2.22b) 

The TA-5 is an AC amplifier with a 3 db down point at 5 Hz. 

There is a phase shift at 13 Hz, and more shift at 13 than at 

26 Hz. This causes a distortion and an apparent partial merging 

of the I0 and !„ signals (Fig. 2-OSC-6), which one might think 

would result in cross-talk tstween the channels. Actually, the 

distortion occurs only in the n X 13 Hz components, which are re- 

jected both by the band-pass filter and in phase sensitive detection. 

tam 
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4. Variable Band-Pass Filter 

A band-pass filter can be introduceCi following ^e preamplifier 

to remove the n X 13 Hz components from the signal and to preven 

noise saturation of the phase sensitive detector's amplifier. An 

active variable unit is used, the Krohn-Hite Model 310-AB(R),+ which 

has adjustable low and high cutoff positions. 

All signal information is to be found in the frequencies 

1080 + n X 13 Hz; i.e., in the fundamental of the light chop fre- 

quency and its modulation at 13 Hz by the reference and sample chan- 

nel reflections. A low cutoff should be low enough to pass all im- 

portant 1080 - n X 13 Hz components yet high enough to remove the 

n X 13 Hz couponents. The approp'- be range is 3!:3-450 Hz. The upper 

filter limit should permit the passage of all significant 1080 +nXi3 Hz 

components yet reject high frequency noise. This limit is 1800-2000 Hz. 

The filter should be placed after the preamplifier, not before, 

since it adds noise to low amplitude signals (less than 100 mv.). 

There is a low frequency fluctuation in its output which can be 

blocked by a 1 Mf capacitor in series with the 30 KQ input impedance 

of the phafe sensitive detector. 

The phase of the 1080 Hz carrier is highly sensitive to the 

filter's low cutoff position. This could result in noise except 

for the good phase stability of the filter. However, the 1080 Hz 

reference phase must be reset mechanically at the light chop-n t 

whenever the filter pass band is changed. 

Krohn-Hite Corp., 580 Massachusetts Ave., Cambridge, Massachusetts 
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Use of a highly stable passive filter, preferably of adjustable 

pass band, would eliminate these sources of noise, although this had 

not been done at the time of writing. 

5. Phase Sensitive Detector 

The AC experimental signal must be converted to a DC level for 

display. In preference to the usual square-law detector, we select 

a phase sensitive detector which has superior noise characteristics. 

The improvement arises through elimination of the beating together 

of noise and experimental signals found in square-law detectors [2-12, 

pp. 249-267; 2-13, Chapters 12, 13]. 

A reference signal, which is locked in frequency and phase to 

the experimental signal, rectifies that signal in a bridge network. 

The component of the output near zero frequency is proportional to 

the experimental signal times the cosine of the phase angle between 

reference and experimental signals and is actually the envelope of 

the original experimental signal [2-12]. The output is filtered in 

a low-pass unit: the longer the time constant, the narrower the pass 

band around the original AC frequency. 

Noise has a random phase relationship to the reference signal, 

and so causes excursions in the output about the proper signal level 

without any DC shift. Noise outside the pass band of the filter is 

removed. 

a. Sanborn Performance. The system employs a Sanborn 350-1200 BT 

Phase Sensitive Demodulator with the associated Sanborn 350-500 AP 
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Preamplifier Power Supply."*" Amplification with a gain of 200 Is 

followed by phase sensitive demodulation in a four-diode bridge 

network. The bridge is switched by a square wave, which is an 

amplified version of the reference signal derived from the light 

chopper. Note that the reference and experimental signals have 

the same frequency and  fixed phase because of the nature of the 

light chopper. The rectified signal passes through a three-stage 

R-C filter with three choices of cutoff frequency: 12, 80, and 200 Hz. 

The "Hi" filter setting is necessary when processing the dual beam 

signal,which has the components 1080 + n x 13 + f Hz. (f is a very 

low frequency representing light intensity change with wavelength.) 

One must pass the n X 13 components without distortion. If the 

"Medium" position filter is used in ratio measurements, the partial 

merging of the two signals will result in a slight change in R. 

The "Low" setting is appropriate for 1. or IR measurements alone 

where we detect 1080 + f Hz. 

Following a DC zero-level adjustment of + 3 volts, one has a 

choice of two outputs. Neither is at ground potential, so that all 

subsequent circuitry must be insulated from ground. The first out- 

put is from a vacuum tube which presents a source impedance of 1000 n. 

For system performance to be within specifications, the load raur.t 

be 2200 H or more. 

When smaller loads are desirable, the second output may be used. 

In this case a transistor unit serves as a buffer between the tube 

Sanborn Company, 175 Wyman St., Waltham, Massachusetts 
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and the load. The output impedance is 3 n and the preferred load, 

50 n. In our system both outputs are utrMized with appropriate 

loads. 

The Sanborn unit's frequency range is 50-5000 Hz. The linear- 

ity is as shown in Table 2-5- 

TABLE 2-5 SANBORN LINEARITY 

Output Load 
Linearity 

in 
Volts is 

When Peak 
Voltages 

do not Exceed 

Linearity in 

^ of 
Peak Values 

Vacuum Tube 
Vacuum Tube 
Transistor 

> 5000 n 
2200 n 
50 fl 

.0125 

.045 

.025 

5 
6 
5 

1/4* 
3/4* 

1/2* 

Drift is specified at less than 2 mv./hour. This holds nicely 

after a one hour warmup and is bettered if the unit is left on con- 

tinuously. The air conditioned, constant temperature room in which 

our system is located ensures that temperature induced drifts are 

minimized. 

b. Sanborn Deficiencies. The Sanborn fails to live up to 

its specifications in certain respects. Following the output filters, 

ripple (at twice reference frequency) is about twice that specified. 

This is potentially undesirable because of noise arising from inter- 

modulation effects (Sec. II-B-21). 

For certain selected frequencies, there are adjustable resistors 

or capacitors in the reference signal amplifier to permit optimum 

phase adjustment of reference and experimental signals. These fail 

,$mgmimp3M-**~ imifm 
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to  provide the specified range; using them alone, phase opt.mization 

is impossible. Fortunately, the mechanical phase adjustment on the 

lii3;ht chopper eliminates this difficulty. 

The rise time of the amplified reference signal is slow, 20 ^sec, 

which is a sizable fraction of a period at 5000 Hz. This effectively 

prevents operation at frequencies higher than 5000 Hz. It appears to 

be no problem at the system frequency, 1080 Hz, since the diode bridge 

is switched at only a very small fraction of the reference signal's 

total voltage excursion. 

The Sanborn has sin overload light, but this will not indicate 

saturation of the experimental signal in the amplifier. It is de- 

signed to respond primarily to signals which are in quadrature with 

the experimental signal. When the quadrature signal is large enough 

to ca\ise modification in the experimental signal due to amplifier 

saturation, the light will fire. Since this voltage is nearly twice 

that at which the experimental signal i'.self would saturate, signal 

saturation must be checked elsewhere, preferably by monitoring the 

Sanborn output wave shape on an oscilloscope. 

A modification to let the overload light act at a lower voltage 

v.; tried and rejected since it I -th distorted the experimental signal 

sind proved superfluous with oscilloscope monitoring of the output. 

Sanborn disadvantages are noticeable in comparison with other 

units: 

(1) Only slight internal phase adjustment end this in an 

awkward vay. 
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(2) No preamplifier sind amplification of only 200. 

(3) No band-pass filter for experimental signal. 

(4) Limited frequency range. 

However, the first three objections are readily solved with 

additional components, and the fourth is not a limitation in the 

Sanborn's use in the ratio system. The lack ^f phase thift and 

limited frequency range are problems only in AR/R r .iasurements. 

Yet, where it counts, in linearity and low drift, it performs superbly. 

Its superior performance to a far more expensive unit provided a dra- 

matic vindication of its choice. 

c. Comparison of Sanborn and PAR HR-8. The greater capabilities 

of the PAR HR-8,T together with its DC drift specification, which is 

comparable to the -anborn, recommended it as a possible replacement 

for that unit. 

Tests of b' th units were made under comparable conditions, con- 

trived to reduce other possible noise sources. Light intensity was 

high and a high quality mirror of constant R over its surface was 

used as the sample. Table 2-6 shows the PAR results for reflectivity 

spans of 90-100^ and 98-100^ across the recorder. The effects of 

various time constants are included. Table 2-6 should ^e compared 

with Table 2-19 which gives similar dil«. for the Sanborn. 

Except for its slightly greater drift, the PAR, in its 500 Mv. 

gain setting, is exactly equival .nt to the Sanborn in reflectivity 

ratio noise v. the ICflt and 2$  spans for various time constants. But 

Princeton Applied Research, P.O. Box 565, Princeton, New Jersey 
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TABLE 2-6 SYSTEM PERFORMANCE WHEN USING THE PAR HR-8 

PAR 
Gain 

Setting 
Ratio Span 

Time 
Constant 
in Seconds 

Ratio 
Indeterminacy 

in Divisions of 
Chart Paper 

Ratio 
Indeterminacy 
in Percent 

500 Mv. 99.5^ 90-100^ T3 = 0.7 1.0 .1* 

T4 = 2.0 0.75 .075^ 

T5 = 4.5 0.5 + drift .05^ +drift 

98-100^ 

T6= 9 

T3 = 0.7 

0.5 or less 
+ drift 

5 

.05^ or less 
+ drift 

.10^ 

T4 = 2.0 2 + drift .04^ x drift 

T5 = 45 2 + drift .04^ + drift 

T6= 9 2 + drift .04?» + drift 

T7 = 22 1 + drift .OZt  + drift 

1 mv. 95.0^ 90-100^ T3 = 0.7 30 3* 

T4 = ? .0 20 2* 

T5 = 4.5 15 1.5^ 

T6 = 9 10 1.0^ 

T7 « 22 5 0.5^ 

1 

in its Irav. gain position,the PAR is 10-30 times worse. The noise 

imparted by the PAR preamplifier depends on gain setting, and we 

would normally ex^ct this to increase for higher gains since the 

noise of the first stage is amplified more and more. In fact, as 

one increases the gain from the 1 mv. to the 500 Mv. setting in 

this particular preamplifier, the output noise actually decreases 

by a factor of 15-30. The reason Is that at the change to the 1 mv. 
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setting, an attenuator is added to ■•■he PAR circuit, followed by 

another stage of amplification. Significant noise can then be 

added to the reduced input signal at the stage beyond the attenu- 

ator. (Despite this odd design feature, the PAR performs within 

its own specifications.) 

Obviously, the PAR is unsatisfactory since one cannot always 

contrive to have his gain set st the 500 nv. position. In ad- 

dition, the greater long term drift completes the case against 

the PAR. 

6. Phase Sensitive Detector—Problems and Modifications 

There are certain other inadequacies or limitations in the 

operation of the Sanborn. Some prove to be curable. Others 

require that special preccations be taken in using the instru- 

ment. 

a. DC Drift and Ncise Problem. The DC level at the Sanborn 

output is not completely stable. There is a long term drift of up 

to 2 mv./hour and the short term noise (period less than 1 second) 

can be as much as + ^ mv. This affects the reflectivity ratio by 

adding a voltage A(t) to both VT tnd VT .+ The effect of the A(t) XR ■L0 

VT = voltage corresponding to I_ at Sanborn output. 
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voltage is analogous to that of the scattered light.  The measured 

reflectivity ratio is 

V! +A(t) 
Rm = VT + A(t) 

(2-23) I0 

and is modified in three ways by A(t): 

(1) Slow DC drift modifies the ratio slowly in time. 

(2) A nonzero initial setting of A(t) modifies R . 

(3) Noise in the DC level, A(t), causes short term ratio noise. 

Manipulating R we get, 

R +^i 
t + vx Vl 

R =  TTJT- ,     R,. = —  ,    t =«> true.    (2.24) m   i ^ A(t)  '      t  VT 
v   ' 

It is instructive to outline this equivalence in detail. Optical and 

electronic analogs are: IR(^) and Vi_(^)} I0(^) and Vj (^)j I fscatt) and ^t); 

R(scatt) and 1 (or equivalently 100^); a(^) and A(t)/Vi0; R (A) and 

R (X); and R.(^) and R.(^). Substituting directly in the optical 
m       Ti % 

equation, Eq. 2.13, we attain the electronic equivalent, Eq. 2.23. 

Alternate forms for the expressions for the error are: 

\i*) -  Rt(^) = [R(scatt)-Rm(>0]a(^)     Optical form 

F (X) - R.(>v) = [1     -R (^)]A(t)/VT   Electronic form m     t n       •L(- 
The optical form can be rewritten as: 

Rm(>)-Rt(>0 = (1- ^(A)+1-R(scatt)])a(^). 

Figure 2-16, which is a plot of reflectivity errors created by A(t), 

can now be applied to finding chc R - R.. correction factor when there 

is scattered light. This is done simply by replacing A(t)/Vj by a(^) 

and R (>0 by R (M+ 1 -R(scatt) in the plots and reading off the cor- m     m 
rection factor. 
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The error is most serious for R. = 0, and is zero for R. = 1. 

Figure 2-16 is a plot of R -R. in ^ vs. r^—*• in ^ for various R. 
m  t       VIo t 

values. The magnitude and relevance of the problem is most force- 

fully demonstrated by an example. Suppose the maximum value of the 

I» triangle (Fig. 2-0SC-8) is Vy634 = 2 volts (chosen to ensure linear- 
^ 0 

ity) and R = 40^. Then the average value of Vj , (Vj ), is 500 mv. 

If A(t) » 0.5 mv., R -R. = 0.06^ and %  e~ror is ~^ X 100 = 0.15^. 
m  t 40 

When R = 10^, this becomes 0.09^ and ^ error is —^ X 100 = 0.9^. 

Since these errors increase as VT decreases, VT  should be kept as I0 ■'•O 

high as possible consistent with linearity. 

The foregoing points up the desirability of increasing R. which 

is easily accomplished by blocking part of the I0 beam with a wave- 

length independent filter. If one then increases the Sanborn gain 

so that VT is back to its former level, the effect of A on the ratio 

will be reduced. 

For instance, let VT become OfVT , 0£ < 1, where ex is the filter I0       V 
transmission. Increase the gain by Of" . Therefore, OVT becomes VT , 

VT 6   ur '  J-o       I0 
R 

VT    becomes -rr- IR a 

\   ^    R + ^i«   h + äii 
-ÖT+ ^^     i   *      vio        a     vio ,       , 

0 VT VT 
^o ■Lo 

Now, for a given 77—, R is less sensitive to A drift and noise. Of 
vio m 

course, R must be corrected for a, but note an added boon: the peaks 

in one's experimental spectrum are accentuated by the factor g. 
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The difficulty with this procedure lies in finding a suitable 

gre.y filter. Glass filters, which transmit a fraction of all the 

light incident, are never gray over much of a wavelength range. The 

metal plates with conical holes, cited in Sec. II-A-5-d, have a suit- 

able wavelength range but transmit all the light incident on the holes 

and none incident on the other areas. In selecting certain portions 

of the beam, these metal filters can impart false structure to the 

reflectivity spectrum via the polarization dependent mechanism 

described in Chapter III. It is far better to use a high-speed light 

chopper in the In beam as the gray filter; R will then be increased 

without a wavelength dependent error. 

In addition to this over-all solution, the three A(t) effects 

can be attacked individually. The first effect, long term drift, 

is reduced by keeping the Sanborn turned on continuously; otherwise, 

for measurements on the 1%  and 2^ spans on the recorder, warmups of 

three to four hours axe necessary. Frequent 'uecks (every half hour) 

of DC level will keep drift to a minimum. 

iu reduce the second effect (A(t) ^ 0 at t = 0) requires a fool- 

proof way of setting the DC level at zero. The next section deals 

with this matter. Also necessary is sufficient resolution in the DC 

level control. The 100 Kfl carbon potentiometer, R1288, is a one-turn 

affair inadequate for the task. It was replaced by a 20 Kfl ten-turn 

wire-wound potentiometer1' in series between two 40 Kfl resistors. The 

Helipot, 7210 Serias, Bectanan Instrument, Fullerton, California 
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(3256 turns of the potentiometer give a resolution of l/3 mv., less 

than the noise and drift of the DC level. Unfortunately, no 100 Kfl 

multiturn potentiometers of small size had a sufficient number of 

turns. The reduced adjustment range of the DC potentiometer is no 

problem since it.'i range is still centered around zero. 

The third effect, noisy behavior of A(t), must generally be 

tolerated. With care it need not be the limiting noise. 

The A(t) noise is worsened by a poor cooling fan. At one time 

there was a 2 Hz, + 1 mv. fluctuation in the DC level, correlated 

with a 2 Hz pulsation in the cooling fan. Disconnecting the fan 

stopped the fluctuation, which presumably was caused by variation 

in the cooling rate of the transistors. Shifting the fan blade on 

its shaft improved motor balance and eliminated the effect. 

b. Three Types of DC Level Offset Error. By changing the 

operating conditions of the Sanborn, the operator gets a wide range 

of false zero levels. These arise in three distinct situations out- 

lined in Table 2-7. Understanding these situations will provide rules 

for ensuring that the zero level is properly set. 

(l) In the first type of situation, the Sanborn output level 

changes as the reference signal is turned on and off, provided the 

experimental signal input switch is in the "OFF" position. This 

level change is best observed with no experimental signal. The 

cause is a 120 Hz noise signal impressed on the external reference 

signal shaping circuit. Once introduced into the Sanborn, it is 

amplified sufficiently to cause switching of the bridge. That same 
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TABLE 2-7 THE CONDITIONS FOR DC LEVEL OFFSET 
ERROR IN THE SANBORN 

Situation 
Number 

Is There An Experi- 
mental Signal Out 

of Detector? 

Position of 
Sanborn Ex- 
perimental 
Signal Input 

Switch 

Does Sanborn 
Receive a 
Reference 
Signal? 

Source of 
Erroneous 
Voltage 

1 

2 

3 

Makes no difference. 
Observe with no 
sigoal, however. 

Yes 

Makes no difference. 
Observe with no 
signal, however. 

OFF 

OFF 

USE 

No 

Yes 

Yej 

120 Hz 
signal 

Experi- 
mental 
signal 

Reference 
signal 

120 Hz signal is picked up from the reference circuit by the experi- 

mental signal amplifier and rectified. This cross-talk results in 

a DC level change. 

To corroborate this, we changed the 120 Hz level where it leaves 

the external reference signal shaping circuit (by turning its power 

supply on and off and the I,., !_,, and 1080 Hz reference lights on and 

off). The DC offset was linearly proportional to this 120 Hz level. 

Further, the offset disappeared when the external shaping circuit and 

the Sanborn reference input were disconnected. 

The offset is not a problem because it is presumably eliminated 

when the reference signal is turned on, the reference signal being 

200-500 times larger than the 120 Hz signal. Even if it is not 
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eliminated, its residual shift should be constant and hence eliminated 

by DC level adjustment. 

{?)    The second effect involves a leakage of the experimental 

signal across the open circuit created when the input switch is in 

its "OFF" position; i.e., the signal leaks into the Sanbom. Provided 

there is a reference signal, this leakage is reflected in a change in 

DC output level proportional to the experimental signal. The change 

in DC level disappears when the experimental signed is disconnected 

from the Sanbom input. 

This leakage should not be a problem during an actual run, since 

the direct connection of a signal to the Sanbom should almost com- 

pletely shunt any paths occurring in the "OFF" position. At worst, 

the second path should increase the experimental signal in a linear 

way. An actual check corroborated this view: linearity is not af- 

fected. 

The leakage obviously affects the setting of the zero level, 

a leve1 which changes as experimental signal size changes. Thus, 

that level should be set with no experimental signal coming into 

the Sanbom, yet with the Sanbom fed from the same source impedance. 

This can be accomplished by replacing the anode resistor signal at 

the TA-5 input by a short. The "USE-OFF" switch should be in the 

"USE" position to short out most of the effect. 

(3) Pickup of the reference signal by the experimental signal 

channel accounts for the third type of error. This occurs whether 
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there is an experimental signal or not, though it is best observed 

with no signal. The input switch is in the "USE" position. The 

pickup takes place somewhere before the experimental signal ampli- 

fier's attenuator, because the setting of that attenuator directly 

determines the size of the offset. It is important for attenuator 

settings in the range 1-20. 

Two experiments corroborate this analysis. Changing the phase 

of the reference signal external to the Sanborn (losing the mechanical 

phase adjust) has no effect on the offset since this phase shift af- 

fects reference signal and its image in the experimental channel 

alike. But if ore could change the phase of the two signals inside 

the Sanborn after the point where the reference is impressed on the 

experimental channel, offset should change. This indeed occurs when 

the phase shift variable capacitor (C-1224, C-1225) in the reference 

amplifier is adjusted. 

To reduce the size of the effect, the capacitor can be varied, 

but there is still a residual offset which must be oliminated by 

zero adjust. One muse follow certain precautions. Since the off- 

set occurs when the Sanborn input switch is set to "USE", and this 

is the position of the switch during a run, adjustments must be made 

in this condition. The TA-5 input should be shorted so that one is 

not confused by noise or the experimental signal. One must rezero 

on changing gain when the attenuator setting is less than 20. 
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The serious modification of DC level with gain change was de- 

tuonstrated by use of a c.ray filter of 47.6^ tran.smission. Tidns- 

mission was first measured at an attenuator setting of 50. When 

I this was reduced to 1, transmission became 4/.07». This change was 

I 
I exactly matched by the zero ofiset change. 

! 
(4) Conclusions. A number of instinctively natural procedures 

are incorrect in setting the DC level. The proper guidelines can be 

I 
summarized: 

| 

(a) Ensure that the reference signal is fed into the Sanborn 
! 
j and amplified to the proper level. 
I 

(b) Adjust with the Sanborn "USE-OFF" switch in its "USE" 
■ 

position, and the TA-5 input shorted. 

j (c) Rezero whenever the banborn gain is changed if the at- 

tonuat^r setting is less than 20. 

(d) Adjust capacitors C-1224 and C-1225 to minimize cross- 

talk of the reference and exDerimental channels. 
i 

(e) For any gain   Jetting zeroing :an be checked by monitor- 
I 
i 

:ng the output on a recorder with a chort across the pre- 

amplifier (TA-5) input. This is the only way for high gain 

(1 < attenuator setting < 20). 

(f) For attenuator settings which are greater than or equal 

to 20, on*? can monitor the '•atin, R, as the gain is varied. 
VT +A 

R 
Since R - 77—--7 , it will be constant as VT and VT ar 

changed only if A = 0. This method is even more senfii-! ive 

than (e) above. 
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c. External Monitor, Transfer and Service Circuits. An ex- 

ternal monitor ana transfer circuit, probing various interior points 

in the Sanborn, was constructed with the following purposes (Fig. 

2-17): 

(1) To monitor experimental and reference signals at various 

points in the Sanborn to ensure linear behavior. 

(2) To monitor ^xperimenta.'. and reference signals in order to 

adjust phase. The reference signal appears as sharp spikes on the 

experimental signal. 

(3) To facilitate Sanborn adjustment and calibration. 

(4) To transfer the following signals: 

(a) Innut of reference signal. 

(b) Output signal frorr both Sanborn ou. vts. 

Other circuits were tried and rejected since they failed in 

their origin?.^ purpose or introduced spurious signals into the 

Sanborn. These induced an input transformer bypassj a reference 

channel phase adjust via an external capacitor; an adjustirent of 

the Sanborn amplifier overload set point and complementary alarm 

circuit; and a particular method of experimental signal monitoring. 

At the monitor station there are two jacks, one to the left ^ 

the other. Their descriptions follow in Table 2-8. 

d. Output Filter. Thu output filter is a variable three-stage 

R-C network. The "Hi" position filter passes nearly all the n x 13 Hz 

Fourier compontits nec-ssary but its fall-off is slow enough that 

rv******m*mff 

*ammm mam *m* 
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TABLE 2-8 THE SANBORN MONITOR 

Monitor Positions 
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1 
Special Sv'tch Figure 
Notes POE tion Signal at Left Jack Purpose Number 

1, 2 Unused- Off. 

3 Input reference Monitor the signal (sine 
signal. shape. wave) 

CAUTION1'2 4 The experimental sig- 
nal across the upper 
winding of the trans- 
former preceding the 
bridge. Points 
Gi-Fi. 

To ensure that am- 
plified experiment- 
al signal is i.ot 
saturated. Observe 
relative phase of 
experimental and 
reference si^Tials 

2-0SC-18 

CAUTION1'^ 5 As in 4, except 
points Gs-Fa. 

As in 4. 2-0SC-18 

CAUTION1'2 6 Square wave reference 
signal at diode 
bridge. 

Monitor size and 
shape of the switch- 
ing square wave. 

2-0SC-19 

2 7 Output signal across 
vacuum tube output, 
V1208. 

F^-iitor output sig- 
nal size and shape. 
Useful in IQ con- 
trol. 

Z 8 

9-12 

Output signal after 
transistor buffer. 

Unused. 

As in 7. 2-0SC-8 
through 
13 

Adjustment For;- ^ions 

Switch 
Position Signal at Right Jack Purpose 

4-12 

Unused. 

Center terminal of 
reference potentio- 
meter and ground. 

Output signal from 
vacuum tube V12Ü8 to 
ground. 
Unused. 

Off. 

Sanborn VTVM Cali- 
bration. See p. 21 
item 4c of Sanborn 
manual. 

Sanborn AC ripple 
adjust. See p. 22, 
item 4g. 

CAUTION: Scope ground will be at a high potential relative to the 
Sanborn ground. 

2In general the oscilloscope third wire should not be used since many 
monitor measurements are not made relative to system ground. 
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some residual 1080 Hz ripple passes through. This can be seen in 

Fig. 2-0SC-13. This ripple raises the spectre of intermodulation 

effects, discussed more fully in Section II-B-21. One possible way- 

out was tried by replacing the three element R-C network with a five 

element L-C one which would have 12 db more attenuation/octave. The 

new unit filtered the 1080 Hz nicely but picked up an excessive 

amount of 120 Hz, making it useless. 

The "Hi" filter position causes a very slight rounding in the 

triangular wave shape (compare Figs. 2-0SC-5 and 8). The problem 

is more strikingly demonstrated in the "Medium" filter position 

(Fig. 2-0SC-9). The curving of Vj is dependent en the magnitude of 
R 

VT as can be demonstrated by blocking the ln  light channel. VT 
■"•O 0 R 

changes slightly. The reverse also holds. The changes axe  greater 

for the "Medium" than for the "Hi" filter position. By performing 

such an experiment for various R valuer, the correction to reflec- 

tivity can be determined. (R was changed by using gray filters.) 

For the "Hi" filter position the correction is less than +0.1^ for 

0 < R < lOCflt, while» in the "Medium" position it is + 0.5^. The 

change is small enouph to be ignored, although it emphasizes the 

need to use the "Hi" position. 

The magnitude of the correction could be adversely affected 

by distortion in the triangular wave shapes (Fig. 2-OSC-13). 

Distortion is eliminated if the light beam is vertically centered on 
I 

the beam splitter mirrors. 
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e. Reference Channql Resistor Changes. A small change in the 

reference signal input load resistors was made so that the load would 

be 10 Kil,  the appropriate match to the output impedance of the re- 

ference signal shaping circuit. Another change increased the sensi- 

tivity in the setting of the reference level (Fig. 2-18). 

7. Beam Splitter Reference Signal Shaping Circuit 

The beam splitter reference signals are small and somewhat 

ragged (0.1 volt) after leaving the light sensors (Fig. 2-0SC-24). 

They must be amplified and well squared before they can decisively 

actuate the electromechanical channel switches, thereby separating 

the two channels of information. A Schmitt trigger circuit (Fig. 

2-19) gives the desired shaping. The light signal input from LS222 

is first amplified by transistor 2N2219. Diode IN2071 ensures proper 

bias. The Schmitt trigger itself is a bistable unit having either 

full output,~20 volts, or zero output. A relatively small signal, 

-2.2 volts, will switch it on; -0.54 volts will switch it off. 

Thus, an irregularly shaped input wave becomes a rectangular wave. 

Uniformity of the output is good with low jitter. Risetime is 

shaxp, 10 Msec, which is 0.013^ of a period, and gi'^ec rapid switching. 

There are two of these circuits, one for each of the Learn splitter 

reference signals. 

6. Light Chopper Reference Signal Shaping Circuit 

This circuit is designed to amplify and shape the reference 

light signal so that it is suitable to drive the reference channel 
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of the phase sensitive detector. In design, it is very similar 

to the two circuits which shape the beam splitter reference signals. 

However, there are some modifications dictated by factors discussed 

below.  (Figure 2-19 shows the differences.) 

The signal from the light sensor is irregular in shape (Fig. 

2-0SC-22) and the resultant square wave is asymmetric. If the 

Sanborn is driven by an asymmetric reference signal, some strength 

is lost from the symmetric experimental signpl. By adjusting 'rhe 

variable resistor, the voltage level at which the Schmitt trigger 

goes on and off is changed, and when the reference circuit output 

wave shape is monitored, symmetry within 3° is easily attained. 

The low-pass filter at the circuit output is optional under 

usual operating conditions. It is neees^ary when the circuit's 

output is used to drive not only the Sanborn reference, but the AC 

calibrator and offset. By passing only the fundamental of the re- 

ference signal, the filter eliminates ringing in the offset caused 

by the higher harmonics in the square wave. 

Figure 2-19 shows this circuit for both 450 Fz and 1080 Hz 

operation. The table found in the drawing gives a list of components 

which must be interchanged when changing frequency. 

The shaping circuit operation is stable, although jitter can 

develop when transistor 2N2219 is overheated. Overheating or even 

loss of this component occurs when improper grounds are used while 

monitoring the reference light signal (Sec. II-B-9). 
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a. Speci 1 Demands on the Power Supply. The ^chmitt trigger 

alternates suddenly between no load and full load. The power supply 

feeding all three signal shaping circuits must be highly stable under 

load changes to prevent mutual interference. This was indeed a prob- 

lem in the original power supply design. The 1000 |if capacitor at 

the power supply output buffers the supply and the load (Fig. 2-29). 

9. Reference Signal Monitor 

The monitor's purpose is simple: to provide a means to check 

ti.o operation of the reference signal shaping circuits (Fig. 2-19). 

Proper functioning can be checked quickly as can degradation of 

failure. The monitor positions are listed in Table 2-9. 

TABLE 2-9 REFERENCE SIGNAL MONITOR POSITIONS 

Special 
Notes 

Switch 
Position Purpose--To monitor 

Figure 
Number 

CAUTION ■,• 

CAUTI0N■ 

CAUTION" 

1 

2 

3 

4 

5 

6 

The light chopper reference signal 
at detector. 

The shaped light chopper reference 
signal before filtering. This is 
applied to the low-pass filter and 
to the calibrator. 

The beam splitter reference signal 
at the detector-I_ channel. 

The shaped beam splitter reference 
signal-I-, channel. 

R 

The beam splitter reference signal 
at the detector-I0 channel. 

The shaped beam splitter reference 
signal-I0 channel. 

2-0SC-22 

2-0SC-23 

2-0SC-24 

2-0SC-25 

2-0SC-24 

2-0SC-25 

1 Neither terminal of the light detector is at ground. An un- 
grounded oscilloscope must be used, otherwise transistor 
2N2219 will be destroyed. 
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IC. Channel Switch, Sanborn Load, and Associated Monitor Circuits 

The Sanborn output is made up of the IR and I channel signals 

(Fig. 2-0SC-8). Up to this point both signals have been processed 

in the same electronic units. The channel switches separate this 

output into two physically distinct paths (Fig. 2-0SC-14). To opti- 

mise the separation, there is a monitor circuit. The phase sensi- 

tive detector resistive load is found in this unit. 

a. Channel Switch. The channel switch is an electromechanical 

device, the Bristol Syncnroverter, Model C-1414-8.''' Current through 

a coil causes the single pole, double throw switch to close in one 

of its two positions, depending on the direction of current flow. 

Variation in switch closing time is minimized by driving it with 

the low frequency 13 Hz square v&ve;  any residual variation is a 

source of noise. The effects of switch bounce oa closing are re- 

duced by capacitive integration. 

Aging units may have pitted contacts and may close less de- 

cisively. They should be replaced. 

b. ChanneD. Switch Actuating Circuit. Each beam splitter re- 

ference signal shapi g circuit drives a channel swHch actuating 

circuit (Fig. 2-19). Each of these circuits reduces the signal 

from twenty volts to the six volts needed to drive the switch coil. 

Each circuit's variable potentiometer shifts the DC level so that 

it is centered at zero, thereby ensuring that there is sufficient 

_ - 

Bristol Company, Waterbury, Connecticut 
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voltage to close the double throw Synchroverter in both directions. 

We can now follow the experimental signal from the Sanborn 

through Fig. 2-20, which details the circuitry immediately following 

that component. 

c. Sanborn Load. The choice of Sanborn load size is dictated 

by two considerations: the optimum resistive load of the Sanborn on 

the one hand, and ehe maximum permitted values of source impedance 

for the servo recorders on the other. Excess source impedances 

severely reduce recorder sensitivity. The filters between the Sanborn 

and the recorders pose some restrictions as well, since the resistors 

in question serve both as Sanborn load and filter source. 

There are actually two sets of load resistors; one for the 

vacuum tube output and one for the transistor buffer output. The 

linearity of the vacuum tube output varies with the size of its 

load resistance, being optimized for resistances greater than 5 Kfl. 

Lower resistance val\ies must be used to satisfy the other criterion 

cited above, and one must accept the reduced linearity when vacuum 

tube output is ultimately used to actuate the ratio recorder. This 

reduction need not occur when the transistor buffer is interposed 

and one loads the buffer. This is easily accomplished by unloading 

the vacuum tube output when the buffer is loaded. 

A similar precaution does not need to be taken with the buffer; 

it is continuously loaded with its optimum 50 n load whether it or 

the vacuum tube drives the remaining syytem components. 
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d. The Actual Load rotentiometcrs. There ure four load po- 

tentiometers (upper left position of Fig. 2-20). Two 100 U units 

load the buffer, one to feed each channel switch. The magnitude 

of the signal selected from each can be scaled in direct proportion 

to its counter reading (0-1000) with a maximum deviation from linear- 

ity of 0.5^. The Sanborn loading is not significantly changed as 

one scales. 

The second set of potentiometers are 10 KP.  units in series 

with 2 KH resistors and load the vacuum tube. Again, there is on? 

potentiometer to feed each channel, but the scaling is not propor- 

tional to counter reading nor is the loading constant with scaling. 

Consequently, the transistor output is more convenient to use. 

To simplify operation, the 100 fl and 10 Kfl potentiometers for 

the L, channel are ganged; so are those for the 1. channel. They 

are ten-turn wire-wound Series A Helipots.  The inductance is low 

enough (1 mh. in a 100 fl unit) that the n x 13 Hz bignal components 

are not phase shifted relative to one another. 

e. Experimental Signal Routing and Monitoring. Figure 2-20 

shows the routing of the signal. A switch of twelve poles permits 

selecting the following: 

(1) Routing of experimental signal from vacuum tube through 

two channel switches to two channel filters. 

(2) Routing of experimental signal from transistor buffer 

through two channel switches to two channel filters. 

Helipot Division, Bectanan Instruments, Fullerton, California 

mm-   I 

ä: 
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vö) No routing to channel filters. 

The channel switches are in either of two positions: closed 

to perir.it routing of the signal from the Sanborn to the filters 

(contact „1), or touching the other position (contact 6). In the 

latter they present the filters with other refistancee equivalent 

oo the Sanborn load resistors. These maintain the filter time 

constant. The transition time from contact 1 to 6 is kept at a 

minimum by using a good square wave to drive the switch. 

Near the output the 1 Kfl and 500 fl resip'ors are part of a 

scheme to ensure that the filters have the same source impedance 

regardless of which Sanborn output is used. The 0.25 nf capacitor 

serves to eliminate noise due to bounce. 

There are two switches to short out the Synchroverter for the 

two channels. They are necessary because the rest position of the 

channel switch is open circuit, and they are useful when the system 

is being used in something other than the ratio mode. 

There are a number of purposes In monitoring: 

(1) Check the separated I_ and I0 signals to ensure continuity. 

(2) Check the relative phases of the L. (or 1.) channel signal 

and its switch to center the signal and maximize output. The signal 

is on for nearly 160° out of 360°, while the switch is closed for 

only ?r20. 

(o) See Ip and I. signals simultaneously on the double-beam 

oscilloscope. This is one way to check against overlap. 
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(4) Check for proper switch behavior. 

(5) Check the voltage applied to the switch coils to ensure 

it is of jood shape and is "balanced relative to the zero level. 

TaiAe 2-10 indicates how these points can be checked at the 

various monitor positions. 

TABLE 2-10 CHANNEL SWITCH MONITOR POSITIONS 

Switch 
Position 

Signal ai- Jpper 
Jack 

Signal at Lower 
Jack Purpose 

■""igure 
fau.iber 

1   1 OFF OFF 

21'2 IR channel switch 

position 

4 2-0SC-20 

31'2 ' IQ channel switch 

position 

4 2-0SC-20 

41 Ip channel signal 

output 

IQ channel signal 

output 

1,2,3 2-0SC-14 
through 

17 

5 Voltage applied 
to coil of lp 
switch 

5 2-0SC-21 

1  6 Voltage applied 
to coil Of IQ 
switch 

5 2-OSC-21 

1 Use only an ungrounded oscilloscope. 

2 Check with load selector switch in third position« 
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II. Matched Channel Filters 
i 

The signal leaving each of the channel switches has both AC 

and DC components (Flg. 2-0SC-14). The AC signal le made up of 13 Hz 

and Its harmonics. Since the recorders for I_, I., and R respond to 

DC voltages, any low frequency AC results In rapid pen oscillation 

with a consequent loss In readout sensitivity. Low-pass filters are 

necessary to eliminate the 16 Hz signal. Since there is noise of 

all frequencies (up to the cutoff of the Sanborn filter) superposed 

on the signal, the filters are used to remove thai as well. 

e. Filter Requirements. 

(1) Filters must be matched at ell frequencies to privent 

ratio wandering in response to transients. 

(2) Cutoff should be steep so that 13 Hz is well filtered. 

The frequency region where any residual mismatch matters is that 

immediately above the cutoff. Here steep cutoff is important to 

reduce the width of this zone. 

(3) Components should be stable in time and stable under 

voltage and temperature variations. 

(4) A choice of filter cutoff frequencies is acslrable as 

well as the ability to filter low frequency noise; the higher cutoff 

frequencies permit faster spectrum sweeps, and the lower remove more 

noise frequency components. 

b. Filter Design. Our first filter, an R-C network, failed; 

the electrolytic capacitors employed to provide the high capacitance 
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needed could not be matched. In consequence the Vj etna Vj signals 

came to equilibrium at different rates and theiriratio drifted badly. 

In contrast the L-C network shown in Fig. 2-21a required mucn 

lower capacitance values and fulfilled all four of the requirements. 

High Q, very stable mylar capacitors were used. The inductors were 

high q, low frequency units.+ By changing component arrangement the 

three separate filters shown in Fig. 2-21b were realized.* The 

filter characteristics are shown in Fig. 2-21c and are summarized 

in Table 2-11. The 6 Hz filter does not remove quite enough of the 

13 Hz signal to prevent pen oscillation. 

TABLE 2-11 CHANNEL FILTER DATA 

Switch 
iPosition 

Cutoff 
Frequency 

in Hz 

db/ 
octave 

Insertion loss: 
DC attenuation 
through filter 

1 

2 

3 

1 

4 

~6 

18 

30 

18 

11.4 db 

7.7 

6.6 

Filter design has proceeded a long way from the original image 

impedance approach which presupposed physically impossible loads. 

Computer solutions of exact formulae for filters have yielded nomograms 

Type MQL-3, United Transformer Corp., 150 Varick St., New York, New York 

In actuality there was a wa ag error in the final assembly so that 
the central three capacitances in Fig. 2-21a are 11.4, 38.8, and 11.4 yf 
instead of 20.2, 21.2, and 20.2 Mf• This error affects only the filter 
at switch position 3 shown in Fig. 2-21b, where capacitance values are 
42.8 instead of 51.6 Mf. Since this filter was rarely used, the error 
was not corrected. 

«■w 
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where variables are source and load impedance, desired attenuation, 

component Q, frequency range, ripple in the pass band, and certain 

component values. An article by MacLean [2-14] was followed in com- 

puting filter component values. Actual filter performance matched 

the design criteria. Of the many possible designs the ones chosen 

were those which minimised the large capacitance needed, consistent 

with inductance values of coils commercially available. Curves for 

minimum baud-pass ripple were used. Small resistors were added to 

certain sections of the inductors so that inductor Q's would be 

equal. 

A symmetric filter design was chosen. The 1 KQ load resistance 

ensured good recorder response. The symmetry implied a 1 K0 source 

resistance. The arrangement of resistors in the channel switch 

unit pr '"'des a 1 K^ source for both Saribom output options, with 

a minimum insertion loss for the filter. 

One criterion (4) was the ability to filter low frequency noise, 

but making additional matched filters with lower frequency cutoffs was 

not feasible. Inductor Q's are too low for sharp cutoff, and the 

necessary capacitors would cost far too much. The solution lies in 

the retra:ismitting slide wire (Sec. II-B-14) used with the ratio re- 

corder, which permits filtering the ratio itself, not its two com- 

ponents . 

There is a 60 Hz filter at the signal input to all Leeds and 

Northrup servo recorders. To ensure that the I0 and IR filters 

are matched, this filter must be removed. However, the 60 Hz filter 

• 
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is an integral part of the recorder camping circuit and prevents 

pen overshoot and hunting. Fortunately, our L-C filters damp 

almost as effectively. Various attempts to bring damping up to 

the original standard failed. 

An alternative approach to filter design would be to isolate 

the filter from the channel switch with an operational amplifier. 

Then R and C values could be selected to give the same time constants 

with stable capacitors. This approach was rejected because it violated 

basic design philosophy, i.e., that the experimental signals be sub- 

ject to active elements only when they are combined. For example, 

the DC drift in the operational amplifiers could have been trouble- 

some. Further, the falloff with an R-C filter is one-half as steep 

as in an L-C unit. 

11.    Ratio Recorder1- 

The function of the ratio recorder is to divide the DC voltage 

corresponding to I- (Vj ) into that corresponding to I_ (Vj ) and to 

display the result, R, as a i^n trace on chart paper. The recorder 

receives the two voltages from the channel filters via the ratio 

routing bo;.. 

a. Normal Recorder Operation. A Leeds and Northrup Speedomax 

G Recorder* was employed. This is a DC recording, servo-operated, 

null balance unit, whose unmodified operation is summarized in 

While the ratio routing box precedes the ratio recorder in the cir- 
cuit layout, it will be better understood following a discussion of 
the recorder. I 

Leeds and Northrup, Philadelphia, Pennsylvania 
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Fig. 2-22a. The battery current is controlled to give a fixed 

voltage drop across the slide wire, a resistor of many turns. The 

contact on the slide wire 03x1  move along its entire length, produc- 

ing an  output voltage proportional to the contact's inp'oantaneous 

position. This voltage is compared with the experimental signal 

and their difference is first chopped and then amplified. Chopping 

tae difference eliminates DC drift problems in the amplifier. After 

passing through a power stage, the error (difference) signal drives 

the motor, which is coupled to thr slide wire contact. Provided 

polarities axe  properly selected, the system w'll come to balance 

with zero error signal and with tbe contact position proportion0! 

to the input signal. A pen, connected to the contact, indicates 

this voltage by a chart paper trace. 

Certain other features are worth mentioning: 1) the input 

signal passes through a low-pass filter to remove the 60 Hz. It 

is this filter which must be removed if the matched channel filters 
i 
i 

are to function properly. 2) This filter is part of the damping 

! 
circuit. Any recorder modifications must be made so that damping 

is not lost. This requires care in rewiring the recorder as well 

as in the use of the channel filters. 3) The amplifier has a gain 

control which must be varied as the voltage drop across the slide 

wire is changed, i.e., as one changes the recorder scale. Too low 

a setting causes sluggish response (deadband) and loss in sensitivity; 

too high a setting causes pen hunting. With proper gain, amplitude 

changes of 0.1^ of full scale (pen trace width) are just discernible. 
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b. Recorder Modificaticn» Tho Speedomax was modified in a 

conceptually simple way. The battery and the voltage control cir- 

cuits actuating the slide wire were replaced by the output of the 

I0 channel filter (DC) (Fig. S-Slib). The I- voltage serves as the 

experimental signal. Since the slide wire is linear, the balar.ee 

position is R = VT /-i . 
•"•R ■L0 

Incieased sensitivity through scale expansion is a logical 

extension cf this bas^c modification, but it must be done so that 

the load presented to the channel filters remains fixed ?t 100C S; 

otherwise, filter matching is lost. Iv  Fig. 2-28c we show how this 

was attained, rhe upper and lower limit resistor chains set the '.pper 

a/d lower perci .cage limits on reflectivity across the slide wire. 

Th. span resistance shunts the 400 fl slide wire so that the percentage 

span is consistent with the upper and lower limits and thp 1000 0 

requirement. Once the span is L»t, the range is changed by moving 

the upper and lower limit switches in synchronization. Table 2-12 

shows the shunt values for various spans. General Radio Type 510 

decade resistors^ were used for the upper aad lower limits and f:r 

the shunt. TK.ir high linearity {O-OSfr)  ensures accurate range 

changes. Per cent limits can be set in 0.1$ increments and the span 

tc within 0.05$ of the actual desired vaiue. These resistors are 

mounted in the ratio routing box, as is a selector switch for the 

span percentage described in Table 2-13. 

General Radio Company, 22 Baker Ave , West Concord, Massachusetts 
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TABLE 2-12 RATIO SLIDE WIRE SHUNT VALUES 
FOR VAKXOUS SPANS 

RSlide W<re = 403-7 ± '^ 

^«Slide Wire + ^Shunt = l^10  X ^ in ^ | 

Percen-1 Span R ,  .in Ohms shunt 

13.86 211.1 (maximum Rshunt) | 

12.5 181.06 + .04         1 

10 132.93 + .0? 

i       8 99.77 + .02 

5 57.068 + .004 

4 44.399 + .003 

3 32.408 + .002 

2 21.042 + .001 

1 10.254 + .000 

{       0.5 5.063 + .000 

TABLE 2-13 POSITIONS OF THE SELECTOR SWITCH 
FOP RATIO SPAN 

Switch 
Position Span and Comments 

405t and 10056. Since the slide wire 
is only 400 ft,  some manipulation is 
necessary to get 100$ span. The lower 
limit switch is set at zero, the upper 
at 40$. There is no shunt and the IR 
attenuation potentiometer must be 
set at 0.400. 

13.86$-8.01$. Continuous adjustment. 

8.71$-0$.    Coi-tiriuous adjustment. 
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Figure 2-22d is a wiring diagrajn of the modified recorder. 

The changes axe relatively few but imrortant, and are listed below. 

(1) The battery, reference w t cell, and a second adjustable 

slide wire, designed to ensure that the prime slide wire voltage 

drop is calibrated, were removed. 

(2) The voltage corresponding to I was brought directly to 

the slide wire. 

(3) The length of the slide wire is greater than th^ cor- 

responding translatinnal pen motion across the chart pa- - . When 

the pen is restricted to its permissible rang , certain amall ratio 

ranf "s lie in the inaccessible parts of the slide wire. To prevent 

loss of information, the unusable portions of the wire were shorted 

out with an adjustable press contact. Since there are about 1750 

turns of wire this adjustment can be cade within 0.05^. 

(4) One could conceive of operating the recorder with certain 

variations in the input to the recorder amplifier at the male input 

plug. One such variation is the interchange of terminals 2 and 5; 

high amplitude hunting results. In fact, only one arrangement is 

satisfactory if deadband is to be reduced and damping to be proper. 

When this is done, signal polarities require interchanging .'le balanc- 

ing motor polarities (yellow and green terminals). 

(5) The 60 Hz filter in the recorder is utilized or bypassed 

through a simple switch. 

(6) As the span is reduced, the voltage across the slide wire 

decreases in proportion. The error voltage corresponding to some 
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deviation of the recorder pen from its null position then decreases. 

Unless the amplifier gain is increased, the deadband increases. At 

maximum gain, the R-820-1 amplifier is limited to slide wire voltages 

of 10 mv., corresponding to spans of 7$. Amplifier improvements in- 

cluded substituting higher gain tubes. The 60 Hz filter removal, 

although necessitated by other considerations, provided a major im- 

provement in sensitivity. A Leeds and Northrup 101122 high gain 

amplifier was tried and found worse than the modified R-820-1. The 

reason was unclear but was probably that enhanced 60 Hz pickup re- 

sulted in amplifier saturation. Various isolation procedures were 

unsuccessful. 

Operationally, the modified amplifier works well down to 1$ 

spans. Much lower spans are usually not useful because of: 

(a) experimental signal noise causing excessive pen excursions. 

(b) the change in ratio amplitude with wavelength, which re- 

sults in the recorder pen's moving the full scale range after 

only a small wavelength change. 

For a guide to system deadband with the R-820-1 consider the 

data in Table 2-14 on deadband. The DC level of the Sanbom was 

used as a suitably quiet signal and the 13 Hz switches were shorted 

out. 

If amplifier deadband were the only consideration, performance 

would be adequate down to a span of 0.035^, where deadband would be- 

i 
1 division out of 100. f 

i 



TABLE 2-l4 RATIO RECORDER DEADBAND IN DIVISIONS 
OF CHART PAPER AND IN VOLTAGE 
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Voltage 
Across 

Corres- 
ponding 

Deadband for Various L and N Amplifiers 

Slide Percent R-820-1 With R-B20-1 Without 101122 With 
Wire Span1 60 Hz Filter 60 HE Filter 60 Hz Filter 
in mv. 

4 2.8 0.2 div. = 8 Uv. <.l div. =4  |JLV. 0.8 div. =32 jlv. 

2 1.4 0.8 div. =16 M.v. <.l div. =2  |j.v. 1.6 div. =32 M-v. 

1 0.7 1.6 div. =16 Uv. <.l div. =1  M.v. 3.2 div. =32 M-v. 

0.5 0.35 <.l div. =0.5 |xv. 

0.25 0.175 .2 div. =0.5 |j.v. 

^is column is computed as follows: IQ = 2 volts, and the channel 
filter is set at position 1 (1 Hz cutoff). If span is then adjust- 
ed to give the slide wire voltage indicated in the prior column, 
span will be as indicated. 

c. Wavelength Marker and Paper. A wavelength marker, placed at 

the edge of the chart paper, is an integral part of the recorder. It 

is actuated by the closing of contacts in the raonochromator, permit- 

ting passage of a pulse from a 50 volt power su »ply. A more common 

approach is to add a voltage pulse to the signal, but the required 

circuitry was not compatible with certain ratio system criteria. 

Since the marker's position shortens pen range, mrst  chart papers 

are not suitable. Leeds and Northrup chart paper #717, with divisions 

running from -1 to 111, gives a usable range of 0 to 100. By rotating 

the slide wire, its lower limit can be set at the 0 position of the 

paper. The slide wir2 short can then be moved to the 100 position. 

äSS«SlBW 
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lo. Ratio Routing Box 

The box routes and processes the I., I_. and R signals (Fig. 

2-25). Two Inputs are the IR and I signals from the channel filters. 

Their 1 Kn loads are within the box. For X. it is the combination of 

resistors which permits selection of span and upper and lover per- 

centage limits of the ratio. Note that the ratio recorder slide 

wire portion of the load is outside the box and is part of the San- 

bom load In all modes of operation. A portion of the I. signal, 

selected by the lower limit resistors, can be routed to the I. 

recorder. 

The IR filter 1 Kn load is a wire-wound potentiometer. The 

full voltage is fed to the ratio recorder during ratio operation, 

but a selected fraction can be sent to the !_ recorder. When routed 

to the Ip recorder, the !_ voltage can be filtered by a two-stage R-C 

network with time constants of 0, .1/6, 2/3, 2, 4.5, 9.5, 19, 38, 

and 90 seconds. 

Monitor terminals permit checking the full IR and I. voltages 

across their loadn as well 86 the voltage across the shunted slide 

wire. 

Another input is a voltage, proportional to R, received from 

the retransmitting slide wire. The voltage corresponding to full 

scale on the ratio recorder can be adjusted through the use of coarse 

and fine potentiometers in series with this second slide wire and a 

battery source. After filtering in the same R-C network used for the 



*3 
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IR signal, the R voltage can be transferred either to the 1^ re- 

corder or to the multichannel analyser system. 

A selector switch permits choosing one of a number of rout- 

ing modes, described in Table 2-15. 

TABI£ 2-15 VT , VT , AND R ROUTING SWITCH 
V I0 

Switch 
Position Title Effect 

i  1 OFF No signal to any of the three re- 

corders . 

2 
^^O A fraction of Vj , selected by the 

potentiometer setting, is routed to 

'..he IR recorder via the R-C filter, i 

A fraction of VT , selected by the 

lower percent limit setting is rovted 

to the I. recorder. 

1  * R Vr is routed to the ratio recorder, 

giving R. A voltage proportional to 

R is fed from the retransmitting 

slide wire through the R-C filter to 

to the IJJ recorder. 

4 R and MCA 

■ 

Same as 3 except the filtered signal 

goes to the multichannel analyser 

instead of the L recorder. 

A third input is a wavelength marker pulse which closes a relay. 

The closed contacts can be used to short the input to the 1. and I- 

recorders, giving a negative marker pulse. This is not appropriate 



2-117 

for U'3e on the ratio recorder but serves nicely with the retrans- 

mitted r^tio signal on the ID recorder. n 

14. Retransmitting Slide Wire 

We stated that the channel filter should serve a double pur- 

pose: elimination of the 13 Hz harmonics and noise reduction. Be- 

cause of limitations imposed on matched filter construction, noise 

below 1 Hz cannot be removed even though r ch noise severely limits 

ratio sensitivity. 

If one could filter the reflectivity ratio itself, rather than 

its two components,!„ and I , much longer time constants could be 
K     O 

used. A retransmitting slide wire allows just this. It is mounted 

on the same shaft as the ratio recorder slide wire so that both 

slide wires have a fixed angular relationship. The two slide wire 

contacts effectively move in synchronization. Potentiometers, in 

series with a highly stable mercury battery, control the current 

through the slide wire to give the desired voltage drop. After 

filtering in the E-C network in the ratio routing box, this voyage 

can be displayed on the I_ recorder or stored in the multichannel 

analyser. As the retransmitting slide wire contact moves, the ef- 

fective source resistance for the filter changes. However, the 

low resistance of the wire (100 fi) ensures that the filter tiime 

constants are not significantly changed. Table 2-19 shows the 

typical improvement rne can attain with the added filtering. 

Tne angular position of the retransmitting wire must be ad- 

justed so that its zero position corresponds to the zero position 
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on the ratio recorder wire. The procedure is complicated slightly 

by the fact that the sliding contac., is lifted off the retransmitting 

slide wire before it reaches the zero resistance (and hence zero 

voltage) position. In lining up the zero positions of ratio, retrans- 

mitting, and I_ slide wires, the lowest division (out of 100) of re- 

transmitted signal is lost. 

The alignment of the 100 scale position of ratio signal and its 

analog on the IR recorder is accomplished by adjusting the coarse 

and fine potentiometers. After alignment there is a maximum deviation 

of signal reproducibility of 0.2 divisions out of 100 over the full 

range. 

If the signal is fed to the multichannel analyzer, voltage ad- 

justments are made In accordance with the criteria discussed in Sec. 

II-B-16. 

15. IR and IQ Recorders 

The purpose of the I- and I0 recorders is to display IR, I0, 

and the retransmitted R. 

The I- recorder is a Leeds and Northrup 10 mv. Speedomax H. 

It contains a control slide wire, potentially of use in a feedback 

system to set the I0 level. 

The xR unit is a Leeds and Northrup 20 mv. Speedomax G.
t The 

G has polarity opposite to the H. In standardizing polarity for the 

entire system, certain modifications were made to the G. 

There is no significance in the different ranges. These were merely 
the units readily available. 
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(1) Polarity change of the slide wire relative to its bat- 

tery sei" je. 

(2) Interchange jf the servo amplifier outlet leads to the 

servo motor (green sind yellow wires) so that the motor will drive 

toward balance. 

(3) Polarity change of the standard cell so that the calibrat- 

ing system of the recorder would function. This ensure* that the 

drop across the slide wire is 20 mv. 

In the signal input channel of each recorder there is a ca- 

pacitor between one side of the signal and ground. To prevent 

large deadband, the low side of the signal Mist be fed in here. 

The IR chart speed is varied by changing gears. 

16. Multichannel Analyser 

The basic purpose of a multichannel analyser is to Improve 

the signal-to-noise ratio by summing a number of identical runs 

through a spectrum. The total signal is proportional to the number 

of runs summed. The noise increases only as the square root of the 

runs, since noise power rather than voltage is additive. Thus, the 

signal-to-noise voltage ratio improves with the square root of the 

number of scans. Ary changes in experimental conditions invalidate 

this technique by modifying the signal Itself. Such changes can oc- 

cur in reflect!/Ity work, particularly in measurements at low temperature. 

One could ask why we do not quadruple the time constant rather 

than make foir runs with a given constant. If the noise were like 
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Johnson noise, where ^(v ) = ^4kTRAf) the two techniques would be 

equivalent. System noise does not have the Johnson-noise-like 

cha»*-vüOi .stic. By filtering, the system noise can be reduced to 

0.05^ with time constants of 2 and 4.5 seconds. Longer values do not 

reduce the deviatiors further; the fluctuations merely occur over a 

longer period of time in proportion to the time constant used. 

a. The RIDL Multich-mnel Analyser. The multichannel analyser 

used is the RIDL Model 34-12B Transistorized 400 Channel Analyser' 

used in conjunction wi'h the RIDL Model 54-6 Time Base Generator, 

the RIDL Model 52-9 Time Mode System Controllt-r, and the RIDL 52-39 

Time Delay Generator units. The latter three permit time base oper- 

ation rather than pulse height analysis. 

The master unit, the RIDL Model 34-12B, has 400 channels, or 

storage bins, for information. The timing unit causes each channel 

to be open for a preselected period of time and then switches to the 

next. During that time only the open channel stores information, 

which is in the form of counts proportional to the average value of 

the signal. Thus, over the time a channel is open, noise is averaged 

If one sweeps through a spectrum in time by running the monochromator 

wavelength drive, that spectrun. can be separated into 400 segments 

by a suitable adjustment of wavelength sweep rate and time/channel. 

The spectrum is stored. If one then repeats the entire operation, 

the two spectra axe  added and stored. The limits on the number of 

+ 
Radiation In .trument DevelDpnient Laboratory, Division of Nuclear- 
Chicago Corporation, 4501 West North Ave., Melrose ark, Illinois 
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spectra which may be added are storage capacity, spectrum stability, 
i 

and patience. 

b. The Voltage Converter. The Vidar Model 241 Voltage to Fre- I 

quency converter'*' provides the pulses which the RIDL Model 34-12B 

counts and stores. The frequency of these pulses is directly pro- 

portional to the experimental input voltage and attains a maximum 

of 10 pulses/sec. for +2.0 volts. The Vidar is fed by the filtered 

voltage output of the retransmitting slide wire. This voltage is 

received from the ratio routing box. 
1 

There are upper and lower limits on the vo'. ^age across the 

slide wire. 

(1) Voltage across the retraasmitting slide wire x .-6 x channel 

width in seconds gives the maximum number of counts/channel/sweep = C. 

There is an indeterminacy in C of one count depending on the relative 

time of channel opening and closing and pulse output (Fig. 2-24). C 

must be large enough to ensure that this indeterminacy adds insigni- 

ficant noise. Since the resolution of the retransmitting slide wire 

is only 1000 units, C ■ 1000 is certainly adequate for a lower limit. 
6 i 

(2) Suppose one makes m runs. If mC > 10 , overflow in each 
> 

channel occurs and counting begins again from zero. A spectrum look- 
i 

i.ig like Fig. 2-25a then looks like Fig. 2-25b. In such an instance 

interpretation is still easy, but more than one overflow causes some 

difficulty in unscrambling. Therefore, an upper limit on C must be 

mC < 2 X 106. 

Vidar Corporation, 77 Ortega Ave., Mountain View, California 
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c. Spectrum Initiation. For successive spectra to be stored 

properly, the start of the raonochromator sweep must coincide with 

the start of the time sweep in the RIDL. The circuit described in 

the section on Miscellaneous Power Supplies and Controls (Sec. 

II-B-19) provides a pulse of the proper shape to initiate the RIDL 

time sweep. It, in turn, is actuated by the closure of contacts 

every loX in the monochromator. 

By observing the time spacing of two pulses, the variation in 

firing time was measured. This variation was a maximum of .25A at 

the 500Ä/min. sweep rate and reduced to a minimum of .06A for sweep 

rates of 50Ä/min. or less. It is insignificant in terms of the 

typical structure variation with wavelength which is observed. 

The operating procedure is simple. We start the monochromator 

wavelength drive about 5Ä away from a marker pulse. As the drive 

passes through this first contact closure, the RIDL 54-6 time base 

generator will start its run. Further pulses, occurring every 10Ä, 

are ignored by the RIDL Model 54-6, which switches the Model 34-12B 

through Its 400 channels at a rate chosen by the operator. At the 

end of the sweep the RIDL "»jects any further information until 

reset. 

The time advance of f .e RIDL is very closely controlled by a 

crystal oscillator, but wavelength advance is determined by a less 

accurate synchronous motor. Nonetheless, the two remain in synchron- 

ization within l/zX over periods of 16 minutes. 
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d. Readout. During storage an oscill'iscope, integral with 

the RIDL Model 54-12B, shows the individual channel counting. Fol- 
i 

lowing any spectrum sweep, the operator can display the total storage 

in all 400 (or any 100) channels. For a quick check there is the 

oscilloscope. Fcr a more permanent record there is an x-y recorder out- 

put. The ordinate is a voltage proportional to counts ^n a channel and 

the abscissa is a voltage proportional to channel number. Using a 
i 

versatile recorder' permits scale expansion and DC offset. 

e. System Wiring sind Use. Figure 2-26 shows the connections 

of the Vidar and RIDL units to the rest of the system as well as their 
i 
I 

internal connections for time base operation. In addition there is a 

summary of the functions performed by each unit and a listing of the 

various controls and their usual settings. 

The operator must ensure that the following have the proper re- 
f 

lationship: 

(1) Wavelength sweep rate 

(2) Retransmitting slide wire time constant 

(3) Channel width 
I 

(4) Slide wire voltage. 
I 

We see no way to incorporate the RIDL 52-39, Time Delay Generator 

in the system. However, use of the RIDL 52-9 Time Mode System Con- 
i 

troller would permit automatic control of multiple sweeps through a 
I 

spectrum. On completion of a sweep through all 400 channels, the j 

address overflow pulse, which is available at P2 on the RIDL 12-34B, 
I 
I 

could be used to reverse the direction of the monochromator wavelength 
  

Moseley Autograf Model 7000A x-y Recorder. F. L. Moseley Co., Pasadena, 
California 
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scan. The Region of Interest switch, if set at position 2, would 

ensure that no data were stored during the time for return to the 

wavelength corresponding to channel 0. Using the address overflow 

pulse again, the wavelength drive could be reversed a second time, 

and the system would be ready to accept data from a second forward 

scan through the spectrum. Setting the Cycle Counter would deter- 

mine the number of sweeps to be made prior to readout. 

A possible improvement in the multichannel analyser system 

would be the addition of a magnetic tape unit to which the contents 

of the memory could be transferred. By transferring memory con- 

tents to tape before each spectrum scan, each new scan could be ex- 

amined and rejected if unduly noisy. If suitable, the prior scans 

could then be added to the current scan by reading them back into 

the memory. 

f. Signal Distortion by Vidar. The Vidar input impedance is 

2 KH. One can consider its effect on the filter in comparison with 

the infinite impedance of the I_ recorder when the recorder is 
A 

balanced. There results some change in time constants which is not 

serious. More important is signal distortion: the voltage across 

the 2 Kfl resistor is not exactly proportional to the position of the 

slide wire contact. Figure 2-27 shows the amount of this distortion 

for various settings of the resistor R. . The calculation is found 

in Appendix Il-^f. 
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Under the worst conditions the error does not exceed 0.65^ of 

the full scale value. The importance of this distortion will depend 

on the percentage span corresponding to the full travel of the re- 
i 

transmitting slide wire and the size of the structure which is ob- 

served. In most instances where small percentage spans are studied, 

the error will not be significant. If it is, a correction could be 

made based on Eq. 2.4l. 

17. System Polarities 
j 

All electronic system voltage polarities were made consistent. 
i 

They are: | 

(1) The Sanborn calibrator voltage which can have only positive 

sign. 

(2) The Vidar input which must be positive. 

(3) The experimental signal at the Sanborn output, where the 
s I 

sign is determined by the reference channel mechanical phase adjust- 
i 

ment. 360* of variation is possible. 
i 

(4) The calibrator and offset voltage which can be set at either I I 

polarity with a switch. 
I 

(5) The Irt, I_, and R recorders which have positive signal input UK ~ | 

polarity. This required a slide wire polarity change in the ID recorder K | 

(and other changes) and a balancing motor polarity change in the R 
i 
I 

recorder. 

(6) The retransmitting slide wire voltage, which is given positive 

polarity. 

1-*E 
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(7; The R-C filter for IL and retransmitted R signals, in 
n 

which electrolytic capacitors determine polarity. 

18. Offset and Calibrator I 

The offset and calibrator allows the op'rator to add arbitrary 

amounts of voltage to both the I,, and IA components of the experi- 

mental signal. Addition occurs at the 100 0 resistor which is in 
s ! 

series with the anode resistor. 
1 

The circuit is shown in Fig. 2-28. The first input is the 10PO 

Hz carrier from the reference signal shaping circuit output. The 

filtered fundamental of this signal must be used since the square 
i 

wave causes ringing. It first encounters the 1 Mf capacitor which 

blocks DC from the input transformers. After being divided into two 

paths, the carrier is switched on and off by the 2N2219 transistors. 

These are biased by the 13 Hz signals from the IR and I0 beam splitter 

reference shaping circuits. The shaped carriers are brought back to- 

gether at the common 100 (l load. The result is shown in Pig. 2-0SC-26. 

Switches permit selecting decade changes in the !„ and I0 offset 

values and two potentiometers provide continuous variation. Polarity 

switches allow one to add or subtract either voltage. 

As a calibrator the unit has some usefulness since signals totally 

in phase with their reference can be traced through the entire electronic 

system. 

Its potential utility as an offset lies in subtracting an AC level 

from the experimental signal, thereby permitting greater AC amplification 
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before saturation in the Sanborn than would be possible if one were 

to use a DC offset alone. This cannot be realized, however, because 
I 

of the different shape of the experimental and offset signals (Figs. 

I 
2-03C-8 and 26). Figure 2-0SC-27 shows the difference between two 

such signals of nearly the same informational magnitude^ i.e., their 
I 

filtered sum is zero. Saturation would occur at nearly the same 

Sanborn gain as in the absence of the offset. 

19. Miscellaneous Power Supplies and Controls 

Three locally made power supplies are shown in Figs. 2-29, 2-30, 

and 2-31. The first is the 25 volt supply to pwer the reference sig- 

nal shaping circuits and the channel switch actuating circuits. The 

second is the DC supply for the three reference light bulbs. This one 

includes an individual current meter and switch for each bulb. 

Finally, there is the 50 volt DC supply to actuate the wavelength 

marker pulse solenoids in the I_ and R chart recorders. The supply 

can also be used to fire a relay in the ratio routing box to short the 

inputs to the I- and IR recorders. The Zener diode in the supply pro- 

vides a bypass path to protect the wavelength marker contacts in the 

monochromator from pitting due to inductive decay of the solenoid coils. 

The alternative circuit in the 50 volt supply, selected by a 

switch, provides a smaller pulse to initiate the time sweep of the 

multichannel analyser. Pulse requirements, imposed by the RJDL, are 

rise time < 0.15 Msec; width > 10 Msec, and height 5-10 volts. The 

capacitor is used to smooth out the very bouncy monochromator wavelength 
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marker switch closure. Without it,final switch closure occurs some 

random time after initial switch actuation, resulting in increased ir- 

regularity in RIDL time sweep initiation. The capacitor must be 

kept small so that rise time requirements are fulfilled. The batterj 

was chosen to be 6.75 volts. With the R and C chosen, voltage across 

the contacts does not exceed 10 volts and settles at 6.75 volts. I 

The wavelength marker pulse power supply also contains certain 

controls. 
- 

(1) The light chopper motor on-off switch. 

(2) The beam splitter on-off switch and a Va-'iac to vary voltage 

level up to 132 volts. 

(3) The monochromator drive on-off switch. 

20. Constantl0 Feedback System 

For each of the active electronic components, there is an optimum 

range of the 1. signal size to maximize linearity and minimxze noise. 

Also, as the I0 level changes with wavelength, the voltage across the 

ratio recorder slide wire will vary in proportion, requiring a resetting 
\ i 

of the servo amplifier gain whenever voltage across the slide wire 

changes by a factor of two. These problems suggested setting up a con- 

stant I0 feedback system. 

ihe possible approaches include optical and electronic techniques. 

In the optical,o.  varies slit width or obscure increasing amounts of 

the slit with a comb made up of wedge shaped teevh.  There are at least 

two objections to this technique» 

! 

4 
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(1) By obscuring light one uses the minimum light intensity over 

the entire wavelength range of an experiment and must accept far lower 

S/N than is necessary at the brighter wavelengths. 

(2) If sanple reflectivity is rot constant over its surface, chang- 

ing slit illumination could introduce structure distortion. This ef- 

fect can often be observed in the present system by noting change in R 

as the slit width is varied. Changes of 1 to 2^ axe  common. 

Another optical technique involves varying the angle of crossed 

polarizers. This was rejected since it imposes an additional limit on 
i 

the wavelength range of the system. 

Electronic variation avoids all these dilemmas  The best place to 
I 

control I- is in the photomultiplier, since this optimizes the operation 

of every active component, and both I-, and IA will be changed propor- 

tionately. The method employed at the time of this report is manual 

feedback. Hand variation of the photomultiplier dynode chain voltage 

while monitoring the Vj output of the Sanborn on an oscilloscope keeps I 

Vj sufficiently constant.1 /Vn alternative method is hand adjustment 

There is one important precaution which must be noted. If the IQ and Ip 
light images are not fully superposed at the photomultiplier, they 
may be subject to different photomultiplier gains. These gains could 
vary differently with photomultiplier voltage. This becomes reasonable 
if one thinks of an  extreme case: one image in the center of the cathode 
end the other at its edge. There is a greater chance of loss of elec- 
trons freed from the edge of the cathode while passing to the next 
dynode than for those from the center. This loss is reduced as photo- 
multiplier voltage is increased. Changes in R are indeed often noted 
as one changes photomultiplier voltage. They axe  eliminated by care- 
ful repositioning of the IR and.  IQ images. 

In addition there is a significant qualification to hand control. Ir- 
regularities in hand control may obscure small structure. This point is 
discussed in Appendix Il-ft, Sec. 3. 
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of a variable anode resistor. This technique is actually used in 

^R/R measurements and is autcanated. 

a. Automatic Control. We attempted to set up an automatic 

feedback system for R measurements by varying the gain potentiometer 

of the Sanbom phase sensitive demodulator. This is somewhat un- 

satisfactory since the active units before the Sanborn do not oper- 

ate optimally; and for attenuation < 20, changing gain implies 

changing DC offset (see Sec. II-B-6-b-(3)). 

The carbon gain potentiometer, R1218, was replaced by a low 

inductance wire-wound unit, the General Radio 975-4000, mounted ex- 

ternal to the Sanborn. The "y-wds" portion of a Leeds and Northrup 

Speedomax G x-y recorder supplied the mounting for the potentiometer 

as well as the servo amplifier and balancing motor to drive it. The 

!_ voltage level at the output of the I- channel filter was compared 

to a DC level set point derived from a battery driven potentiometer. 

This voltage difference was the error signal which drove the potentio- 

meter to balance and kept I- constant (Fig. 2-32a). Unfortunately, 

the system hunted badly because of time delays. These were caused 

by the slow response of the potentiometer drive and the phase shifts 

iatroduced by the many stages of filtering between the Sanborn gain 

potentiometer and the I- channel filter output. In general only one 

stage of R-C filtering can be used if feedback is to be stable. 

Reducing filtering to one steige in the Sanborn did not eliminate 

hunting, presumably because of the s?.ow balancing motor response. 
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Various other arrangements, including the use of the I0 recorder 

control network, were unsuccessful. Pending solution of the hunt- 

ing problem, manual feedback is satisfactory in most situations. 

b. How to Make Automatic Control Work. The response time of 

the balancing motor should be reduced. When gearing changes speeded 

this up by a factor of 6 in the ^R/R system, hunting was eliminated. 

The photomultiplier anode resistor should be the variable unit 

rather than the Sanborn gain potentiometer. If the I-. level is taken 

from the channel filter, hunting will surely ensae because of the ex- 

cessive phase shifts from the potentiometer through the filter. It 

must probably be taken at the anode resistor itself. There, unfor- 

tunately, one must contend with the I0 signal in addition to the I . 

The anode resistor should not be loaded by the control network. 

An operational amplifier of low drift could feed a channel switch 

selecting I0 (Fig. 2-32b). One stage of R-C filtering would give a 

DC level proportional to Vj . Comparing this with a set point would 

give the error signal for the servo system. Any small drifts in the 

operational amplifier would not be anywhere near as serious as com- 

parable drift in the Sanborn output, since we are only trying to keep 

I- within f.ome linear range. Slight errors in !_ due to drift would 

result in a different anode resistance value. This would not affect 

R, since I_ and I0 are changed propc-tionately by the anode resistor 

variation. 
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21. The Intermodulation Problem 

The intermodulation problem is a variation in a supposedly con- 

stant DC level as a result of two system frequencies beating against 

one another. To understand the problem and a number of possible so- 

lutions, consider the following rsignal (Fig. 2-33): 

S " [HCsSTi ^(pn *) c-hr1 i^t-ir)]]  [na cos(a^t-cp2)] 

the square wave expansion 
(2.26) 

—I/W2 

 O.=o t = V2W« 

fV 
t«^t     TIME 

is 

FI6. 2-33   THE  INTERMODULATION   PROBLEM 

The average value of S over one period of the square wave, 2ir/üx.s 

TT/U^ 
(S) = —ß- f       [1+a cos(ü)2t -<p2)]dt 

-i+c|^[^-gT"'2)"sin(*'2)] 
= 2 + T^Sinl2^)  C0S[z^m*2J (2.27) 



2-139 

The ox  signal is the information signal with an average value 

of i,  whereas the tx^  signal is extraneous. For instance m. could 

be the 13 Hz I- signal and (!)„ a 120 Hz ripple imposed on the light 

intensity by an AC supply or poorly filtered DC power supply for the 

light sources. Alternatively, Ok could be the partially filtered 

light chopper frequency at the output of the Sanborn superposed on 

the information signal at üX. ■ 13 Hz. 

In the general case cp- will vary from one period of üi. to the 

next giving a modulation in (s). If this occurs in an irregular 

way, the result is noise. The effects of the q)2 change can be re- 

duced or eliminated in three ways. 

(1) Reduce a 

(2) Decrease the ratio -r1 

(3) Let •* --s = mr so the sine = 0; i.e » <% = 2au.,      (2.28) 

making a^ a harmonic of oi . 

a. Actual Solutions. The power supplies actuating the light 

sources and reference light bulbs are well filtered DC units (so- 

lution 1). The criterion for filtering was that noise from the 

120 Hz source be much less than shot noise. 

In attempting to eliminate the intermodulation of 13 Hz and 

light chopper frequencies, all three solutions were tried. We at- 

tempted to reduce a uy  substituting a sharper cutoff filter in the 

Sanbom to remove more of the high frequency ripple and pass the 

13 Hz harmonics. Pickup of 120 Hz negated the attempt (see Sec. II-B-6-d). 
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The ratio üüu/Up was decreased by changing light chopper blades. 

Chop frequency was changed from 450 to 1080 Hz, reducing system no.i.se. 

Phase locking (solution 3) the 13 Hz and light choppf .• frequen- 

cies was tempting. Ordinarily, they were not harmonics, and slight 

slippages in the beam splitter rubber drive wheel could only add to 

noise by causing further cp? variations. Thus, the fact that both 

motors were synchronously driven by 60 Hz could not tnsv.re phase 

lock. We took üne of the 13 Hz reference signals, selected its fifth 

harmonic by filtering, power amplified the harmonic, and drove the 

light chopper motor (n = 45 in Eq. 2.28). Although the signals were 

then phase locked, ther-» was some slight degradation in system noise, 

probably due to chopper bl»' inertia to small changes in the 65 Hz 

drive frequency. A furtner complication was that of coupling a power 

amplifier to the inductive motor load. Since there was no system 

improvement, the phase-lock method was discarded. 

Most importantly, changing the chop frequency seemed to reduce 

noise from this source below thp.t from others. 

22. System Improvements—Electronic 

We list a number of electronic improvements which would either 

expand the capabilities of the system or simplify its operation. 

(1) Set up control and monitor components for the S-l photo- 

multiplier tube operation analogous to the S-13. Install a switch 

to permit powering either quickly. 

(2) Acquire a proper preamplifier for infrared detectors. Many 

detectors have low impedances which match the TA-5 poorly. Use of a 
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high quality well-shielded transformer is an alternative: e.g., the 

Triad G4 Geoformer- 

(3) Replace the active band-puss filter with an adjustable 

passive unit. 

(4) Modify the shape of the offset voltage (Sec. II-B-18). 

(5) Install battery check terminals in the Channel Switch 

Monitor. 

(6) Correct the wiring error in the Channel Filters cited in 

Sec. II-B-11-b. 

(7) Automate constant 1. feedback control through use of a 

variable anode resistor (Sec. II-B-20-b). This has considerable 

importance in reducing distortion (Appendix 11-4,  Sec. 3). 

(8) Modify monochromator drive, and design additional cir- 

cuitry to take advantage of the automatic multiple sweep capabilities 

of the RIDL multichannel analyser (Sec. II-B-16-e). 

(9) Improve the operation of the RIDL memory storage by in- 

stalling a magnetic tape unit. This unit is discussed in Sec. 

II-B-16-e. Its purpose is to prevent the destruction of the con- 

tents of the multichannel analyser memory by a bad spectrum scan. 

i 
- 
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C. SAMPLE GEOMETRY—DESIGN FEATURES 
IN THE FINAL STATE AND RELEVANT PROBLEMS 

In this section we consider the geometry of the sample volume, 

the methods of sample mounting, and the means of applying a variety 

of stimuli to samples. 

1. Sample Volume 

The sample volume is a large space (47" X 58" X 82" high) capa- 

ble of enclosing a magnet or a vacuum system. It is defined by a 

rigid steel framework covered with blackened plywood and blackout 

cloth so that it is light-tight. There is a flat platform support 

from which sample holders and cryostabs can be hung. They are held 

in an adjustable mounting bracket. 

2. Cryostats 

Cryostats suitable for use with the system include the Janis 

demountable-tail, helixan-temperature unit and a lab-built unit de- 

signed by Julius Feinleib. They are acceptable in the sense that 

their optical acceptance singles axe  wide enough so that they will 

not block light used for sample illumination. 

5. Magnet 

A large electromagnet capable of developing 31 kilogauss can 

be wheeled into or out of the sample volume. It is the Harvey Wells 

L-128.* With the present tapered, standard-alloy pole tips, there 

is a cylindrical field area of 1.00" diameter and 0.685" length 

Janis Research Co., 21 Spencer Sc, Stoneham, Massachusetts 

Magnion Inc./Harvey Wells, 144 Middlesex Turnpike, Burlington, 
Massachusetts 
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(sepaxation of the pole tips). A specially designed cart and track were 

built, permitting the magnet to sit within 5-5/8" of the floor. 

The power supply is a Harvey Wells Model HS1050, factory updated 

to conform to the specifications of their newer model HS1365. The 

modified unit has an increase of maximum current from 50 to 65 amperes. 

The increased power dissipation at full current limits operating time 

to an absolute maximum of four hours. 

Certain local modifications were made to the power supply per- 

mitting: 

(1) Current (hence field) reversal. An interlock prevents re- 

versal when the current is nonzero. 

(2) Cooling-water control including on-off switches for water 

and pump, and safety interlocks for inadequate flow, excess water 

pressure, and exce; s magnet temperature. This control can be shorted 

out during operation below 25 amperes, when cooling is unnecessary. 

Because of inadequate water pressure a Jet pump capable of deliver- 

ing up to 90 psi was added. Heat transfer from the magnet to its cool- 

ing coils is inefficient enough that there is no need to use pressures 

above 50 psi. At higher pressures and water speeds the water runs 

through unheated. 

The water to the magnet is filtered to remove vegetable matter 

and minerals in suspension. This was the only concession made to a 

concern about the deleterious effects of water, such as electrolytic 

action, oxide formation, algae growth or mineral deposition. A proper 
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solution tf 9ll these problems would have involved a highly expensive 

recircui tlon system with many typ»s of filtering. It would be cheaper 

to replace the magnet cooling coils. 

4. Uniffxial Stressor 

A suitable design for uniaxial Stressor is found in ref.   [2-15]. 

The sample is held vertically and no window is necessary. 

5. Electric Fields 

High fields (- 10 volts/cm.) can be applied by any of the techniques 

described in refs. [4-30, 4-b6, 4-55].     Generally, the field will be 

nonuniform, decreasing as it penetrates into -.ic sample. 

6. Sample Geometry--System Improvement 

a. Absorption Measurements. The optical and electronic instrumen- 

tation and sample geometry have been discussed in terms of reflectivity 

measurements. Modifications are necessary in order to permit absorption 

measurements, specifically in cases of low ad. Certain changes in sample 

geometry optics aie indispensable, but for e*   > 0.1 (i.e., low absorp- 

tion, where d = sample thickness) no changes are necessary in the 

elecoronics. 

Figure 2-34 shows three possible modifications to the optics. Trans- 

mission Configuration #1 is perhaps the easiest to set up. The sample is 

between mirrors 4 and 5 in what was formerly the I0 beam and is now the 

I_ beam. The sample -n the IR beam is replaced by an aluminum mirror. 

0 
This is now the J^ path, unfortunately, there are a number of disad 

vantages: 
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(1) The I0 path has one more reflection than the I_ path. 

(2) After separating mirrors 4 and 5 to insert the sample, the 

I-,  and I0 beams are superposed less well on the mirrors following the 

beam splitter. 

(3) There is little space in which to apply  stimuli or cool- 

ing to the sample. 

Transmission Configuration #2 solves objections 1 and 2 above, 

but one is still restricted in cooling and stimulus application, par- 

ticularly if the sample is in position b. In position b there may be 

a problem with multiple reflections. 

In Transmission Configuration #3 a wedge shaped sample is in the 

former I_ path. Its back surface is coated with aluminum by vacuum 

evaporation. Problems 2 and 3 are gone but there is an additional dif- 

ficulty. The beam splitter could catch light from front surface re- 

flection as well as that reflected from the back mirror. To minimize 

this distortion, the sample is wedge shaped. Note that the sample 

mirror, since it is not exposed to oxidation, will not completely match 

the new mirror in the 1. path. Consequently, problem 1 is only par- 

tially solved. 

W« recall that 1. and I (and hence Im) should be of roughly the 

same magnitude to minimize distortion and noise arising from the San- 

bom DC level. Further, if 1^, and I- are widely separated in magnitude, 

an  amplifier might add a significant fraction of noise to the smaller 

when the Sanborr's gain was set to pass the other without saturation. 
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An easy solution is to use gray filters or a high speed light chopper 

in the I channel reducing I0 to the I_ level. If these alternatives 

should be unsatisfactory for any reason, electronic changes are needed 

when e"   < 0.1. Such changes should permit treating each channel 

independently in a way to minimize noise and distortion. 

b. Differential Measurements. Differential measurements, such 

as those suggested in Fig. 2-35, look productive at first glance. 

Two samples axe matched in reflection or transmission over the wave- 

length range of interest, giving IR/l0 = 1 or Im/l0 =1- Then a sti- 

mulus such as magnetic field or cooling is applied to one of the 

samples. When the spectrum is swept again, the deviations from 1 in- 

dicate the effect of the stimulus. AC offset (Sec. II-B-18) could 

magnify this as shown below: 

Let IR(
S) s IR vb*n a stimulus is applied and MR(S) 

s IR(S) - 

IB(0). 

Let the AC offset be 5. Note that I- -  IR(0)' Then the recorded 

ratio is modified from I_(S)/l0 to 

IR(S)-6  IR(0)-5+MR(S)     MR(S) 

1—re i^oT^ 1+yoR •     (2-29) 

This ratio increases as Ö increases. 

Unfortunately, there are certain difficulties with differential 

methods which could prevent their successful utilization in many cases."'' 

For instance: 

An instrument where differential techniques were successfully applied 
is described by Sturge [2-16]. I fferences smaller than .1^ were 
noted. 
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(1) Because of differences in the shape of the offset and ex- 

perimental signals, the offset does not permit the much higher AC 

amplifier gains which o a might hope for (Sec. II-B-18). 

(2) Matching two samples over a long wavelength range is a 

nearly impossible task. In transmission the samples would have to 

have the same thickness; the wedge-like shape used to eliminate re- 

flections complicates this. Reflection measurements show that two 

portions of the surface of a single sample can vary. How then could 

one match two samples, particularly when reflectivity is dependent 

on the effective etching time and on oxidation in air? 

Conversely, we can conceive of certain situations in which the 

differential technique could be used: 

(1) Over short wavelength reuiges matching might be good or at 

worst involve a monotonic change. The success of the differential 

technique in a given experiment presupposes that the change of in- 

terest occurs over a wavelength range which is small compared to the 

range of matching, or that the change is much sharper than the vari- 

ation with wavelength due to improper matching. This favorable situ- 

ation might occur in the case of the measurement of impurity absorption. 

(2) Samples need not be matched if one performs his experiment 

at one wavelength. In magnetic field measurements one can as well 

sweep through magnetic field at fixed wavelength as sweep wavelength 

at fixed field. In this type of experiment the sample in the I« 

beam serves only to attenuate the I- beam to nearly the same level as 
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that in the IR or I_ beam. Perfect matching is usually not critical. 

One can point up the limited utility of the differential approach 

even here, by noting that this I» attenuation could be accomplished 

through use of the offset voltage in the !_ channel. 

In many situations the differential technique is limited in its ad- 

vantages over straight reflectivity measurements. When changes are 

smaller than can be seen with the reflectivity measurement, AR/R 

methods, discussed in Sec. I-E and Sec. IV-D-3, are a very productive 

avenue of approach, since they so often produce such large improve- 

ments in the signal-to-noise ratio and in resolution. But the differ- 

ential technique must be employed when the difference between the two 

samples cannot be modulated, such as in impurity studies. 

D. SYSTEM CAPABILITIES AND LIMITATIONS 

1. Noise Sources 

There are many sources of noise throughout the system. They 

arise in both the optics and the electronics. Table 2-16 lists these 

noise sources, notes whether they are primarily optical or electroaio 

in nature, and indicates the relevant section of the text where they 

are discussed in more detail. These instances are selected both from 

the instrumental (Chapters II and III) and experimental (Chapter IV) 

portions of the text. To aid in troubleshooting, the noise sources 

sire divided into four categories: 
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(1) Those noise problems which have been solved. 

(2) Those noise problems requiring care in system adjustment 

or preparation. 

(3) Those noise problems involving system degradation. 

(4) Those noise problems which either cannot be or were not 

fully eliminated. 

In the last category there are five noise sources which deter- 

mine the system's noise limitations: 

(1) Xenon arc instability. 

(2) Beam splitter vibration. 

(3) Photonultiplier shot noise. 

(4) Zero level drift and noise in the Sanborn phase sensitive 

detector. 

(5) Irregularities in the operation of the 13 Hz channel 

switches. 

The relative importance of these sources will depend on certain cir- 

cumstances which are discu^o 1      remainder of this section. 

For example, when a xenon source (1) is used instead of one of 

the quiet tungsten sources, it is the major noise source. In this 

case the indeterminacy in the reflectivity ratio is O.l^t and cannot 

be improved. 

Photomultiplier shot noise (3) need not be the limiting factor, 

since its relative effect on the signal-to-noise ratio decreases with 

increasing l.'ght intensity. So long as necessary wavelength resolution 

is not lost, the monochromator slits may be opened until other noise 



TABLE 2-16 SYSTEM NOISE SOURCES 

OPTICAL  NOISE  SOURCES 

ItOI 
# 

A Description of the Nolle Problan 

Section 
where 

Discussed 

Trouble- 
shooting 
Category 

1 

2 

3 

4 

5 

6 

7 

8 

Tungitbi light source» flicker at the end of their life. 
Iodine quartz sources are noisy if they are run too cool. 

Xenon light sources shuw the following instabilities: 
Slight instabilities of a spike and step-like character are found In the best of 
thea. 
Instabilities worsen in poor, old, or overheated lomps. 
A lamp without «u-Mtal shielding worsens in a magnetic field. 

Ripple in the output of the light sources causes intemodulation effects. 

The ■onoehraator grating vibrates when the mounting spring is weak. The vibra- 
tion is increased by light chopper imbalance. 

Vibration of the beam splitter results in a slight motion of the slit image on the 
saaple and the pboteaultipller. This motion beccaes serious if: 
The reflectivity of the ssaple surface la irregular} 
The light image overlaps the sample, falling partially on the blackened area 
around ».he sample. The vibration then modulates R; 
The beam splitter drive wheel becomes wort or spotted with cement} 
The motor is not powerful enough to drive the besm splitter at the synchronous 
speed. 

A noaaynehroooua drlvt of the light chopper or the beam splitter results ir inter- 
modulation effects. 

The photomultiplier shot noise is Important and is light intensity dependent. 

Stray light can enter the system from the room, but it becomes a problem only at 
low source intensities. 

II-A-2-a 

II-A-2-b 

II-A-2-b 
II-A-2-b 

II-A-2.f 
H-B-21 

II-A-3-b 

II-A-7-J 

II-A-3-b 

II-A-7-h 
II-A-7-d,g 
TI-A-i-d 

II-B-21 

II-A-2,U-A-9-b 

II-A-JO 

(3) 
(2) 

(4) 

(3) 
(1) 

(1) 

(1) 

(4) 

(2) 
(2) 

(5) 
(1) 

(1) 

(♦) 

(1),(2) 

ELECTRONIC   NOISE  SOURCES 

9 The photomultiplier dark current is insignificant in the S-13 and in the cooled 
S-l. 

II-A-9-b (1),(2) 

10 Failure to short the 100 0 calibrator and offset resistor when it is not used can 
add noise. 

II-B-2-b-S (2) 

11 Degradation of any of the active elements can cause noise. For Instance: (3) 
Preamplifier batteries aa they start to weaken. (3) 
Hoise in the output phase of the band-pass filter. II-B-4 (3) 

12 Operation of any of the active elements outside their optimum range la inadvisable: 
In the S-13 photomultiplier 

II-D-4 (2) 

Cathode-dynode 1 voltages should be around 125} IT-B-2-b-l (2) 
Low light intensities coupled with low dynode chain voltages are often noisier (2) 
than with higher voltages} 
Anode currents in excess of ICMa. result in the loss of gain stability. Tube specn (2) 

The presnplifler's output shouli be high enough so that the band-pass filter adds Ii-B-3, 3a (2) 
no siffiiflcant noise. The filter's noise level is 0.2 mv. p-p. H-B-4 
The Sanbora output level should be high (around 2 volts) so that the effect of  llT-fi-5-a (2) 
drift and noise on the DC xero level is minimal.                        |lI-B-6-a 
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is 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

The preamplifier adds more noise than an optimally chosen unit. The noise Is minor 
In R and ä/R measurements compared to other noise sources, except when the pro- 
«mplifler la used In Its full gain position. The excess noise is partially due to 
Imperfect matching of the anode resistance, the operating frequency, and the pre- 
amplifier. 

When the varmup time is inadequate, the Sanhorn output zero level will exhibit 
excess noise and drift. Some will remain even after warmup. 

An improper relative phase adjustment of the experimental and reference signals 
(as controlled at the light chopper) results not only in signal loss but also In 
the creation of an unfiltered signal of around 30 Hi at the Sanbom output. This 
can be a serious intermodulatlon noise source. 

The use of a phase sensitive detector other than the Sanbom will often »e more 
noisy. 

The three reference signal shaping circuits can interact through their cannon 
power supply. 

Transistor 2N2219 in the reference signal shaping circuits can degrade. 

There can be irregularities in the operation of the channel switches: 
The effects of channel switch bounce are partially removed by use of a capacitor 
There is variable lag in the response of the channel switch to its driving 
voltage. 
When pitting occurs in the channel switch contacts, the switch should be replaced 
Hear in the moving portions of the switch prevents contact closure. The switch 
should be replaced. 

The gain of the ratio recorder servo amplifier can be too high or too low. If too 
high, the result is Jitters If too low, pen drift and excessive deadband result. 

Recorder response can be noisy, sluggish, or erratic due to a dirty slide wire, a 
worn contact, or inadequate pressure of the contact on the slide wire. 

The recorder trace may wander, or there may be a regular imposition of false 
structure if the electrolytic capacitors in the final R-C filter break down. 

There is an indeflnlteneas by one count in the number of pulses stored in the 
multichannel analyser. 

Ringing occurs in the signal delivered by the calibrator and offset unit when it is 
driven by a square wave at the carrier frequency Instead of by the fundamental. 

The ringing is removed when the square wave is filtered. 

The Intermodulatlon problems are generally solve'. See Items 3, 6, and 15. 

The relay racK steel does not provide a good cannon ground, as was dramatically 
demonstrated when the xenon power supply was turned on. The DC level at the photo- 
multiplier anode Jumped 100 mv. Noise from this source was removed by connecting 
all racks and units with a heavy copper braid. 

II-B-3-^ 

II-B-5-a 

n-E-2-(6) 

II-B-5-C (1).(2) 

II-B-8-a (X) 

II-B-8 (3) 

II-B-10-a 
II-B-10-a 

(1) 
(4) 

II-B-10-a (3) 
(3) 

II-B-12-a-(5) (2) 

(3) 

II-B-13 (3) 

II-B-16-b (2) 

II-B-18 
II-B-8 

(1) 

II-B-5-b 
II-B-6-d,II-B-21 

(1) 

(1) 

(1),(2) 

(2),(4) 

(2) 
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sources predominate. If no filters or polarizers are used, a 100 ji 

slit width will provide adequate light at the wavelengths of maximum 

intensity. When filters and polarizers are added, slit widths of 300 

to ^400 M- will enaure sufficient light for nearly the entire wave- 

length range (the exception being the far UV limit of the system). 

The S-13 photomultiplier performs better in this regard than the S-l. 

Nor is noise arising in the Sanborn zero level (4) paramount 

until the magnitude of the voltage corresponding to I0 becomes less 

than 1.2 volts. Variations in !_ in a large range above 1.2 volts 

show no change in ratio indeterminacy. We note that this guideline 

for I0 level applies to both the tube and transistor outputs of the 

Sanborn. 

Beam splitter vibration will be the main source of noise when 

the sample surfaces are rough, when the samples are poorly placed 

relative to the slit image, or when the sample and I0 images are not 

superposed at the photomultiplier. When these difficulties axe  re- 

moved by choosing a large smooth mirror of large R as the sample, and 

when the effects of (1), (3), and (4) are minimized, then the noise 

is reduced to its absolute minimum. With a tine constant of 22 seconds 

ratio indeterminacy was .02^ (Sec. II-D-5). Nothing quite this good 

has been achieved with the typical small samples used in experimental 

measurements, their surfaces often roughened slightly by etching. 

Typical indeterminacy values are .05^ after the system has been tuned 

to its best performance. 

1 ; 
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■ 

Thus, irregularity in the operation of the 13 Hz channel switches 

(5) appears as the present limit on system performance when perfect 

ssjnples are used. This irregularity is the compounded effect of a 

number of factors: 

(1) Variation in rotational speed of the beam splitter due to 

fluctuations in line frequency, residual roughnesses on the drive 

wheel surface, and variable friction in the thin section bearing. 

(2) Very slight variations in the shape and magnitude of the 

13 Hz light sensor signals as a result of variations in the reference 

light bulb intensity, arising from ripple in the bulb power supply. 

(3) Variable lag in the response of the moving contact of the 

Synchroverter switch. This worsens with use due to wear, and closing 

can eventually become less definite requiring higher driving voltages. 

Contact bounce on closure also implies a certain indeterminacy in 

closing time. 

The problems of lag» bounce and wear in the switch itself are 

probably more important than (1) and (2). S'-xght degradation in switch 

performance (increased bounce) which could be monitored on an oscilloscope 

(using the Channel Switch Monitor) were correlated with slight increases 

in ratio indeterminacy. Replacing the switch returned the syst-^ to 

its former peak. 

However created, 13 Hz switching irregularities were shown to be 

a significant noise source in the following simple experiment: The 

Sanborn DC level was set at its maximum, providing a quiet source of 

voltage to drive the ratio recorder. A ratio was chosen by varying 

i 



TABLE 2-17 SVSTEM DIST0oTI0N SOURCES 

OPTICAL   DISTORTION  SOURCES 

Ita 
t 

A Description of t e I^stortloo Problem 
Section 
vrtier« 

Dlicuc^ed 

Trouble- 
sliootlng 
Category 

When suple relleetlrity varle« over It« surface, sep«x»te Bofeurenente will «how an&ll 
inconaUtencle« when different portl ..■« of the auople are lllualnated. TU* can occur 
when two separate source«, such as tu iodine quarts lamps differently oriented, or a 
quarts and xenon source, are employed. 

The xenon source Boves under the influence of a sagnetlc fluid. The notion beccsies Im- 
portant «hen the sssnle R varies over iu surface or «hen IQ and IR light paths are 
blocked in different «mounts (Items 6 and .'S). This problem is removed through the us3 
of a mu-metal shield for the xenon source. 

There are large spike* *n the xenon spectrum in certai., regions. The resultant large 
phot'multiplier voltage changes, coupled with imperfect IQ and 1^ superposition at the 
photomultiplier (Item 12! may give small spikes in A     These regions of the xenon 
spectrum should be avoided. 

i     Secord order light froei the nonnchmator can create false structure. The light is rc- 
iscred by a filter. 

Scattered light frta the monocbrcmator modifies magnitudes and may create false struc- 
ture. Its effect is reduced by the use of filters. 

10 

IV-C-5-c 
IV-D-3 

II-A-2-b 

II-A-l-b 

There is a polarization dependent variation of the light intensity along the monc 
tor exit slit. This variation is wavelength dependent and has an effect whenever the IQ 
and In beamr are subject to different light blockage or .-eflectivlty. The effect is re- 
moved V the use of light polarized parallel to the moatjhr-nator ex^t silt and by re- 
duced 'jessi size, provided additional precautiors are taken, viz.: 
The aonochraeiwur slit height should b« reduced so that the slit image does not fall 
ou-,«lde the simple. 
H,' light should extend beyond any mirrors. 
The bt-i gpMtter aut not remove any light frcm the team. 
Care %att be taken in the use of gray filters in the IQ light p»th. 
neither the IQ nor the Ig image should extend beycod the photomulilplier cathode. 
Both Images should be superposed Insofar as posill- 

Although the b^sic philosoph}- employed in system design «as Intended to eliminate any 
problems arising from imperfect mirror matching, different aging in the beam splitter 
mirrors as opposed t3 mirrors #4 and 5 could result in slight distortions in reflectivi- 
ty spectra. (This problem is Independent of Item 6.) 

The geometrical effect of the U^t filters, which var M vith filter thickness, is re- 
duced but not elijBin«-*d oy placing the filter at the photcaultiplier :..^tead of at the 
light choppe-. 

dcdgple characteristics can change: 
Some differences arise fron variations in sample surface preparation. 
ChekKtl etches can radically affect the condition of a saavle surface- 
Surface uxidat'.on wJU modify reflectivity structure. 
Wnen cooled, -iscples may pick up «ater and C0a films which modify R. 
If a sample It moved ud a diflerent portion of the «urfa.e illuminated, the spectna 
may changt »lightly if the sur-'aee is not uniform. An equivalent effect is the change 
In R as slit width is changed. Therefore, the use of slit width variation is a poor 
way to keep IQ constant. 

The plane of polarization of light is rotated by active elencsts. Also, mirror reflec- 
tion vailes with the plane of olarlvation at nonnormal incidence. Since th.jse effects 
operating together can distort spectra, active elements should be eliminated except 
when they are n»-ded by the experiment. 

II-A-S-a-(5) 

II-A-3-b 
II-A-S-a-(l)MZ) 

III-8 

II-A-3-b 

II-B-6-a 

II-A-S-c 

IV-B-4.f 
IV-C-* 
IV-3-Z 
IV-D-2 
IV iJ-3 

III-H 

U),(*) 

(1) 

(1),(2) 

(1),(2) 

(1).(2) 
(♦) 

(1),(2) 

(2) 

(2) 
(2) 
(2) 
(2) 

(4) 

(!),(«) 

(2) 
(2),(3) 

(2) 
(2) 
(2-, 

(2) 
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11 Tbc vbotmltlplier »encltlvity to light intensity changes varie» «1th the position of 
the light iaage on the photocathode. E. Rossi of thi« laboratory noted that this effect 
was wavelength dependfnt. To minimize its distortion, measurements should be Bade at 
various angular positions f thv. photcmultipllt • and averaged. This is particularly im- 
portant when trying to w..  neasureaents giving ..'.ie accurate magnitude of R. 

12 The photoaultiplier sensitivity to the dynode chain voltage varies with the position of 
the light image on the photocathode. This results in change« in R as the voltage is 
changed. It is wavelength dependent in the S-l phototube, impartlpg false structure, 
and is eliminated by ensuring gco<: superposition of the Ig and Ig light images on the 
photocathode. 

13 Saturation of the photoaultiplier cathode results in a cusp in I0 and ultimately in R. 
The distortion is removed by defocusslng the light Images on the cathode. 

14 Ae photoBultlplier ' .in is modified by a magnetic field. If the light Images are not 
perfectly superposed, there will be a change in S, which is more serious in the S-l than 
in the S-13 phototube. The effect is reduced considerably by surrounding the phototube 
with a mu-m-tal shield. 

15 There is an indefiniteness in the real magnitude of R as determined by this system. 
■Jnless the light beam is suitably blocked as prescribed in Item 6, differing amounts of 
light will be lost in the I0 and the IR light paths, making a deteralnat. on of the mag- 
nitude of R impossible. When these paths are properly blocked, '■he R ivgnltude for the 
entire spectral aweep can be known to ' 'thin *§$. This figure ia a''—. the effect of 
■any of the factors cited above. Ver> -light changes in alignment where no light seems 
to be lost result in R changes of I to zi, probably due to light scattering. 

Ref.  [2-17] 

II-A-9-e 

IV-D-1 

IV-C-5-C 

(2) 

(2) 

f2) 

(1) 

(2) 

ELECTRONIC   DISTORTION  SOURCES 

16 Too high an anode resistor caises s-gnal distortion. II-B-2-b-4 (1) 
17 Distortion results when oper»»lng the electronic components in nonlinear regions :uchas: 

The TA-S with a peak-to-pea. output voltage greater than 2 volts. 
The band-pass filter with a peak-to-peak output greater than 14 volts. 
The Sanborn vacuum tube output greater than 1.8 volte. 
The Sanborn transistor output greater than 3 volts. 

(2) 

18 An Insufficient pass band In the band-pass filter will partially merge the In and I- 
signals.                                                  "    " 

II-B-4 (2) 

19 A notiero DC level in the output of the Sanborn will modify the reflectivity. .TI-B-6-a,b (2),(4) 

20 There is a very slight merging cf the L, and 1. signals by the Sanborn output filter in 
Its "HI" position. 
The "Medium." and "low" positions should not be u-ed during ratio operation sin« they 
cause even more merging. 

II-B-6-d (t) 

(2) 

21 Signal distortion c»n be caused by degraded electrolytic filter capacitors. (3) 
22 There is a slight distortion caused by the time lag In the response of the channel fil- 

ter output to changes In I0. Th's could be cured by employing a constant I0 feedback. 
Appendix II-* 
Sec. S 

CO 

23 There ear be distortion due to the Improper relative choice of time constant, mono- 
chromator wavelength sweep rate, and r-tio recorder spa.-. 

Appendix II-« (2) 

24 The finite input impedance of the Vidar voltage-to-freruency converter causes a small 
distortion In the signal stored in the multichannel analyser. 

Appendix II-vf (4) 
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the Ip attenuator, and the channel switches were shorted closed. The 

ratio was extremely quiet with an  : nda^minacy of less than .003^. 

However, when the shorting switches were opened, permitting the channel 

switches to function, ratio indeterminacy increased to .01 to .02^, 

when a time constant of 4.5 seconds was employed. 

2. Distortion Sourcgs 

I 
The various sources of signal distortion, both optical and elec- 

f 
tronic, are listed in Table 2-17. The table includes the sections of 

the text where these sources are discussed more fully and indicates 

the appropriate category for troubleshooting. These categories have 

the same meaning as in the preceding section (Sec. II-D-l), except that 

they apply to distortion insteaa of noise. 

There is one general distinction between optical and electronic 

distortions. Optical distortions are a consequence of system inade- 

quacies or limitations, whereas those of electronic character can also 

arise fron nonlinearities in active elements occurring when they are 

operated in saturation regions. 

Z. System Linearity 

In discussing system linearity we refer to the response of the 

active electronic elements, photoraultiplier through the Sanborn phase 

sensitive detector, and to the effect of varying the raonochromator 

slit width. When each component was tested, the optical and electronic 

distortions of other components in the system were minimized. 



2-159 

TABLE 2-18 LINEARITY CHECKS 

Experiment 

In vs. R anode 

R vs. R anode 

I0 /s. photomulti- 
plier voltage 

R vs. photomulti- 
plier voltage 

IQ  VS. TA-5 ampli- 
fier settings 

R vs. TA-5 ampli- 
fier settings 

IQ vs. Sanborn gain 
setting 

R vs. Sanborn gam 
setting 

IQ and R vs. slit 
width 

Current corres- 
ponding to IQ out 
of P.M. kept con- 
stant as slit 
width decreased, 
and photomulti- 
plier voltage in- 
creased. Change 
in R noted. 

Effect on Linearity 

10 Kfl resistor is nonlinear, signal increasing by 
factor of 9.88 instead of 10, compared to 1 KH 
resistor. 

1 Kfl and 10 Kfi resistors linear to better than 
.1^. 50 Kfl resistor causes a 2$  increase in R; 
100 Kn, a 5^ increase. 

Not checkable. 

Provided IQ and 1^ light images are superposed and 
centered on the photocathode, P variation with 
photomultiplier voltage is less than 1* . This as- 
sumes that the peak to peak value of tue signal 
out of the photomultiplier is within the following 
limits: 

Attenuator Minimum Maximum 
setting voltage voltage 
of TA-5 

40 3.2mv. .2v. 
20 .32mv. 20mv. 
0 .32mv. 2rav. 

Linear within ,1^ (recorder pen width) up to 2 
volts peak to peak at output. 

It is not possible to observe the effects of a 
change in TK-5 settings on R, independent of 
changes in other gains, since the TA-5 gain ncre- 
ments are in factors of 10. It is reasonable to 
assume that it is within .1$. 

Linear within .1^. 

Linear within .1^ when the Sanborn tube output 
lies between .8 and 1.8 volts and when the tran- 
sistor output lies between 1 and 3 volts. The 
lower limits eure set by noise in the output DC 
level. 

Demonstrates the need for image defocussing on 
photocathode. When this is done, linearity within 
.]#. 

For a change in light intensity by a factor of 
25:1, an R value of 40^ stayed within .5^ of its 
value. 

% 
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The linearity of both I and R measurements was checked. When 

a difference was found, the greater deviations were in the I- measure- 

ments. The improvement in R measurements is not surprising, since 

the nonlinear portions of a signed occur over only the short time span 

corresponding to the apex of the signal triangle (Fig. 2-0SC-5,8), 

rather than the full time of the measurement (Fig. 2-OSC-l). 

Table 2-18 outlines the results of various linearity checks. In 

an Ic check the percentages represent deviation from linearity ex- 

pressed as a percent of full scale value, where full scale is the 

maximum permissible signal to avoid saturation. In contrast R per- 

centage deviations are expressed as percentages of the R value at 

which they were measured (in this case 405t). 

Most components behave admirably, being linear within .1^ over 

the voltage ranges in which they axe used. In R measurements the pri- 

mary nonlinearity is in the response of the photoraultiplier to chang- 

ing dynode chain voltage. It can be minimized by careful positioning 

of light images on the photocathode. This effect, when added to that 

created by other components, should result in R deviations of no more 

than 1^. 

In I0 measurements there must be the additional precaution of 

using no anode resistor higher than 1 Kfl. Then here as well, devi- 

ations from linearity will be limited to 1^. 

4. Optimum Operating Conditions 

Once the limits on the system which axe imposed by linearity, 

distortion, and noise are understood, the optimum operating conditions 

can be delineated: 
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Photomultiplier anode resistor: 1 KÜ  (10 KH is appropriate in 

many situations). 

Current out of Photomultiplier: Assuming a 1 Kfi ancde resistor, 

the anode current should be no less than .32iia. for the 0 and 20 db 

attenuator positions on the TA-5, and no less than 3.2|ia. for the 

40 db position. (Divide these minimum numbers by 10 for a 10 KH 

anode resistor.) This current should \ot exceed lOpa. for gain sta- 

bility in the case of the S-13 response tube. 

TA-5: Maximum voltage at output: 2 volts peak to peak 

Minimum voltage at input at 40 db setting: 3.2mv. 

20 db setting:  .32mv. 

0 db setting:  .32mv. 

The noise characteristics of the phototube are such that it is often 

slightly quieter at higher voltages. Consequently, the 20 db position 

is used with the 1 Kfl resists, and the 40 db position with the 10 Kfl. 

Krohn-Hite Variable Band-Pass Filter: The level into the filter 

should be kept well above lOOmv. p-p- 

Sanborn output voltage range: Transistor output, 1 to 3 volts. 

Tube output, .8 to 1.8 volts. 

5. Best Performance Data 

Using a large aluminum mirror as the veflecting element, we col- 

lected the best performance data. Table 2-19 indicates system settings 

and the final indeterminacy in the reflectivity value. In this parti- 

cular experiment the measured reflectivity was higher than its true 

value since the light beam size was not restricted. 

^—— mm 
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TABLE 2-19 BEST PERFORMANCE DATA 

CONDITIONS: Samplv -- Large flat aluminum mirror. 

Source -- DXM iodine quartz lamp at 30 volts. 
o 

Monochromator -- 5000A grating, set at intensity maximum, 

5300X, 100M. slit width, no filters or 

polarizers. 

Detector -- 6256B S-13 photomultiplier at room temp. 

625 volts across dynode chain and 130 volts 

across cathode-dynode 1. 10 Kfi anode resistor. 

TA-5 — in 40 db attenuation position. 

Band-pass filter -- 425 Hz to 2000 Hz. 

Sanborn -- long warmup resulting in no drift or noise on 

scale of I0 chart paper. "Hi" filter on output 

filter. Transistor output. I-. = 2 volts at output. 

Channel filters — Position #1. 

Ratio recorder — 10^ and 2^ spans. 

I_ recorder time constants 3 to 7. 

Ratio Span Time Ratio Indeterminacy Ratio 
Constant in Divisions of Indeterminacy 
in Seconds Chart Paper in Percent 

99^ 90-100^ T3 = 0.7 1.0 .1* 

T4 = 2.0 .75 .075* 

T5 = 4.5 .5 .05* 

T6 = 9 .5 .05* 

98-100^ T3 = 0.7 5.0 .1^ 

T4 = 2.0 2.5 .05* 

Tg = 4.5 2.5 .05* 

T6= 9 2.0 .04* 

T7 = 22 1.0 + 
slow drift 

.02* + 
slow drift 
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There axe  circumstances when these conditions cannot be attained, 

due either to small sample size or to decreasing light as the wave- 

length extends into the ultraviolet. The oscilloscope pictures found 

in Figs. 2-0SC-2, 11, 12 show the effects of insufficient light on 

signal-to-noise. They should be compared with Figs. 2-0SC-1, 8 where 

shot noise is not the limiting noise. Yet even here, ratio indeter- 

minacy is only 1.5^ (Fig. 2-OSC-ll) and 3^ (Fig. 2-0SC-12). 

E. SYSTEM ALIGNMENT AND USE 

This discussion on system eüignment and use is written as a re- 

commended procedure for step by step adjustment by someone about to 

use the instrument. 

1. Optical Alignment 

(1) Preliminary Arrangement. The opt.cal components should be 

positioned in accordance with Fig. 2-2. The center of each mirror 

should be set at six and a half inches above the table surface. 

(2) Input Optics. After removing the cover of the monochromator, 

one observes its mirror illumination while adjusting the source and 

mirror 3 relative to one another. By observing thi  slit illumination 

from inside the monochromator, one can center the source in the slit. 

Once the external optics have been aligned, the final adjustments 

to the input optics can be made by maximizing the signal output from 

the ph .tomultiplier. 
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(3) General Comments on the External Optics. The ^oal is 

simple: one seeks a horizontal light beam whicb is centered on the 

various mirrors without overlap.+ The beam should focus at the sample 

without overlap and be defocussed at the photomultiplier without 

overlap. Two tools are useful in carrying out these g.als. The 

first is a simple grid sketched on cardboard and mounted on a vertical 

support; it is particularly useful in measuring the height of the 

light beam. The second is an adjustable mirror (Fig. 2-36) which 

is installed in the monochromator in fro.it of the grating. Since 

the grating cannot be turned to the zero order (maximum intensity) 

position, this mirror reflects white light out at ths  exit slit, there- 

by providing sufficient light for external optics alignment. 

(4) Large Mirror as Sample. In the first adjustments to the 

optics it is convenient to use a large mirror for the sample so that 

it need not be shifted each time a small change is made. It should 

be placed at about 60 cm. from the center of the beam splitter in a 

direction perpendicular to the side of the table. 

(5) Mirrors 9 and 8. Mirror 9 should be adjusted first by 

centering the light beam on its surface and  then rotating it about 

its two axes so that its image is horizoncal and centered on mirror 8. 

A similar procedure is followed with mirror 8. 

(6) Mirrors 1 and  6. Mirrors 1 and 6 axe  adjusted so that 

the image lies centered on the outermost beam splitter mirror with 

In this section we use the word "overlap11 to describe the light 
beam* s overspreading or extending beyond some surface such as a 
mirror or photocathode. 

h ■ ■■ ■■!■ mm 
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minimum overlap. Until light beam constriction is installed (14), 

ther.1 will always be some overlap. Then, by moving mirror 1 in and 

out on  its horizontal axis, the slit image is focussed on the mirror 

located at the sample position. Mirror 6 will often have to be re- 

adjusted to reduce the overlap on the beam splitter. 

(7) Mirror 4 and Beam Splitter. After the beam splitter is 

rotated 90°, so thai-, the open holes replace the mirrors, light passing 

through the hole is focussed on mirror 4 by moving that mirror about 

on the horizontal plane. 

(8) Mirrors 4 and 5. First moving the image close to the 

intersection of mirrors 4 and 5, we then rotate both mirrors about 

their horizontal and vertical axes so that the beum passes back 

through the second hole in the beam splitter onto mirror 7. 

(9) Sample Mirror. The mirror is set at the sample position 

until the reflected 1ight is incident on the second beam splitter 

mirror. Note the beam's position on mirror 7. 

(10) Interdependence of Steps (6)--(9). These steps should 

be repeated until a minimum amount of light is list at the beam 

splitter and so .hat the images for the I0 and IR paths overlap at 

mirror 7. This overlap will not be perfect nor can the I0 and I 

paths be made completely equivalent for reasons touched upon in 

Sec. II-A-8. One can come quite close however. The beam splitter 

itself can be rotated about a vertical a:is to aid in the general 

alignment procedure. It is useful to know that when the beam splitter 
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is rotated and the sample mirror counterrotated to bring the reflected 

image back onto the beam splitter, the IR image on mirror 7 is not 

significantly moved. 

(11) Mirrors 7, 2, and 10. Once mirror 7 is properly illu- 

minated by the images of both the I0 and. 1„  paths, it should be ad- 

justed to illuminate mirror 2. The separation of 7 and 2 should be 

kept as high as possible so that the image at the photomultiplier 

will be reduced within the dimensions of the photocathode. Mirror 

10 is adjusted in a routine way and its spacing to the 3-13 photo- 

multiplier set so that the images on the photocathode are defocussed. 

(12) Mirror 11. Mirror 11 should be rotated to deflect the 

light to the S-l photomultiplier. Unfortunately, it is very difficult 

to see if the photocathode is properly illuminated. It can be done, 

however, and once a good angle is determined, it should be marked in 

some way so that the mirror can be replaced in the same angular posi- 

tion each time that one switches from the S-13 to the S-l. 

(13) Precaution in Adjustment of Concave Mirrors. The concave 

mirrors are used as close to an  on-axis configuration as possible. 

Slight deviations (around 10°) from the on-axis position will increase 

image size at the sample or the photomultiplier by a factor of two. 

This increase in image size worsens as the configuration becomes more 

off-axis. 

(14) Light Beam Constriction. To minimize the polarization 

dependent error, the light beam must be sufficiently constricted 
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before reaching the beam splitter so that no light is blocked at the 

splitter in either the I0 or !„ paths. If an oversize hole is placed 

at the point narked in Fig. 2-2, it can be gradually reduced until 

no light is lost on the beam splitter. 

Following this operation, some of the previous steps may have 

to be checked for slight changes. 

(15) Normal Size Sample in Proper Position. The large mirror- 

sample should now be replaced with a sample of dimensions closer to 

those of the monochromator slit at its focus point, e.g., .1" wide by 

.8" long. Thla new sample should be mounted between the poles of the 

. magnet after the magnet has been wheeled up to the optics table. 

The sample will not coincide with tl"3 slit image. The two should 

be brought into coincidence by moving the entire optics table nori- 

zontally by pushing it and vertically by adjusting the screw feet at 

the four corners of the table. The sample will need to be rotated 

about vertical and horizontal axes so that the reflected image re- 

turns to the beam splitter mirror. 

(16) Final Tune-up. Light should now be traced through the 

entire system to ensure proper alignment. The S-13 photoraultiplier 

is best viewed from inside the box shielding the sample volume, by 

i 

sighting past the sample into the optics table area. 

j 
(17) Procedure for New Samples once Optics are Aligned. New 

samples can usually be Installed without modifying any of the optical 

f 
alignment. One places the new sample in approximately the correct 

I 
position and illuminates it with white light using the monochromator 
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mirror described in (3) above. The sample mount permits adjustment 

in enough degrees of freec.om so that the sample can tt placed at the 

slit focus and so that the reflected light can be returned to the 

beam splitter mirror. Very slight adjustments in the position of 

the sample can then be made by noting the relative position of the 
i 

!_ and I_ images on the S-13 photocathode. These adjustments are 

continued until the images are superposed. If adjustments in the 

sample will not accomplish the superposition,it can often be brought 

about by moving mirrors 4 and 5 in .synchronization along their com- 

mon dovetail in a direction perpendicular to the direction of the 

incident IQ light. 

Since the mirror which is installed in the monochromator is not 

a perfect replacement for the grating, there is sometimes a very slight 

shift between the white light image at the samp] ^ and the monochromatic 

light image. A similar shift can occur at the photomultiplier. Con- 

sequently, image positions should be checked with the monochromatic 

light of greatest intensity (found at 5300Ä) at the slit width which 

will be used for measurements. For this check,the experimenter will 
I 

need to acclimatize his eyes to the dark. 

Silt height should be reduced sufficiently so that the light 

image of the slit lies entirely on the sample. Slit width is set by 

i 
balancing shot noise and resolution requirements. 
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2. Electronic Alignment 

(1) Preliminaries. The optics are assumed to be aligned, the 

light source is turned on, and a wavelength chosen for maximum light 

intensity. Monochromator slit width is set large enough so that shot 

noise is not a significant problem during alignment. (Compare the 

Figs. 2-0SC-2, 11, 12, showing the effects of insufficient light,with 

Figs. 2-0SC-1, 8.) The photoraultiplier power supply, preamplifier 

(TA-5), band-pass filter, and phase sensitive detector (Sanborn) are 

assumed to be operating properly and to have had a warmup of at least 

one-half hour. 

(2) Battery Checks. Mercury batteries each drive the calibrator- 

offset, the retransmitting slide wire, and the multichannel analyser 

initiator found in the wavelength marker unit. A Jones plug at each 

permits checking the batteries. A current of 1 ma. indicates the 

battery is healthy« 

(3) Reference Signal. After turning on the light chopper, light chopper 

reference bulb, and the 25 volt power supply, one observes the light 

chopper signals at Reference Signal Monitor Positions 1 and 2 (Figs. 

2-0SC-22, 23). 

(4) Beam Splitter. Its position should be set by "land to pass 

the I» light. During the initial adjustments, the beam splitter is 

not operated. 

(5) Fbotomultiplier, TA-5, and Filter. The photoraultiplier 

power supply is set at minimum voltage (500 volts) and the high 

voltage turned on. Minimum voltage is used so that there is no 
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FIG. 2-OSC-l LIGHT CHOPPED SIGNAL AT PHOTO- 

MULTIPLIER ANODE RESISTOR. H = 1, V = 10 

FIG. 2-0SC-2 AS IN 1, EXCEPT LIGHT IKTE.1SITY 

REDUCED BY FACTOR OF 250. R « 1, V » 10 

FIG. 2-OSC 5 SAME SIGRAL AS IM 1, AT BAND-PASS 

FILTER OUTHJT. H • 1, V - 500 

FIG. 2-0SC-4 Af  COMPONENT OF SIGNAL IN 1 AT 

3ANB0RN OUTPUT (LOW FILTth). POOR HttSE ADJUST- 

MENT. H = 10, V - 5 

OSCILLOSCOPE PHOTOGRAPHS OF THE EXPERIMENTAL SIGNAL AT VARIOUS POINTS IN THE SYSTJM 

WHEN THE BEAM SPLITTER IS NOT ROTATING. SEF ALSO FIG. 2-0SC-18. 

H « HORIZONTAL SCAI£ IN MSEC/CM. V - VERTICAL SCALE IN MV/CM. 

HG. 2-0SC-6 SIGNAL IN 3 FOLLOWING PREAMPLIFIER. 

H = 10, V o 200 

PIG. 2-08C-S SIGNAL AT PHOTOMULTIPLIER ANODE 

RESISTOR. SHOT NOISE NOT THE MAXR NOISE. 

R - 10, V • 25 

0SCIU03C0PE PHOTOORAHJS OF TOE EXPERIMENTAL SIGRAL AT VARIOUS POIMTS IN THE SYSTEM 

WHEN THE BEAM SPLITTER IS ROTATIKO. H • HORIZONTAL SCALE IN MSEC/CM. 

V - VERTICAL SCALE IN MV/OM. 
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danger of an excessive anode current flowing. The photomultipliar 

voltage is increased until the anode current lies withir the limits 

set in Sec. II-D-4. The waveform can be compared to Pig. <J-0SC-1. 

After testing the TA-5 at 40 db attenuation for a 10 Kfl anode resistor, 

or 20 db for a 1 KO, and setting the band-pass filter at a low cutoff 

of 425 Hz and a high cutoff of 1950 Hz, one compares the waveform to 

Pig. 2-0SC-3. 

(6) Sanbom. The transistor buffered output is selected, the 

Sanbom attenuator set at 20 and the zero level adjusted in accord- 

ance with Sec. II-B-6-b-(4). In the "Hi" filter position the Sanbom 

output, as observed at Sanbom Monitor Position 8, will have the ripple 

shown in Fig. 2-0SC-13. This ripple is about 20 mv. high and is quite 

normal. It is not evident in the "Low" filter position. 

Now the relative phase of the reference and experimental signals 

can be adjusted. The TA-5 input short suggested in Sec. II-B-6-b-(4)-(b) 

is removed and the Sanbom filter set to its "Low" position. By mechan- 

ical adjustment of the reference signal unit found on the light chopper, 
I 

the DC level of the Sanbom output can be maximized. It is best ob- 

served on an oscilloscope using the scope's DC offset to maximize sensi- 
1 

tivity. Under proper adjustment the trace will look flat except for 
■ 

noise of 1 to 2 rav., yet a deviation of only 10° of phase from the maxi- 

aum results in the large low frequency ripple seen in Pig. 2-0SC-4. 

This ripple poses an intermodulation hazard. 



FIG. 2-0bC-7 SIGNAL IN 6 FOLLOWING BAND-PASS 

FILTER. H = 10, V = SOO 

FIG. 2-0SC-8 SIGNAL IM 7 AT SANBOBN OUTPUT, HI 

FILTEB. OBSERVE AT SAKBOHN MONITOR--JOSmCM 8. 

H = 10, V = 500 

FIG. 2-0SC-9 AS IN 8, EXC'"PT MED FILTER. 

H - IC, V . 500 

FIG. Z-0SC-10 AS IN 8, EXCEPT LOW FILTER. 

H = 10, V = 500 

FIG. 2-0SC-U AS IN 8, EXCEPT LIGHT INTENSITY 

REDUCED BY FACTOR OF 250 (AS IN ?   '""I NOISE 

- l.S*. H - 10, V • 1000 

FIG. 2-080-12 AS IN 11, EXCEPT LIGHT INTENSITY 

REDUCED PURTHKR. RATIO NOISE »311. H > 10, 

V » 1000 

OSCILLOSCOPE PHOTOGRAPHS OF TOE EXPERDffiNTAL SIGNAL AT VARIOUS POINTS IN THE SYSTEM 

WHHI THE BEAM SPLITTER IS ROTATING, COHTHIUED. H • HORIZONTAL SCALE IN MSEC/CM. 

V • VERTICAL SCALE IN MV/CM. 
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An alternative, although less sensitive, method of phase adjust- 

ment is suggested in Fig. 2-OSC-ie. This is the signal seen at Scnborn 

Monitor Position 4 and 5, Left Jack; the sinusoidal curve is the experi- 

mental signal and the spikes occur at the zero crossings of the reference 

signal. These two signals move relative to one another as the light 

chopper reference signal unit is adjusted, and arc in phase when the 

spikes coincide with the experimental signrl zero crossings. 

The Sanborn signals at various interior points can be observed 

to ensure proper Sanborn operation (Sec. II-B-6-c). 

(7) Photomultiplier Voltage. After the Sanborn adjustments are 

complete, the photcouiltlplier voltage should be shifted v, give an 

output of two volts. Then the electronic elements will operate in 

their optimum range. 

(8) Channel Filters. The filcer is sec at position 1 and the 

13 Hz switches shorted out. 

(9) Recordei'. All recorders are turned on. 

(10) I- Noise Check. The selector switch on the Ratio Routing 

Box is set to Position 2 and R-C filter to Position 1 (no additional 

filtering). The IR 1 Kß load is adjusted so that the signal on the 

I_ recorder is full scale. Under these conditions there should be 
8 

no evidence of noise in the recorder trace. 

{D j    First Ratio Noise Check. This check does not employ the 

beam splitter, and the 13 Hz switches remain shorted. One turns off 

the experimental signal through use of the Sanborn "USE-OFF" switch 

and in its place sets the Sanborn DC level at its maximum value. 



FIG. 2-0SC-13 AS IN 8, EXCEPT Ij, SIGNAL IS 

DISTORTED DUE TO POOR LIJHT IMAGE POSITIONING. 

H = 10, V = 500 

FIG. 2-0SC-1'» SIGNAL IN 8 AFTER PASSING THROUGH 

IR CHANNEL SWITCH. HI FILTER IN SANBORN. OBSERVE 

AT CHANNEL MONITOR — POSITION 1». H =10, V=500 

FIG. 2-OSC.^ ■ AS IN 14, EXCEPT SANBORN DC LEVEL 

^0. H = 10, V = 500 

FIG. e-CSC-16 AS IN 14, EXCEPT MED FILTER IM 

SANBORN. I! - 10, V = 500 

• : 

FIG. 2-0SC.17 AS In Ik,  FXCEPT LOW FILTER IN 

SANBORN. H » 10, '.' = 500 

OSCILLOSCOPE PHOTOGRAPHS OF THE EXPERIMENTAI, SIGNAL ..T VARIOUS POINTS IN THE SYSTEM 

WHEN THE BEAM SPLITTER IS ROTATING, CONTINUED. H » HORIZONTAL SCALE IN MSEC/CM. 

V = VERTICAL SCALE IN MV/CM. 
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The ratio displayed is then determined by the setting of the IR at- 

tenuator which serves as part of tha Sanborn load. If the ratio is 

displayed on the ,5 or 1^ spans, noise should be less than ratio re- 

corder deadband which is less than .003^ under these circumstances. 

(12) Second Ratio No^se Check. This shows the small effect of 

""hotomultiplier shot noise. When the Sanborn DC level is reset to zero 

anu its & tch returned to the "USE" position, ratio indeterminacy 

should again be less than the deadband of .003^. 

(13) Bean Splitter. We are now reacy to start actual ratio 

operation. After opening -he shorting switches, one turns on the 

beam splitter and the two beam splitter reference light bulbs, and 

compares the beam splitter reference signals found at Reference Sig- 

nal Monitor Positions 3, 4, 5, and 6 with Figs. 2-0SC-24, 25. The 

modified beam splitter signals used to drive the channel switches can 

be observed at Channel Monitor Positions 2, 3, 5, and 6, and compared 

with Figs. 2-0SC-20, 21. 

(14) Signal Shapes. In analogy with (5) and (6) one observes 

the ratio wave shapes and compares them with the relevant figures to 

ensure proper operation. The signal at the photomultiplier anode is 

seen in Fig. 2-0SC-5, while that at the preamplifier output is given in 

Fig. 2-0SC-6. The band-pass filter output is found in Fig. 2-OSC-7, 

and Figs. 2-0SC-8, 9, 10 give the "Hi", "Med", and "Low" filter out- 

puts of the Sanborn. 

Nonsymmetric wave shapes axe shown in Fig. 2-0SC-13 and should 

be eliminated by repositioning the light images symmetrically on the 

R | 
I 



FIO. 2-0SC-18 LEFT JACK, POCITIONS i» ANL 5: 

AMPLIFIED EXPERIMENTAL SIGNAL PRECEDING DIODE 

BRIDGE. BEAM SPLITTER NOT ROTATING. H » .5 

V - 10,000 

FIG. 2-0SC-19 LEFT JACK, POEXTIOH 6: SQUARE 

WAVE REFERENCE SlfNAL AT DIODE KODGK 

H » .5, V - itO.OOO 

OSCILLOSCOPE PHOTOGRAHIS OF THE SIONAIS AT Hffi SANBOaH MONITOR POSITICWS. OTHER 

MONITOR POSITIONS AT LEFT JACK, POSITION 8: SEE PIGS. 8-13. H « HORIZONTAL SCA.'E 

IN MSEC/CM. V = VERTICAL SCALE IN MV/CM. 

FIG 2 030-20 UPPER JACK, POSITIONS 2 AND 3: 

CHANNEL SWITCH POSITION FOR BOTH Ip AND lQ. 

H - 10, V - 5000 

FIG. 2-0SC-21 UPPER JACK, POSITIONS 5 AMD 6: 

VOLTAGE APPLIED TO COIL OF CHANNEL SWITCH, I R 
AND In. H - 10, V - 1000 

OSCILLOSCOPE PHOTOGRAPHS OF THE SIGNALS AT THE CHANNEL SWITCH MONITOR PUITIOHS. 

OTHER MONITOR POSITIONS: UPPER AND LOWER JACK, POSITION k,  SEE FIGS. 14-17. 

H = HORIZONTAL SCALE IN MSEC/CM. V - VERTICAL SCALE IN MV/CM. 
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beam splitter openings and mirror?. Koiisymmetry often indicates 

that light is blocked by the beam splitter are. hence lost. It can 

result in a more serious me/Jug of the In and I signals than 

usually occurs. 

(15) Beam Splitter Light Sensors. The I_ light sensor unit 

is moved mechanically s ch&t  the I_ signal is symmetrically placed 

with respec4, to the period of channel switch closure. This operation 

can be monitored at Channel Switch Monitor Position 4, Upper Jack, 

and is repeated for the I- signal at Position 4, Lower Jack. Thesn 

adjustments will ensure that there is minimal channel overlap (less 

Mian .1$) and that signals axe maximized, but success presupposes 

t AL the I- and I «rave shapes are s1 .umetric (see (14)). 

'16) Ratio Display. We leave the channel filters in Position 1 

and select ratio operation with Position 3 of the selector switch on 

the Ratio Routing Box. The retransmitting slide wire battery is actu- 

ated and the two-second time constant chosen. One selects the slide 

wire span by adjusting the shunt resistor and selects upper and lower 

percentage limits appropriate to the sample being examined. The  re- 

corder's servo ac^ifier gain is ad-Justed. 

(17) Third Ratio Hrise üest. Under the conditions cited above, 

with 10^ span, ratio noise should be checked. With typical smooth 

surface samples, indeterminacy should not exceed .05^ and with large 

mirrors may go as low as .02^ (Sec. II-D-5). 

. ._ . .^- 
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FIG. 2-0SC-22 POSITION 1: LIGHT CHOPPER REFEPiMCE 

SIGNAL AT DETECTOR. H = 1, V - 50 

FIG. 2-OSC-23 POSITION 2: SHAPED LIGHT CHOPPER 

REFERENCE SIGNAL BEFORE FILTERING. H = 1, V - 10,000 

HG. 2-OSC-24 POSITIONS 3 and 5: BEAM SPLITTER 

REFERENCE SIGNAL AT DETECTOR, IR AND IQ CHANNELS. 

H » 10, V = 50 

FIG. 2-0SC-25 POSITIONS k f&D 6: SHAPED BEAM 

SPLITTER REFERQICE SIGNAL, IR AND I0 CHANNET^J. 

H = 10, V = 10,000 

OSCILLOSCOPE HiOTOGRAPHS OF —K SIGNALS AT THE REFERENCE SIGNAL MONITOR POSITIONS. 

H = HORIZONTAL SCALE IK IC. ' <. V = VERTICAL SCALE IN MV/CM. 

FIG. r-OSC-26 THE AC OFFSET AND CALIBRATOR 

VOLTAGE. OBSERVED AT ANODE RESISTOR. 

H = 10, V = DO 

FIG. 2-0SC-27 AC OFFSET SUBTRACTED FROM EXPERI- 

MENTAL SIGNAL OF FIG. 6. BOTH HAVE SAME IHFOR- 

MATIOKAL KHGNITUDE.OBSERVED AT SANBORN MONITOR 

- 8. H « 10, V - 10,000 

OSCILLOSCOPE WOTOORAIWS OF THE CALIBRATOR-OFFSET AND ITS EFFECT. 

H » HORIZONTAL SCAI£ IN MSEC/CM. V • VERTICAL SCALIC IN HV/CM. 
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(18) Fourth Ratio Noise Check. To see the effect of the ro- 

tating beam splitter on noise, one sets the Sanborn 'USE-OFF" switch 

at "OFF" and employs the Sanborn DC level as the experimental signal. 

After a suitable warmup of the beam splitter of arouna one-half hour, 

ratio indeterminacy should not exceed .01 to .02$ with a time con- 

stant of 4.5 seconds. 

(19) Calibrator and Offset Alternative. On occasion one might 

want to check out the electronics with a signal completely independent 

of the optics. This requirement can be partially fulfilled with the 

Calibrator and Offset. No light is necessary nor is the pliotcmulti- 

plier used. However, the signals are derived from the light chopper 

and beam splitter references, which are optical components. 

(20) Fifth Ratio Noise Test. Using ehe Calibrator and Offset, 

ratio indeterminacy should not exceed .04^6 when enploying time con- 

stant» of one second or longer. 

3. Spectnam Scan 

(1) Preliminaries. The adjustments discussed in Sees. II-E-1 and 

2 axe assumed to have been made. One actuates the wavelength marker 

power supply and selects which recorders will record wavelength. The 

wavelength marker mode for solenoid action is selected as opposed to 

multichannel aualyser initiation. 
i 

(2) Optical Selections. One chooses a light source, monochromator 

grating, light filter, light polarizer, and detector appropriate for 
1 

the wavelength range of Interest as given in Table 2-20. The drive 

should always ru., toward decreasing wavelength to reduce the effect 

of wavelength drive backlash. 
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TABIri 2-20 OPTICAL COMPONENTS 
FOR VARIOUS WAVELENGTH RANGES 

Wavelength 
Range Source Grating Filter3 Polarizer Detector 

1.32|>7700Ä Sylvania DXM 
Iciine Quartz 

Tungsten 

• 

l.lli Blaze Corning 7-57 Polaroid HR RCA 7102, 
S-l Response 

9000-7500Ä 7500A Blaze 
(or ÖOOCA 
blaze when 
using other 
JACO mono- 
chrcmator) 

Corning 3-70 

8000-5000A Polacuat 

For- 
mula 150 UV 

7000 "IOOOA EMI 6256B, 
S-13 Response 

5500-3500A None 

4500-220QJ11 Osram Xenon 
Arc 

4000-2300Ä Corning 7-54 

3100-2200Äa None None 

1 Over the full range this option is less satisfactory than sane others, 
due to scattered light. 

a No evidence ol the polarization dependent phenomena was found in this 
range so that a polarizer is not necessary. 

3 Other possible filter combinations, suitable over restricted ranges, 
are suggested by Figs. 2-5a through d. 
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(3) I0 Control. By using human feedback, one can keep I0 equal 

to about 2 volts. While varying the photomultipller dynode chain 

voltage, one can see the effect on I- by observing the Sanborn output 

on the oscilloscope. Thereby, one ensures that the system operates 

in the optimal regions for linearity and noise, and one need not make 

adjustments in the servo amplifier gain. 

(4) First Scan. The experimenter should use a 405t recorder span, 

fast wavelength sweep of 50QÄ/min. or 25QÄ/min., and a low time con- 

stant of 1 or 2 seconds to get a preliminary idea of the spectrum. 

(5) More Detailed Scans. These can be made on the basis of 

structure noted in the first scan or in regions where structure is 

predicted. One h&s  control over fyar  quantities: recorder span, wave- 

length scan speed, time constant, and recorder chart speed. These 

should not be set independently. 

Time constant is set first on the basis of system noise and the 

size of structure. That same structure size will determine span; and 

span and time constant together will give sweep rate. Scan rate is 

then a function of the preceding three and is usually chosen so that 

the slope of the recorder trace is 45°. Appendix II-A discusses the 

rationale behind this sequence and develops criteria for choosing 

values for each of the four parameters. 

In practice it is often easiest to decrease sweep rate until 

structure shape is unmodified rather than to apply the criteria. 

However, when effects are small and integration times long, applica- 

tion of the criteria is more efficient-- 
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(6) Span. In adjusting span, refer to Table 2-12 for values 

of the shunt resistance. 

(7) Multichannel Analyser. If the signal is masked by noise, 

the multichannel analyser should be coupled into the system. Figure 

2-26 shows appropriate connections, and Sec. II-B-16 discusses the 

analyser's use. In the wavelength marker pulse power supply the 

multichannel analyser Initiate mode is selected. 

(8) I- and I_ Operation. This is quite simple. Once the op- 

tics art aligned, one follows the procedures found under electronic 

alignment, Sec. II-E-2, (l)--(lO), and of this section in (l), (2). 

Conditions analogous to those discussed in (5) apply to the choice 

of time constant, sweep rate, and chart speed. Use of the AC off- 

set has an effect similar to span choice in ratio measurements. 
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APPENDIX ll-d 

THE ERROR IN THE RETRANSMITTING SLIDE WIRE READING 
WHEN USED WITH THE MULTICHANNEL ANALYSER 

The slide wire circuit is found in Fig. 2-2Va, where the various 

symbols have the following meanings: 

V_ -  battery source. (2.30a) 

R_ = adjustable resistance 0 to 51 K. (2.30b) 

R-, = retransmitting slide wire = 100 n. (2.30i:) 

R = portion of retransmitting slide wire feeding 

the Vidar input. (2.30d) 

Rj/4 a 1000 to  (2 resistors in filter). (2.30e) 

K./2  = 2000 0 ■ input impedance of Vidar. (2.30f) 

I- -  fraction of total current, I, through the 

Vidar source impedance. (2.30g) 
I 

The correct ratio reading is that corresponding to the retrans- 

I 
mitting slide wire contact position on the slide wire. Expressed as 

I 

a fraction, it is 

jT sa . (2.31) 

I 
r: 

f. 
The voltage reading at the Vidar input which corresponds to 

I 
this position is incorrect because R. loads the slide wire. To de- 

termine the significance of this error, we compete 

V(a) = voltage across the Vidar when the slide wire 

contact position is su :h that R/R- = a.       (2.32) 
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W 
l£. 

R + 
R RT 
R + : 

IR 

V(a) 

R + 

2  = 2 

W^RT 

B R_ 

(2.33) 

(2.34) 

aß. LT 

^BT^L/EP^LT*
0
-
0 

where 

ß LT h^ ß FT V^r 
V(0) « 0 which is a correct i^ading. 

V(l) s the voltage we arbitrarily select to correspond 

to full scale on the ratio recorder. Hence, it 

is correct by definition. 

= the measured voltage normalized to the full 

scale value 

a(ßEr + ßLTßKr + ßLT) 

((*OT + ßi/rßKr + ßLT+a-a ) 

The error is simply =• a 
VC1 

a(i-a)(a- ß^) 

[(a+ßLT)(ß3T + i)-a2] 

(2.35) 

(2.36a,b) 

(2.37) 

(2.38) 

(2.39) 

(2.to) 

Since ßT_ = 40 and a < 1, we can closely approximate the error Li "' 

by dropping a relative to ß. LT" 

s 
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a(i-a)(a-ßBT) 

Error vs. a is plotted in Fig. 2-27 for various values of ßBT 

ranging from 0 to ». 
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APPENDIX II-8 

CHOICE OF SPAN, SCAN RATE, TIME CONSTANT, AND CHART SPEED 

1. Purpose 

We wish to develop consistent criteria for the choice of ratio 

recorder percentage span, monochromator wavelength scan rate, system 

time constants, and recorder chart speed. If the system is to oper- 

ate without spectrum distortion, and if it is to make small spectrum 

features stand out, these four parameters must be selected with at- 

tention to their interdependence. 

2. A Simple Model Showing the Effect of Time Constant 

Consider the R-C filter shown in Fig. 2-37a when subject to the 

input voltage, V. , shown in Fig. 2-.,>7b. The solution to its differ- 

ential equation is 

-(t-t )/T 
Vout - Vin * (dVin/dt)T(e        - 1) , (2.42) 

which is pictured in Fig. 2-37c. For time long compared to the time 

constant, T, the separation of V . and V. is (dV. /dt)T. Our goal 

is equality of V . and V, . 

3. Application ^f Model to the Voltage Outputs of the Channel Filters 

V. refers to the input voltages to the channel filters and 

V . to their outputs. Were it not for the use of feedback to keep 

Vj nearly constant, V. would vary widely with wavelength because 

of source and detector variations. Feedback reduces these variations 

and hence reduces dV. /dt for the I- channel. Automatic feedback 
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could reduce dV. /dt effectively to zero and V . would equal V. . | 

i 
Unfortunately, human feec'back is less finely controlled so that | 

dV. /dt is still nonzero, and irregularities in control cm  result 

in added noise. 

Due to the limitations on human feedback, one must at times 

abjure its use when looking for very small changes in amplitude in 

small recorder spans. Then one must worry about the full effects 

of source and detector variations on dV. /dt. To consider this in 
in 

more detail, let Ä. =» wavelength in Angstroms, (V. ) « average value 

of V. over a small range, AV. ■ the variation in V. over that 

same range. Note that dA/dt = wavelength scan rate and dV. /dA « 

rate of change of voltage with wavelength, and hence with source 

and detector variations. dV. /dXsfAV. //Ä. Equation 2.42 then 

becomes 

Vout-V,.    ,  AV,.        ilnv. 

^7^" ^7 "X <dS/dt,T" TT (dX/dt)T •    <2-'3) 

The left side of this equation is the fractional indeterminacy in 

our measurement of the voltage, and it would be desirable that this 

be no larger than the indeterminacy in the ratio, .0005. Setting 

the left side equal to .0005, and noting that the usual value of 

the channel filter time constant is 1 second, we get 

^^in   .0005      .05 ,. M,* 

~ara (dX/dt)T= (dX/it) (   > 
where the scan rate is in X/minute. Equation 2.44 provides one cri- 

terion for the choice of scan rate, as detennined by the rate of 

i 

pi. im."iin fi 
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change of voltage with wa/elength. For example, if we choose a scan 

rate of 5oX/min., the fractional change of V. over a look  range 

shouxd not exceed .uo. 

The preceding discuGsiou has. considerea VT as V. . If we con- 

sider VT , two distincr. situations can be described. If VT is kept 

constant by feedback, then VT is just the ratio, and the material 
R 

in the next section is relevant. On the other hand, if Vj is not 
i 

constant, then  Eq. 2.^44 is equally applicable to the I_ information. 
I 

4. Application of Model to the Ratio Output of the Ratio Filter 

In applying Eq. 2.42 to the ratio filter, we shall assume that 
i 

Vj = constant, so that the problems discussed in Sec. 3 above need 

not be an issue. 
- 

Let R = the reflectivity ratio in percent, S = ratio recorder 

span in percent, L = the  lower percentage limit on the ratio recorder, 

and D = the actual experimental reflectivity ratio reading on the 

ratio recorder, expressed in divisions out of 100. The following 

simple relation applies: 

R = L + DS/100 (2.45) 

R. is the experimental ratio and D. is its reading in divisions 
in in 

of rhart paper on the ratio recorder, ihe retransmitcing slide wire 

picks off a voltage, V. , exactly proportional to D. , without time 

lag.  V,  is thj input to the ratio filter, and V . is the filter's 
^   in out 

output. V . determines D . which is displayed on the IR recorder. 

Tlis proportionality is expressed as 

! 

i 
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V. = OD.  , D , = V .A* • (2.U6a,b) 
in   in out   ou.' 

Equation 2.45 applies for both in and out signals: 

R. = L. +D. S/100 ,  R . = L . + D „S/lOO .     (2.47a,b) 
in   in  in '   '   out  out  out ' 

Equations 2.42 and 2.46 combine to give, for times long compared 

to the time constant, 

D . -D. = (dD. /dt)T . (2.48) 
out  in  v in' 

The derivative of Eq. 2.47a is dR.n/dt = S/lOO (dDir/dt), and 

äRin/dt = (clRin/dA) dA/dt. With Eq. 2.48 they give 

rout-Din= (100/S )(dR.n/dA)( dA/dt )T (2.49) 

Equation 2.^9 supplies «. criterion for choosing the relative 

sizes of span, scan rate, and time constant. It states that the 

indeterminacy in a chart recorder reading of ratio is directly pro- 

portional to scan rate, time constant, and rate of change of ratio 

with wavelength, and is inversely proportional to spam. This inde- 

terminacy is expressed in terms of chart paper divisions, not in 

terms of ratio percentage. This criterion's utilization will be 

deferred until Sec. 7 where all the criteria will be synthesized. 

Figures 2-37d and e display the effect of decreasing the sweep 

rate on the indeterminacy in D. Comparing Figs. 2-37d and f shows 

that the maximum value of D . may differ from that of D. by an 

amount varying from zero (Fig. 2-37d) to the amount given in Eq. 2.49 

(Fig. 2-37f). Thus, Eq. 2.49 is a good measure of amplitude error. 
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Figures 2-37d and f also indicate that there can be an errcr 

in the wavelength at which a maximum seems to occur. In Fig. 2-37f 

there is no error while in Fig. 2-37d it is a number of time constants. 

If this number could be determined, we should have an upper limit on 

the wavelength indeterminacy. 

For time after t, in Fig. 2-37d, using Eq. 2 Ah, 

-(t-t )/T -(t-t )/T 
Din" Dout = AD(t* V6       " (lOO/S)(dR.n/dA)(dVdt)T e 

We wish to know the time at which D . appears to reach its maximum. 

This will occur approximately when D . comes within the noise level 

of D. . where the noise level is expressed in divisions of chart paper. 

Call this level N. 

D. -D . = N. Solve for (t-t, )/T =  number of time constants. 
in  out 1 ' 

(t- t1)/T= in  [(100/NS)T (dRin/dA)(dA/dt)] (2.50) 

We can now compute the wavelength indeterminacy. 

o o 
6A = Wavelength indeterminacy = (dA/dt)T (t- t,)/T 

= (dA/dt)Tin [(100/NS)T (dR.n/dÄ)(clA/dt)3 (2.51) 

When the system is operating optimally, ratio indeterminacy is .05^, 

and NS/lOO = .05. Equation 2.51 is then written as 

5Ä = (dX/dth £n [(T/.05)(dR. /dA)(dA/dt)] . (2.52) 

Equation 2.51, or equivalently, Eq. 2.52, provides euiditional 

criteria for the choice of time constant and sweep rate. It indi- 

cates the maximum indeterminacy in wavelength, as dictated by the 
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time necessary for the measured ratio to approach within the noise 

level of its proper value. 

6. Model to Determine Chart Speed 

The following is a derivation of the best slope for a trace 

on chart paper in order that small changes in slope be most readily- 

picked out. This slope is 45° and can be used to determine chart 

speed. 

D has the same definition as in Sec. 4, -«Äiile C = distance 

along the chart paper in the direction of advancing time, where 

the unit distance is the single division used for D. dC/dt is chart 

speed. Note that dD/dC « the actual slope of the curve on chart paper 

for some arbitrary chart speed. dD/dÄ. is the slope when C has been 

e 
converted to wavelength, A. Let the constant of proportionality be 

ß = A/C = (dA/dt)/(dC/dt) . (2.53) 

Figure 2-37g shows a trace on chart paper in which two straight 

lines are joined in a small cusp. By adjusting chart speed, we shrink 

or stretch the horizontal axis. That adjustment is equivalently ex- 

pressed as a variation in ß, and is to be carried out so that the 

cusp is most noticeable. Rw/erence to Fig. 2-37h shows that we wish 

to maximize 012. We do so by varying ß. 

ei2 = Ög^ = «a-c tan (dD/dC)2- arc tan (dD/dC)1    (2.54) 

From Eq. 2.53 

ei2 =» arc tan ß (dD/cA)2- arc tan ß (äD/dA)1 .       (2.55) 

dei2 (clD/dA)2 (dD/dA^ 

dß    "  i^. ft2/,4n/,i^2 
1+ ß^dD/dAjg      1+ ß^dD/cA)* 

= 0 (2.56) 

:iS3£==>=» 
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(dD/cA)2-(dL/clA)1 = ß2(dD/dA)1(dD/dA)2[(dB/dA)2 -(öD/'A)^ (2.!//) 

ß = [(dD/dA)1(dD/dA)2]'
1 (2.58) 

If we assume that there is onl;> a small change in slope so that 

(dD/clA)2 = (dD/dA^ + A, then 

e2 = arc tan [(dD/dA)2/(dD/dA)1]2 = arc tan (l + A/C'lD/dA).^ 

ar 45°   , (2.59) 

and 

ß a- (dD/dA;"1 = (dD/dA)-1  . (2.60) 

Since (S/l00)(dD/dA) = dE/dA (from Eq. 2.45), chart speed is given 

by the following equation provided we use Eqs. 2.53 and 2.60: 

dC/dt = chart speed = (d?L/dt)/ß= (dÄ/ut)(lOO/r)(dR/d&) div./min. 

(2.61) 

These are divisions in the horizontal, ratio amplitude, scale. 

Equation 2.59 shows that the optimum slope for structure deter- 

mination on chart paper is at 45°, while Eq. 2.61 indicates the ap- 

propriate chart speed to attain that slope, once scan rate, span, 

and the reflectivity change with wavelength are given. Multiplying 

Eq. 2.61 by the factor 5.27 gives the chart speed in inches per hour 

when using Leeds and Northrup #717 paper. 

7. Criteria Summarized 

Suppose we have a small change in structure, AR, such as is 

found in Fig. 2-37i, over a wa\ length reuige AÄ., which we wish to 

defect. How do we choose T, S, dA/dt, and dC/dt, using the criteria? 
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First detftrmine the percentage noise (= SN) for various T in 

the wavelength range in question. Table 2-19 in Sec. II-D-5 pro- 

vides an estimate of SN under optimum conditions. An actual measure- 

ment of noise can also be quickly made. Then one chooses the lowest 

T such that AR > 2SN/100, i.e., so that AR can be seen above the 

noise. 

Secondly one chooses the span, S, so that the change in chart 

reading, AD, corresponding to AR will be no less than one division 

and preferably around 10. This choice ensures adequate display of 

the effect. Since SAD/lOO = AR, S is given by 

S = (10 to 100) X AR . 

The criteria are summarized here: 

D . -D. = (100/S)(dR./dA)(dA/dt)T divisions (2.49) out  in  v  ' ,v in 
o 

BÄ = (dA/dt)T ine[(lOO/NS)T (dRin/dA)(dA/dt)3 Angstroms    ,[2.51) 

dC/dt = (clA/dt)(n0O/s)(dR/dA) divisions/minute (2.61) 

Equation 2.49 shows that there must be a lower limit on span. For, 

as we decrease span, the indeterminacy in D increases unless we de- 

crease sweep rate. The choice of span becomes a compromise between 

the need for adequate d-.splay of the change in R and the need for a 

tolerable sweep rate. 

Sweep rate Is determined next from Eqs. 2.44, 2.49, and 2.51. 

Some comments can be made on these equations when using them for 
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ealoulations: dR. /dA is 9r ?!/!R/M} the log term in Kq.  2.51 can 

usually be replaced by a number in the range 2 to 3; D . - D. , 

the indeterminacy in D, cannot be less than the noise, SN, and 

could be set equal to the noise to determine maximum sweep rate. 

In those measurements requiring only wavelength values, only 

Eqs. 2.44 and 2.51 need apply. 5A should be no more than the in- 

determinacy due to the conbined effect of residual noise and peak 

broadness. 

Finally, chart speed, dC/dt, is determined using Eq. 2.61. 

The logical progression in the choice of system parameters be- 

gins with the anticipated signal change and noise which determine 

time constant. These lead to chart recorder span and then sweep rate. 

Chart speed is the final determination. The rules apply to the gen- 

eral situation where one wishes to display effects with maximum 

clarity, and when experimental conditions are constant in time. 

They will obviously be set aside in specific instances when it is 

better to get distorted data than none at all. 



CHAPTER III 

THE POLARIZATION DEPENDENCE OF FALSE REFLECTIVITY STRUCTURE 

False structure occurs in the measurement of reflectivity or 

transmission with the JACO monochromator when one uses light polar- 

ized perpendicular to the exit slit. This structure in the ratio is 

correlated with abnormal structure found when measuring !«(Runder 

the same polarization conditions. Conversely, when the light is 

polarized parallel to the slit, the false structure disappears as 

does the anwaalous I0(^) structure. The discovery is disturbing 

since it suggests a breakdown in the execution of the basic postu- 

lates used to construct the system: that the I. and I- optical and 

electronic paths be made alike to eliminate all such false effects. 

In this chapter we consider the experimental and theoretical 

aspects of this peculiar effect in detail. In A and B we discus*, 
■ 

the experimental evidence from transmission and reflection studies 

made as a function of polarization. In addition we observe that 

unequal amounts of light are lost in the I_ and !„ light paths at 

the beam splitter, and that the false structure is considerably 

reduced if the beam is constricted before the beam splitter so that 

the two paths become more truly equivalenv. 

The theoretical analysis found in the remainder of the chapter 

shows how the light intensity at any point along the monDchromator 

exit slit, when measured relative to its center, changes with wave- 

length. Then when the I. and I- light paths pass different portions 
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of the light along the exit slit (as happens at the beam splitter 

with an unconstricted beam), the changing light distribution along 

the slit results in false structure in reflectivity (the ratio of 

the I_ and I_ signals) as we change wavelength. 

The variation in relative intensity along the exit slit with 

wavelength is the result of two interrelated factors: 

(1) The striking variation of I0('
v) with wavelength for polar- 

ization perpendicular to the slit is postulated to be the result of 

the change in the angle of incidence of light on the monochromator 

grating. Evidence in support of this hypothesis is summarized in 

D. In reflection from a plane there «ire marked differences for the 

two polarizations. We call this the Brewster angle effect, discuss 

it in C, and describe in D its relevance to the hypothesis. 

(2) At a giver monochromator setting (which is calibrated in 

terms of waveleng'h) light is incident on the grating with a small 

range of angles of incidence — not just one angle — and that range 

changes with wavelength setting. This span arises from the succes- 

sion of source points along the entrance slit and from the resultant 

deviations from perfect collimation of light incident on the grating. 

Tracing through each source point from the entrance to exit slit 

shows that to each point on the exit slit corresponds a slightly dif- 

ferent angle of incidence on the grating. By our hypothesis in (l) 

this means a slightly different intensity at each point on the exit 

slit. Further, the relative intensity varies with wavelength. We 

discuss these geometrical factors in E. 
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With this background we derive in ^ an expression for the false 

structure, evaluate it for certain functional forms of I0(^)> and 

plot the result. 

In G we show that the variation in angle of incidence on the 

grating for rays from different parts of the entrance slit does not 

lead to a loss of resolution. 

Finally, in H we discuss how false structure can arise from 

another mechanism -- different optical activity in the I0 and IR 

light paths. 

A. TRANSMISSION EVIDENCE 

The first observation of peculiar behavior with a JACO mono- 

chromator was made by T. Shankland of this laboratory [3-01]. He 

measured the transmission of light through a hole in a copper plate. 

The plate was placed at the focus of the monochromator exit slit 

and partially obscured the slit image. 

SLIT 
IMAGE 

IQ  CONFIGURATION 

OBSCURED 
PORTIONS 
OF SLIT 
IMAGE 

COPPER 
PLATE 

IT     CONFIGURATION 

FIG.  3-la    LIGHT   TRANSMISSION   THROUGH   A  HOLE 
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The transmission, 1 /l ,  was measured versus wavelength and, instead 

of being constant, showed a substantial dip. 

/ 
■XPECTEO SHAPE 

\ 

_^ ̂  

ACTUAL SHAPE 

FIG. 3-1 b m   TRANSMISSION CURVE 

Heuristically, Shajikland surgued that the light distribution along 

the slit changed with wavelength, at times favoring the center of 

the slit, at others favoring the extremes (as at the dip), so that 

the apparent structure in th.j transmission was due to the variation 

with wavelength of the fraction of the light blocked by the metal 

plate. 

B. REFLECTIOr EVIDENCE 

If the light distribution does change along the slit with 

wavelength, the ratio reflectometer measurements will be affected 

since the beam splitter removes a small amount of light from the In 

and IR light paths. The amount removed differs for the two paths. 

I0(^) and R(X) measurements were made under five sets of con- 

ditions to see if there were an effect in reflectivity comparable 
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the distortion found in transmission. In some measurements the 

beam was constricted prior to the beam splitter so that no light 

was lost at the beam splitter itself, and the two light paths again 

became equivalent. The five conditions were: 

a. No polarizer, no beam constriction 

b. Light polarized perpendicular to slit, no beam constriction 

c. Light polarized perpendicular ^o slit, beam constriction 

d. Light polar,'zed parallel to slit, no beam constriction 

e. Light polarize^ parallel to slit, beam constriction 

The results are shown in Figs. 3-2, 3-3, and 3-4 for reflection 

from an aluminum mirror. There is indeed distortion. Certain features 

cen be noted. 

(1) I0(^) and R(^) structural f atures sure correlated in general 

positioii and in ""aajiitude. ^Thus the case 'her'» I^C^) structure is ^o^j.u^.w..  Oi-vi j...   -W.^.-uu.«. .    _wi*o  un_ v-aot    .V-* .  J._ 

greatest, b, is also the condition where R(^) structur0 is largest. 

(2) Reflectivity structure is minimized by using beam con- 

striction and light polarized parallel to the slit. The maxima in 

R(>0 at 350CÄ, 395CÄ, 5725Ä, and 6475A (plot b in Fi['. o-3) are cor- 

related with minima in I0(^) (Figs. 3-2 and 3-4). In the same dia- 

grams regions of nearly vertical slope in I0(^) at 5230A and at 6050A, 

are correlated with abrupt changes in R(^). 

(3) Beam constriction alone cannot remove the structure (con- 

dition c) if I0 structure is pronounced (see (4)). Thus no measure- 

ments should be made with light polarized perpendiculcr to the slit. 
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If data are needed showing the variation of R with polarization di- 

rection, the sample should be rotated. 

(4) The structure in R worsens when the S-l phototube is used 

instead of the S-1.3 (Fig. 3-5). This effect arises from the graater 

variation in sensitivity across the S-l photocathode -- a variation 

WMch is wavelength dependent. The structure found with the S-l 

varies widely as one changes the relative positions of the I-. and 

I-, images (Fig. 3-Sa and ß) and is minimized when they axe  super- 

posed (Fig. 3-5T). 

To a much lesser degree, varying sensitivity in the S-13 will 

have a similar effect. This variation presumably accounts for the 

structure still found under condition c in Fig. 3-3. 

C. THE BREWSTER ANGLE CONCEPT 

Figures 3-2 and 3-4 show a striking distinction between those 

In(X) curves for polarization perpendicular to the slit and those 

for polarization parallel to the slit. As a first step in trying 

to account for this difference, we consider a related problem — 

the strong dependence on polarization direction of reflectivity 

from a plane surface. We find that a greater variation with angle 

of incidence is predicted for light polarized perpendicular to the 
I 

slit than for that polarized parallel. 

I 
When light is reflected from a dielectric plane, the reflec- 

tivity not only varies with the angle of incidence, 6', but is dif- 

ferent for light polarized in the plane of incidence, E , and light 
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polarized perpendicular to that plane, E^. The variation is more 

pronouncec". for the E light, the reflectivity going to zero at some 

01 known as the Brewster angle. The Brewster angle occurs when re- 

flected and transmitted rays are separated by 90°. Then the dipoles, 

excited by the transmitted ray, will not radiate in the direction of 

the reflected ray. 

Analogous results are found when studying reflection from a 

metallic surface, which is relevant in our problem since the mono- 

chromator grating is coated with aluminum. Using formulae in Born 

and Wolf [3-02, Sec. 13.2] we have derived expressions for r. and r^, 

the ratios of the reflected to the incident fields for polarization 

parallel and perpendicular to the plane of incidence, respectively. 

Sumnarizing the results, we have 

Ri= Iril2 ,    R,,- IrJ2 (3.1a,b) 

where Rj^ and R.. are the measured reflectivity intensities. 

n(i+<2) - cose: + ifcose: 
r, = i i (3.2) 

n{l + K) + cosei  - iKcosP' 
i i 

lrll 
tan^ (3.3) 

tant = tan i arc cos( 2 " 2*2 2) (?'20 

a = sinÖ^ tanS^ (3.5) 

Using n and * values from Ehrenreich et al. [3-03], we have 

evaluated R, and R., versus ÖI at 400oX, 550oX, and 6500Ä for aluminum 
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and plotted the results in Fig. 3-6. Although R,, does not go to 

zero as in a dielectric, it does have a mliinum at some 9\  knovn 
1 

as the quasi-polarizing or pseudo-Brewster angle. We note the 

marked difference between R.. and R,. 

1. The Experimental and Theoretical Conventions on Light Polarisation 
Direction 

The definitions of perpendicular and parallel polarization di- 

rections are interchanged in our experimental and theoretical dis- 

cussions- In experimental work it is nature1, and conventional to de- 

fine the polarization direction in relation to the monochromator slits: 

this is the procedure we have followed in Sec. III-B. In theoretical, 

anal es it is conventional to define the direction of polarization 

relative to the plane of incidence of the light, as we have done in 

the discussion immediately above. If we refer to Fig. 3-9, we can 

understand the distinction between the two sets of definitions in the 

particular case of light incident on a grating from a slit: the plane 

of incidence is defined by a grating groove and the direction of the 

incoming ray. Within the theoretical convention Ej^ is perpendicular 

to this plane, but it is also parallel to the groove lines, which are 

in turn parallel to the slit. Within the experimental framework this 

is just the condition of E being polarized parallel to the slit. 

To minimize confusion arising from this point, we shall indicate 

which convention is followed at the relevant places in the text. 

The theoretical curves in Fig. 3-6 show that we should expect a 

greater variation of R. with 6' than of R.. This corresponds to our 
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experimental observation that licht polarized perpendicular to the 

slit shows the greater variation with wavelength and hence (via the 

grating sine law, Appendix III-^) with angle of incidence. 

D. THE POLARIZATION DEPENDENCE OF DIFFRACTION 
BY A GRATING 

The angular dependence of reflection from a plane, which dif- 

fers for the two polarizations and which was discussed in the preced- 

ing section, should affect diffraction by a metallic reflection grat- 

ing, for, as wavelength is changed, the grating is rotated thereby 

changing the angle of incidence. We feel that this mechanism accounts 

for the difference in I0(^) for the two polarizations, although our 

attempts at a calculation, outlined here in 1., were largely unsuccess- 

ful. In 2. we discuss the evidence for this assertion. 

1. Attempts at a Calculation 

Exact solutions of the problem of diffraction by lossy surfaces 

are very complex [3-02, Chapter 11] even for simple geometries. One 

common simplification is the assumption of infinite conductivity, but 

since reflection from such a surface is total, this assumption is not 

productive in distinguishing between polarizations. Going to the other 

extreme, we tried computing diffraction from a lossless dielectric 

grating using an integral equation formulation of Maxwell's equations 

[3-02, Sec. 2.4]: the complicated geometry of the steplike diffre.cting 

surface prevented our realizing a solution in closed form. 
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Kirchhoff-Fraunhofer diffraction theory [3-02, i]ecs. B.3 and 8.6.7] 

is an approximation which yields theoretical results in agreement with 

experiment provided the gratinp; groove spacing (= d) is much greater 

than the wavelength. It would not be expected to give an accurate pre- 

diction of the behavior of our grating where d is comparable with X. 

Nonetheless, we did apply the theory, suitably modified for reflection. 

The calculation exhibited no striking structure such as that observed 

experimentally, and gave no insight not already attained by our con- 

sideration of reflection from a plane. 

2. Relevant Factors Bearing on the Hypothesis that the Change in the 

Angle of Incidence of Light on the Grating Determines the Abnormal 

1Q(Ä) Structure 

Despite the failure of our calculations we feel that it is proper 

to hypothesize that the large variations observed experimentally in 

IJJä) for light polarized perpendicular to the slit are due to changes 

in the angle of incidence of light on the grating and not just due to 

wavelength changes. The pertinent considerations are as follows: 

(1) The Brewster angle effect discussed in Sec. III-C shows 

that there is a difference in the amount of light reflected from a 

plane for the two polarizations and that light polarized in the plane 

of incidence (which is also perpendicular to the slit if we view the 

grating groove as a plane) shows the more striking variation with 

angle of incidence. 

(2) The failure of our attempts to compute the diffracted in- 

tensity as a function of the angle of incidence and of polarization 
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did not arise from an error in our hypothesis. Rather, it arose 

either from computational difficulties or from assumptions known 

to be inappropriate. 

(3) The wavelength and the angle of incidence on the grating 

are functionally related in the monochromator via the grating sine 

law (Appendix Ul-jfj.    Since a change in wavelength then involves 

a change in angle, we cannot say that all changes in IQ(^) are due 

solely to wavelength variation. 

(4) Strong support for this hypothesis is illustrated in Figs. 

3-7a and b, showing In(^) and R(A) curves for aluminum for polariz- 

ation perpendicular to le slit and without beam constriction (to 

maximize abnormalities). I-  ie overlapping wavelength range of 

7600 to 9000X there are curves for the 7500%  and l.lji blaze gratings. 

The R curve for the l.l\i grating shows a small bump at 8200Ä not 

found in the other. This bump is matched in the I curves by a 

sharper depression at 8200A in the l.l|i grating than is found in 

the 7500Ä one. In additio.., the j..l|i. blaze shows the start of a 

bump at 8900A not seen in the 7500A blaze. The lack of structural 

similarity implies that the effects at 8200Ä. and 8900A are not a 

consequence of wavelength changes. It is then reasonable to sup- 

pose that they are the consequence of changes in the angle of in- 

cidence since this is the other variable. 

(5) The curve for I0(^) for light polarized perpc oicular to 

the slit changes wildly in regions where the n and k changes for 
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aluminum (due to wavelength chances) are monotonic. Hence some 

mechanism other than wavelengLh change must be operating. 

(6) The effect of varying the angle of incidence onto a grat- 

t 
ing groove on the relative intensities of diffracted light polarized 

i 

in the two perpendicular directions has been isolated in an experi- 

mental study by R. Schmitt [3-o4]. He has varied the blaze angle in 

a series of gratings while leaving the spacing unchanged, and  finds 
i 

that grating efficiency for the two polarizations is equal at the 
i 

blaze wavelength. Below the blaze light polarized perpendicular to 
i 
i 

the plane of incidence has the greater efficiency, while the reverse 

i 

holds above the blaze. Thus we can  conclude that the angle of incidence 

| 
on a grating groove is a significant parameter in determining the 

relative intensities of light of the two polarizations. We emphasize 

"relative" since it is already well-known from the scalar Kirchhoff- 

Fraunhofer theory (which ignores polarization) that over-all intensity 

I 
at a given wavelength is determined by the blaze. I 

(7) The rest of our computation in Sees. III-E and F follows 

consistently from this hypothesis and exhibits false structure in 
I 

reflectivity correlated with anomalous In(^) structure. 

This is known as 9' in our notation of Sees. III-C and E. 

Efficiency at a given wavelength and order m is defined as the 
percentage of light at that wavelength diffracted into order m. 
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E. GEOMETRICAL FACTORS 

We now discuss those geometrical features of the JACO mono- 

chromator which are necessary for an understanding of how the 

hypothesised variation with angle of incidence cf IQ(^) can modify 

R(X). Figure 3-8 shows the over-all geometrical relationship of 

the entrance and exit slits, the grating, and the mirrors. Light 

from the entrance slit is collimated by mirror 1 and is directed 

to the grating. Diffracted light is collected at mirror 2 and 

focussed at the exit slit. 

In 1. we show that light from the entrance slit is not perfectly 

collimated by mirror 1: in fact the deviation from collimation of a 

source point on the slit is proportional to its height relative to 

the center of the slit.  This deviation is employed in 2. to com- 

pute the range in the angle of incidence of light on a grating groove 

(801) for a given wavelength. The functional expression for this 

59^ is given as well as the condition under which it is valid. Light 

loss is a second consequence of imperfect collimation. The computa- 

tion of the magnitude of that loss is found in 3. 

Before discussing each of these points in detail, we describe 

the coordinate systems. The x , y , z and x , y , z systems axe 
s  s  s    m  m  m 

located midway between the slits and mirrors respectively (Fig. 3-8). 

The deviation from collimation we are considering is that arising 
from the vertical extent of the entrance slit and not the much 
smaller deviation caused by the finite slit width. The latter re- 
sults in the usual small spread in wavelength at the exit slit. 
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The unpriraed coordinates, |, 1, ^, describe the grating as a whole. 

£ is perpendicular to the grating surface, and |, 11 lie in the grat- 

ing plane with TJ parallel to the grooves and pointing upward (Figs. 

3-8 and 3-10). T is also parallel to the slits. The primed coor- 

dinates involve a rotation of ß, the blaze single, about T so that 

5' and n' lie in the plane of a groove and £' is perpendicular to 

a groove (Fig. 3-9). The actual value of ß for our grating is com- 

puted in Appendix III-6 since it is needed in the calculations. 

1. Direction Cosines of the Collimated Light Beam 

The collimated beam is the light reflected froiu mirror 1, and 

its cosines will be measured relative to the optical centerline. 

They are most simply computed by viewing the projection in the x , 

z plane. This is valid for the small angles involved. Referring 

to Fig. 3-12 we see that the direction cosines of interest are COSM. 

and -siny.. For small angles, COSM- = 1 and sinji = M-- Noting certain 

angular relations, we have 

x(l)  x(r) 

x(i'/3 

T.v-X (3.8) 

,  .  *<') 

Combining these gives 

2v=  ^7=— . (3.9) 
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2.1 
u = Y • (3-10) 

Thus in the x , z plane the direction cosines are 
m  m 

(-2i/R,l) . (3.11) 

Reflected light is collimated sind is directed at an angle so that 

it will encounter the grating. Deviations from collimation in the 

x , z plane due to tha finite slit width (usually of the order of 

lOOp.) will be insignificant. 

A similar calculation in the y , z plane would show that the 
m  m 

three direction cosines are 

(-2i/R, -2ysi/R, 1) (3.12) 

where y  is distance along the entrance slit measured from its 
S X 

center. 

0 < ly I < s /2    where s = maximum slit height.  (3.13) 
—si- m m 

In conclusion, the beam reflected from mirror 1 and made up 

of all source points on the entrance slit is collimated in the 

horizontal (x, z) plane but not in the vertical (y, z) plane. The 

deviation from parallelism is determined by the position on the 

entrance slit, |y j, of the source point. 
S X 

2.  yuriation in Angle of Incidence on the Grat'ng Groove 

In Fig. 3-11 we have a view of light incident on a grating 

groove. The collimated ray is that from the center of the entrance 

slit and represents the family of rays we could expect if the beam 

were perfectly collimated by mirror 1. It is described by the "un- 

barred" system of coordinates. The deviated ray is a typical ray 
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from some point on the entrance slit, y  > 0. It is described by 

the "barred" coordinate system. Here we compute the difference 

between 01 and 01. The analysis is made relative to the grating 

groove surface (primed coordinates), rather than the over-all grat- 

ing surface (unpriraed coordinates), since it is the former surface 

from which light is actually diffracted. 

Geometrically, Fig. 3-11 shows that 

a = h tan 0! (3.14) 

51 = CT cos } (3.15) 

I' = h tan 0^ . (3.16) 

Combining these gives 

tan 0! = tan 01 cos if . (3.17) i      i    T 

The direction cosine, -2y /R, is easily related to ijr. -2y /R 

is measured relative to the optical centerline of the mouochromator. 

When measured relative to the line (-2i/R, 0, 1), which is the di- 

rection of the collimated ray in Fig. 3-11, the directioi cosine is 

still -2y /R to first order in the angle since the angular change 
s i 

in direction between the centerline and the collimated beam is small. 

Analytically, this direction cosine is the projection of the de- 

viated ray on the T axis. 

•2ye m-i: (3.18) 

p' 
Geometrical1 y 

•3- •■= sin v (3.19) 
ä 

~ = sin 5^ , (3.20) 
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and combining these three 

2y 
[-jrj ■ sin ♦ sin 9^ . (3.21) 

Squaring Eq. 3.17 permits eliminating ^. 

tan2S: ^ " ' sin'e: 

cos 0! 
i 

cos e: 

From Dwight Tables [3-05, 405.06] 

Then 

(3.22) 

tan2e: = tan2e: - (-JLi)   1 (3.23) 
v   ' cos 61 

2y i 

(tanö'+tan0:)(tan0: -tanö!) = (-^l —~— (3.24) 
1       1       1       1 \   E     J      nnC^Ä> 

Let 00! = §:- e: . (3.25) 

If 0' is large, Eq. 3.22 can be simplified, since 01 «0!: 

(2y \2 

sin(5:- 0!)   50! 
tan0^- tan0^ =  :~i i~ « 1—  . (3.27) 

COS0I COS0I   cos 01 
11      1 

2y \2 
ael = i(-^j cotei • (3-28) 

This is the formula describing the deviation of the angle of incidence 

of light on a grating groove as the position of the source point on 

the entrance slit changes. It will be employed in calculations in the 

next section. 



One important question is how small 91 can get before Eq. 3.28 

for Bö I becomes invalid. For small 01, 501 becomes 
i ii 

60 • - k2M i i  2^ R / 0[ 
(3.29) 

whereas the exact expression, Eq. 3.23, can be approximated by 

2 

(§:)2 - (0 I'2=frl) (3.30) 

and solving for 601 gives 

8ei = -0i s(J:-)+ ^P2 - -^^ij1 + (-¥]/^ 
(3.31) 

Expanding to second order gives 

60! = - 

(3.32) 
8(0!)' 

The first term is just the approximate expr-ession for 501 found in 

Eq. 3.29 so the second is a meKS 

.28. 

/2y, 

the error we can expect in 

using Eq. 3.28. The fractional errc^r is 

si\   1 
R 

4(0')2 
(3.33) 

When we consider the maximum value of y , (=1 cm.), the direction 
S X 

cosine is 2 X l/lOO = .02 radians, so that if 01 = .06 radians, the 

fractional error is only 3.2^. 
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5. Light Loss at the Second Mirror 

We have seen one consequence of imperfect collimation: that the 

angle of incidence on the grating is variable. A second consequence 

is loss of light, which can be seen if the besun is traced from y  on 

the entrance slit through to the exit slit. 

If y  is greater than zero, some light reflected from mirror 1 
s i 

will fall off the lower edge of the grating, and some of the diffracted 

light will fall off the lower edge of mirror 2. It is the loss at 

mirror 2 which determines over-all loss. In Fig. 3-13 we project the 

light rays onto the y , z plane and note the following relationships. 

holding for small angles: 

a 

ym2 
2 ■ iysa 

R/2 
2    + ys2 

=        R/2 

8 + a = 
ym£ " W2 

R/2 

8 + e = t 
R/2 

(3.34) 

(3.35) 

(3.36) 
S\/Cu 

There is no simple reason to assume that 8 and e are equal., e ex- 

presses the fact that the incoming beam is not incident in the |, C 

plane. The diffraction now becomes more complicated, but other geo- 

metrical factors cancel out its effect. The consequence is that 

8 = € . (3.38) 

The steps in the calculation are rath&r long and since the result 

is so simple, the calculation is not included here. 
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Combining & = 6 with the prior four equations, we get 

2y. 
e = 

si 
P. 

t = Re 

ysi ~ "ys£ 

(3.39) 

(3.40) 

(3.41) 

The last expresses the simple fact that the image of a point on the 

entrance slit is oppositely placed relative to the center of the 

slit, compared to the source point. 

t is a measure of the light lest. In fact 

t/D = the fraction of light lost. (3.42) 

If l(y ) = the intensity of light at the entrance slit at y  and (3.43) 
si si 

l(y ) = the intensity at the exit slit, then 
S £ 

Ky.J sa 

^ 
= 1 

|t| 2|y 
= 1 - 

si' 
D   *    D 

Figure 3-l4 is a plot of this relationship. 

!J0 

(3.44) 

(3.45) 

I(ys2)/I(yS!) 

Fig. 3-14 LIGHT LOSS AT THE EXIT SLIT COMPARED TO THE ENTRANCE SLIT 
VERSUS POSITION ON THE ENTR/JJCE SLIT OF A SOURCE POINT. 
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F. A CALCULATION OF FALSE REFLECTIVITY STRUCTURE 

In this section we compute a factor, J(sD, A )/j(sn, A ), which 
n   HI     U   la 

multiplies the true reflectivity of a sample, thereby representing 

false structure. Three f5ctors are important in the calculation: 

(].) The light intensity curve is hypothesized to vary only 

with the angle of incidence on the grating groove, 01. 

(2) We make use of the 801 variation discussed in III-E. 
' i 

(3)) We add a new geometrical feature -- that different 

amounts of light are removed from the beams in the IA and I_ light 

paths. This can indeed occur at the beam splitter in our system. 

When this loss occurs, a false wavelength-dependent variation is im- 

posed on any measurement. 

The hypotheses which are necessary for the calculation are 

discussed in 1. In 2. we give the derivation of J(sT>, A )/j(sn,  A ) for 0 R' m" v 0  m 

light intensity of an arbitrary functional form, f(^), and in 3. we employ 

specific functions for f(A), permitting a graphic display of the false 

structure (Fig. 3-15). We discuss conclusions affecting system oper- 

ation in 4. 

1. Definitions sind Hypotheses 

Our starting point is a function, f(A), which we define as the 

total light intensity at a given polarization measured at the detector. 

By total light intensity we mean the integrated effect of the light 

leading the entire exit slit. f(A) is distinguished from IQ(^) in two 

ways, where I0(A) is the experimentally measured total light intensity 

at the detector: 
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(1) f(Ä) is a function used in our theoretical analysis. In 

3. it is supposed to have certain simple functional forms which ap- 

proximate but do i.ot exactly reproduce Io(?0- 

(2) We assume that any variation of f(Ä) vp th ^ is due solely 

to changes in the angle of incidenct on a grating groove, 91. Then 

the seeming variation of f(?v) with X occurs only because of the 

functional relationship between X and 6. described by the grating 

sine law (Appendix III-^f). That law is 

Ä s X(ei) = 2d sin(0i - y) cosy , (3.65) 

and, since 

ei = ei + ß ' (3.46) 

A = 2d sin(ej + ß - y) cosy = Mop • (3.47) 

This assumption may seem extreme since I0(A) changes do occur 

because of source, grating, mirror, and detector changes with A; 

we make it to simplify the analysis and to discover how 91 vari- 

ation alone can create false structure in R(X). 

In Sec. III-D we discussed experimental .id theoretical in- 

formation which supported the hypothesis that some I0(A) variation 

with A was due to 91 variation. In this section we carry that 

hypothesis to the extreme and assume that the f(X) change is due 

entirely to 9! change. 

f(>0 is similar to I0(A) in that it describes the integrated 

intensity at the detector of all the points along the exit slit. 

It is thus an operationally valid definition. The first part of 
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our calculation (in 2.) computes the variation of intensity alonfi; 

the exit slit for b.  {•-iven munoohromator setting (wavelength) using 

f(A), the avet'age intens'ty, as a smarting point. (Since by hypo- 

thesis we ignore any changes in f(Ä) due to mirrors or the detector, 

f(?0 at the exit slit is the same as f(Ä) at the detector.) 

To do this we make use of the geometrical factors discussed 

in Sec. III-E -- 601 (the range in the angle of incidence on a grat- 

ing groove at a given monoch^omator setting) sind the loss of light 

factor. We assume that the range in intensity values along the exit 

slit at a given monochromator sett—ig and arising from 501 is given 

by tne same f(X(0I)) we use to describe the change in intensity with 

changing monochromator setting. That is, we take somö setting A= A , 

which Laplies 0! = 01 in Eq. 3.65, tue grating sine law. This law 

is valid for the "central" ray — a ray that starts at the center of 

the entrance slit, strikes the center of the two mirrors and the grat- 

ing, and laaves at the center of the exit slit. For deviated rays 

staiting from a point away from the entrance slit center, 01 is in- 

creased by 801, aid we assume that the intensity of light at the 

exit slit is proportional to f(A(0I + 801)). f at point y  on the 

exit slit w:.ll be reduced by the loss of light factor, l(y ), in 
Sic 

Eq. 3.45. Since 80.' ■-  80! (y ) (from Eqs. 3.28 and 3.4l), the in- 

tensity of light at point y  and at monochromator setting Ä will 
s ? m 

be given by 

j(ys2' V = Cl(y.2
)f (M'0lm + ^i^s^) ' (3-48) 
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where c is a constant of proportionality. Thus the f(A) curve, 

giving the variation in average intensity with monochromator setting, 

is used to derive the intensity as a function of position on the exit 

slit at a given monochromator setting. We note that since f(A(01. +801)) o c. im  i 

is a function not only of 61 but also of position on the slit (through 

501), the relative intensity at a given exit slit position will vary 

with monochromator setting. 

Finally, we deime J(s, A )  ai> the integral of j(y , A ) over 
Tu s 2  m 

the exit slit, s represents the unblocked limit for the slit height 

and will be different for the two light paths. 

J(s, Am) = 2/ J(ys2 , AJ dys2 (3A9) 

The maximum slit height is s (=2 cm.). In a completely self- 

consistent approach J(s , A ) should be identically equal to f(A ). 

In our development they are only approximately equal because the in- 

tensity of the "central" ray at A = A is not the average intensity 

since 80! is not symmetric about 01 . Since our interest in this 
i       ^ im 

calculation is to demonstrate a probable source of false structure 

in R(A) ari not to reproduce that structure in its every detail, we 

feel that this slight inconsistency is not important. 

2. The General Calculation 

Utilizing the material ir. 1. above, we can quickly compute the 

false structure factor, J(s_,, A )/j(srt, A ), for an arbitrary f(M. 
n  m   urn 

Combining Eqs. 3.45, 3.48, 3.49, and 3.28, we have 
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j(s,Äm) = 2o / I(ysi)(l - -i^-) f[^e[m + ~|S coteij) dys2  .    (3.50) 

Computing the integral J(s,  h ) fox* K"   reference and sample channels, 

we can get the measured reflectivity, R : 

R'    m' 
30' V 

R    = R,.   T/  S      "'    . (3.51) 
ra        t J(sn,  AJ 

R is the true reflectivity and J(s_, >v )/j(s_, Ä ) represents the 
t K  m   ü  m 

rtructural distortion. Note that if the light beam is blocked before 

reaching the beam splitter so that sR = s», there is no distortion 

I 
from this source, and 

i 

R = R,. . (3.52) 
m   t 

This analysis presupposes that the detector is completely uniform 

over its surface. 

5. Specific Functional Forms 

In the computations the structure plotted in Fig. 3-15 is 

hypothesized for f(Ä). It has the following functional forms: 

i 
i 

fT = CTT = constant A < 2700Ä     (3.53a) 

fT- = CTT + BTT + BTT COS Ix     II     II     II      ,  ""TT 

Aj. = 3100Ä 

A>^j: = HOOk 

BII = 2CII 

/(A-^Fv 
I       •) 2700 < A < 3500A (3.53b) 

A- \ 
fTTT = CT,.T + TT    A 3500 < A < 4500^ (3.53c) 
III   III   ^ATTT  III —  _ 
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hu = 3500A 
AA

III 
■■= loodk 

A
III 

- he CIII = ' 'll 

fiv = AIII = constant 

fv1 
Bv + Bv COJ 

5350A 

400A 

5V A^ ") 

4500 < A < 4950A  (3.53d) 

4950 < Ä < 6550A  (3.53e) 

By = 2CV = AIII 

fV2 = cv + T + T cosl SX;— j 4950 - Ä - 6550A (3-53f) 

fv , the double sine wave, approximates the structure seen in 

Fig. 3-4 made with the S-l phototube for polarization perpendicular 

to the slit. Although not all the structure is due to angular de- 

o 
pendence, since there is a known fall-off starting around 5300A, most 

of it is so dependent. 

f.. is a shallower and broader structure than f„ so that the 
V2 Vi 

importance of sharpness in f structure can be seen. 

f v is flat as is fj. 

fTTT is a constant slope. 

f T has the same relative size and same wavelength spread as 

fv , but it is much farther from the blaze angle. (Refer to Eqs. 

3.28 and 3.46 which show that 89| depends on cot(e.- ß)).    The ef- 

fect of fT_ on ratio is to be compared with fv . 
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The values for s- and sA, the effective slit heights for the K      U 

1^ and I_ light paths, were set at 2 cm. and 1.75 cm. respectively. 

These values were computed from the experimental deviation in R for 

aluminum from the expected value of 90^ at 6500Ä when the light was 

polarized parallel to the slit. The choice for sR and sQ is some- 

what arbitrary since the team splitter is located well away from 

the slit focus. Consequently, the beam .putter blocks light some- 

what differently than it would were it at the focus. 

J(s, Ä ) is computed in the Appendix III-C for each of the f 

functions listed above. l(y ), the illumination of the entrance 
31 

slit,  is assumed to be a constant to simplify the calculation, 

results are as follows: 

J(s, X^ = cl( 

The 

y
si

)cii[s "ID] 
J(s' Viv^^sr'.n^ "ID] 

(3.74) 

(3.75) 

where 

.1(3, VIII = 2cl(ysi) X 

r        ATTTh(0. )  3 

[E(&im) 2 +  ^   25 

E(0. ) 2 ATTT h(e. ) 4-, im' s _ III  v inr s 
D   32 T AAII] 

E(eim) = CIII + 
m  1 II 
Mj II h II 

^^^iidcos^^^.^^^ 

R 
ß) 

j(s, yVi = 2cl(ysl)Bv   x 

(3.77) 

A     Cv\s2       A\      L L(Am-V + h^im)T\     . gVVÜ] ^,rn 
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where C and S are the Fresnel cosine and sine functions. j(s, \)y 

and.  J(s, ^m)TT are tne same except for some simple substitutions out- 

lined in Appendix III-C. 

The false structure was then determined by using these functions 

to compute J(sR, \1)/
J
(
S
Q> ^ )• Vhen  this ratio is computed for f- 

and f v, the constants, the result is a constant number less than one. 

The values of JCs«, ^ )/j(sr., ^ ) have been normalized by dividing by Km   um 
this number and are plotted in Fig, 3-15. Any deviation of the plotted 

value from 1 represents false structure. 

4. Conclusions Based on the Calculation and on the Experimental 
Measurements 

The calculation, in providing a mechanism for the creation of 

false reflectivity structure, corroborates sind extends the conclusions 

drawn from the system measurements alone. 

The strong structure in fv is matched by the structure in the 

ratio, the ratio structure worsening as one nears the wavelength cor- 

responding to ß, the blaze angle. Note in Fig. 3-3 that the strongest 

experimentally observed structure is at the high wavelength end (5500- 

6700A) near the Maze. It is interesting to note that the computed 

structure is asymmetrical, being compressed at the lower wavelength 

and elongated at the higher. The experimental curves in Fig. 3-3 show 

the same asymmetry. 

It is instructive to compare the ratio structure due to 1'  with 

that due to both fv and fTT. The first shows that more slowly chang- 

ing structure in I- (e.g., for light polarized parallel to the slit) 
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haj less effect on the ratio while the second shows the diminished 

effect at wavelengths further from the blaze accounting for the com- 

paratively weak ratio structure seen in Fig. 3-3 at 350CÄ and  39ÖOJL 

When I0 is flat as in fT and f , there is no ratio structure. 

When I has a constant slope as in f-r-r-r; the ratio is changed by a 

nearly constant amount from the proper value. This is less serious 

than continual change in the ratio. A sharp transition in I-, such 

as that between f „ and fTTT> results in a quick change in R. There 

is an experimented equivalent. The regions of vertical slope in the 

I0 curve at 5230 and 6050A (Fig. 3-2) result in discontinuous changes 

in the ratio (Fig. 3-3). 

In consequence, In curves should be chosen so they are flat or 

slowly changing. If they do change quickly, one should feel sure 

that the change is due to wavelength changes (e.g., source or detector 

sensitivity) and not 0. changes. An example of this last is the I_ 

behavior in the region below 3000Ä.. 

These arguments, as well as experimental evidence, all point to 

using light polarized parallel to the monochromator exit slit. Further, 

the beam should be carefully constricted so no light is lost at the 

beam splitter. Then s- = sn and Jis-,  A )/j(s/., A ) = 1, implying that 
K   u      Km   urn 

there will be no false structure. 

This last statement presupposes that the photomultiplier photo- 

cathode sensitivity is constant over its surface, for the calculation 

has not taken account of such variation. Thus 1. and I_ images must 

be carefully superposed as pointed out in Sec. III-B. Please refer 

to that section for other precautions. 
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G. WAVELENGTH RESOLUTION DISCREPANCIES 

Our discussion in Sec. III-F-1 implicitly suggests that one 

could expect a variation in wavelength along the exit slit. To 

see this, consider the following: 

If we substitute 0! +50! for 0! in Eq. 3.65, we get 
ira   i    i '   o 

A = 2d sin(0: +50!+ ß - Y) cosY 
im   i    ' 

= 2d cos7[sin(0: +&-y)  ccs60: + cos(0: +ß-7)sin60:] .   (3.54) 
im    '      i      im    '     i 

Since 601 is small, 

A = 2d cosY[sin(0: +P-Y)+COS(0! +3-7)60!] 

= A + 6A . (3.55) 
m 

Thus there is a 8A which is determined by 801. The functional relation- 

ship of 501 and y  then seems to imply a range of wavelengths along 

the exit slit. Ebert design monochromators, such as the JACO 82-000, 

do exhibit such a variation when one uses straight entrance and exit 

slits [3-06] as we do. The variation arises from two factors, astig- 

matism and the skew incidence on the grating, and is generally less 

o 
than  1A for typical Ebert design monochromators used in the UV-visible 

range [3-06]. We face a serious difficulty in that the 8A we compute 

o 
from Eq. 3.55 is in the range of 10 to 100A, depending on 01. This 8A   -*•  —° ' —*- o —   "i 

implies a significant loss in resolution which is not in fact observed. 

We resolve the discrepancy in this section. 

In computing the factor J(s), we determine the range in 0! values 

which can occur as we move along the entrance slit. The 8A which is 

functionally determined by this 80! Just tells us how much of the 
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f(A(0I)) curve we sample as our source point moves along the entrance 

slit, for we recall our hypothesis that the f(A) variation is due en- 

tirely to 61 arid not to A changes. 

In contrast, if we wish to compute ÖA to determine wavelength 

resolution loss, we must compute two 5A terms for deviated rays. One 

is due to changes in 0. , and the other is due to changes in 0,, the 

angle of diffracted light. It turns out that the effect of 0, nearly 

cancels that due to 0.. An abbreviated calculation follows: 

From Appendix III-./5, Eqs. 3.60 and 3.62 give for the case m = -1 

A = d(sin0, + sin0.) , 
d     i ' 

and, taking its derivative, we get 

8A = d(cos0 60d + cos0iB0i) . (3.56) 

50. is computed in the unprimed coordinate system in a fashion exactly 

analogous to the way we computed 501 in the primed system. From Sq. 

3.28 we get 

50. = —|* cot0. . (3.57) 
i   R2     l 

Similarly, 

2y2 

50 = 12 cot©  . (3.58) 
a    R^    a 

We use 0i (the angle of incidence relative to the grating surface) 
rather than 0{ in computing the direction in which light is diffracted. 
The blaze angle, ß (01 ■ ©i- ß), of a groove determines intensity at a 
given wavelength, but not direction. 

The grating sine law, Eq. 3.65, has been computed using the particular 
geometry of Fig. 3-16. With the.t geometry an increase in the angle of 
diffraction corresponds to a decrease in 0,. Therefore, we have a minus 
sign for 50, in Eq. 3.58. 

mdtUti um r 
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On ^ characteristic of Llic grating diffraction Is that y  = -y 

(Eq. 3.4l) so that 

o 

4ysx 

R 

.'03^0.   ODS 9," 
i     d 

sin0.  sin0, 
L     d 

(S.59) 

Note that the two terms subtract. Over much of the 0. range of our 

raonochromabor the computed 5Ä is 1 to 2Ä except at low 0. where the 

approximations used to compute 60. sind 50 break down. 

Thus the 6Ä given in this resolution study is much less than 

the 5A used in the structure calculation, yet both arise out of the 

same analysis. The fact that the 8Ä we just calculated is still 

greater than that implied by system resolution is probably due to 

cur numerous first order approximations. A more detailed calculation 

with higher order terras might remove the discrepaicy. 

A more involved calculation might also disclose that other wave- 

length dependent variations in path direction affect the light distri- 

bution at the exit slit. For instance, Fastie [3-06] discusses a loss 

in resolution arising from the S-shaped wave front created in the 

Ebert system and incident on the grating. 

Since there is  wavelength range along the straight slits in an 

Ebert monochromator, one might wonder if the observed false structure 

in reflectivity is due solely to that (in conjunction with sharp changes 

in Ir,(A) with A) ard not to the 01 variation we have hypothesized. We 

feel that false structure could arise from this source, but it would 

be far smaller than that observed. After all, our calculation involved 

far larger 8A changes and still did not reproduce structure as large as 

that observed. 
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H. FALSE EFFECTS CREATED BY OPTICALLY ACTIVE ELEMENTS 

We describe now another form of reflectivity structure dis- 

tortion which arises when the In and I,, beams pass through elements 

of different optical activity. To understand how this occurs, let 

us suppose that the IR path has an optically active component while 

the !„ path has none. The light is assumed to be polarized parallel 

to the slit. The active element rotates the polarization in a wave- 

length dependent manner. The light is then incident on c uminura 

mirrors at about 45° incidence (mirrors 7, 10, 11, and the beam 

splitter). Referring to Fig. 3-6, we see that the light reflection 

of the I0 channel is governed by the Rj_ curves, whereas the light 

reflection of the I_ channel will be determined by a linear combina- 
n 

tion of Rj^ and R.,, dependent on the amount of polarization rotation."*" 

As we change wavelength, the net R from all the mirrors varies due to 

changes both in the aluminum reflectivity and in the optical rotation. 

Thus, in Eq. 2.7, which functionally describes system design philosophy, 

R7, R,0, R11, and R^ g will be unequal in numerator and denominator, 

and consequently their quotient will be wavelength dependent. Distortion 

or even false structure can ensue. 

A dramatic example was provided by a crystal quartz window in a 

cryostat. The quartz is a very strong rotator. The grey tin peak at 

338ÜA was shifted by as much as 50A and its magnitude changed by 11^ 

_       _        _ 

R = R cos a.  + Rjsin Ot. where Of is the angle the E vecvor makes with 

the plane of incidence [3-02, St.  1.5, Eq. 32]. 
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as the w'.ndow was rotated. The effect disappeared when a fused 

quartz window was used. 

If one's experimental sample is active, our opticad system 

cannot be used for reflectivity measurements withouc corrections 

or unless compensation can be made. 
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APPENDIX Ill-^f 

THE GRATING SINE LAW 

The following equation is the well-known expression of the con- 

dition for maxima in a diffraction pattern and describes the angular 

spreading of wavelengths of various orders (= m) by a grating of spac- 

ing d. 

mK = pd (3.60) 

It can be rendered in a form which describes the angular dependence 

of wavelength for the JACO monochromator. Figure 3-16 describes the 

geometry for a "central" ray, where cy is the angle between the centers 

of the mirrors 1 and 2 in the monochromator. These are the mirrors 

intermediate between the t-ating and the entrance and exit slits. 

p = i- i and is measured relative to ehe 5 axis.     (3.61) 

p= -sinö -sin0^ . (3.62) 

0. = 9 +2Y, from Fig. ?<-16. (3.63) 
i   c 

Using Dwight Tables [3-05, 401.08] 

p = -2 sln(9. -y) cosy • (3.64) 

With the geometry shown in Fig. 3-16 m = -1 rather than 1 for the 

first order light. The grating equation becomes 

Ä = 2d sin(0i-Y) cosy   for first order light, and (3.65) 

A " ■—- s.in(0.-y) COSY   for higher orders.       (3.66) 

This is the so-called sine law for gratings. 

In our geometry y * .06. (3.67) 

^JSfSSBgS^M'"**' 



MIRROR 2 MIRROR 1 

VIEW FROM ABOVE 

FIG. 3-16   GEOMETRY   FOR   COMPUTING   GRATING 
SINE   LAW. 

VIEW FROM ABOVE 

FIG.   3-17     GEOMETRY   FOR   COMPUTING   GRATING 
BLAZE  ANGLE,  ß. 



APPENDIX III-ß 

THE GRATING BLAZE ANGLE 

The grating regularly employed in the monochronidtor for the 

visible rid UV range is described as blazed for 750CÄ. by the manu- 

facturer, Jarrell Ash.'*' The grating is operated at its blaze wave- 

length when the diffracted pattern from the grating is in the di- 

rection of reflection from the groove face. The reflected direction 

changes as one changes the angle of incidence on the groove; the 

blaze wavelength will /ary as well. To describe the blare in a 

unique way, the light is considered to be normally incident on the 

groove face. Using the geometry in Fig. 3-17, we can then determine 

the blaze angle, ß. 

2d sinß = the blaze wavelength = 750OA (3.68) 

d = 8470^ (3.69) 

sinß = .4425,    ß = .4586 (3.70a,b) 

ß is nearly .46. This simpler value will be used in the com- 

o 
putations. In the monochromator, A_,   = 7500A corresponds to em 

angle of incidence 0. = .52 radians. 

This value has changed as the accuracy with which the blaze is 
measured has improved. 
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APPENDIX III-C 

TAE  CALCULATIONS OF J(s, >^) FOR VARIOUS f FUNCTIONS 

The quantities which are computed in this appendix exe defined 

and discussed in Sees. III-F-1, 2,  and 3. Equation 3.50 gives the 

general expression for J(s, Ä ). 

j(8,y .2c i(ysi) / 
2(i-^) f(^in/7r ^JK.        (3-50) 

From Eq. 3.55 we see that f cm be written as f(^ + 6Ä) where m 

6X = 2d cosy cos(0I   +ß-Y) —sr cot 81 (3.71) im _c im 

= 2d cosy cos(6im- Y) —p cotC©^- ß) (3.72) 
R 

We can now turn to the evaluation of J( , A ) for the different functional m 

forms of f(X) listed in (l) through (3) below: 

(1) fj  and fIV, constants 

tjl'K)  « CJJ = constant (3.53a) 

sCl^)Cll[a'k] (3-7U) 
J(s'VlVaC ^si^ll^ " ^ (3-75) 

(2) fjjj, the ramp 

ÄäT^ + SA (3.55) 
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where Ä is the nominal measured wavelength, 
m 

A- A_T_ A - ATTT     A___ 6A 

III ~    III       AAI1I      III "    III     AAJ-J.-J.        Ill     MJJJ 
(3.53o) 

5 L(9.   ) + -rHi h(0,   )y2 
v  im'     ^A-TT        im/Ji3p 

A   -A... 
E(e. ) = cTTT + "v   •[I1 ATTT v   ..in' III        ^ATTT I^-I 

(3.76) 

J(S,V)III   -    2.   Ky^)   /     (l-^ä)^)   +     gill  h(V4h 

[K 

o     v ' x III 

ATTTh(0,J    3    E(0.   )    2      ATTT hO,J 
-  2c T^ir    ^iir/fl    N s      III  v  im7 s im' s III 

I(ysi)|M9im) 2+    AAJJJ        24    ~       ""^^ 
im'  s_| 

D        32j (3.77) 

(3)    fjj, f^,  fyg, the sine waves. 

fVi=cv + VBvcos| 
(A-y (A-A )46A, /VA- A^;     \ . V'Vn-'V*0'x\ 

= (Cv+B^ + Bvcosf7r 

s/2. 

(A  - AJ+h(e.   )y v m     V      v  xm'*' 
"S7 

S2 

V ) 

'vi "si^   [^v" V ri5v cos V S^ J(s)„. = 2c I(y   )/     (C„ + Bj+B. y COSI'T m    v im   sg ] 
dy, 

S2 

s/2 2y 2y . ^ (V\)+h(0im^ 
"ATT 

sa 

= 2C Ky^El^I^^+I^] 

I1  and I- are very straightforward. 

K2 
(3.78) 

(3.79) 

I..  = 
By       *\ 

k-TWe^J^ innr 
(A .\r)+h(0,   )y2 v m   v'    v im,Jsg 

Ä7y , 

s/2 

Bv   \    r. /_'VVth'V h      /JVVn 

(3.80) 
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I2 is a form of the Fresnel Integral. Abramowltz et al. [3-07, 7.^.38] 

provide a foraula for expressing the integral in terms of the Fresnel sine 

and cosine integrals which are tabulated. 

8(2) - Fresnel sine integral - / sin | tfi dt (3.82) 
o 

2  r 2 
C(z) ■ Fresnel cosine integral - / cos ^ t dt (3 

i^sJj^-w^y^T—^       j-8inl~^r")jj 
J(R)T- is of the same general form as J(s)._; except that B.j, 

C--, Ajj, and AAjj replace ^^ Cv, A^, and A>^, respectively. 

J(s)v differ« from J(8)Vl in that By/2, \ + ä\, and aÄ^ re- 

place B»i Ay, and AÄy, respectively. 

o 

(3.8V) 
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ratio reflectometer for optical measurements; (2) the description and analysis of a polarization 
dependent false structure in the reilectivity, which arises in the system monochromator, (3) the 
application of the ratio reflectometer to the accurate measurement of reflectivity structure in 
germanium and gray tin, which ar« then interpreted in terms of energy band models, a.id 14) the 
development of an improved method for theoretically cotnputirg «j through the study of the depen- 
dence of the diamond doi-bls group selection rules on light polarization direction, and a suggested 
modificaticn to the double group labels at L, with particular reference to gray tin. 

In this technical report we discuss (1) and (2) while (3) and (4) are considered in Technical 
Report HP-21 (ARPA-34), entitled "The Application of the Ratio Reflectometer to Energy Band 
Studies in Germanium and Cray Tin'. 

0) We have designed and built an optical-electronic system for reflectivity studies which has 
the following characteristics.   Amplitude changes as small as . 05%can be detected, permitting the 
experimenter to measure fine structure and the effects of perturbations.   The readout of reflectivity 
data is direct and rapid, and the sample volume is very large, enabling one to modify the sample 
crystal environment with a variuty of stimuli. 
~~      -Owr discuf sion of the ratio reflectometer contains a full e'escription of the design problems 
and the final form of the optical, mechanical, and electronic components.    We deal with the vanou 
sources of .-.,<.■• and their reduction, the factors affecting linearity and its optimisation, and 
scattered light and sle.tronic drift ae sources ei ft'se reflectivity structure.   Normal operating 
conditions are described and a guide for locating system malfunctions is included. 

(2} False reflr.iivity structure of small magnitude, arising from the polarizing characteristics 
of our monochromator grating, was exactly correlated with peaks in the I, curve occurring under 
the same polarisation conditions.   Oar, analysis shows the effect is not unique to our system; it may 
account for fine structure occasionally noted in the work of other Investigators. 

We have studied the false structure in detail, dividing our effort into two parts.    First, we 
examine the evidence supporting the hypothesis that some of the structure in Io(M arises from changes 
in the angle of incidence of light on the grating, rather than wavelength changes.   Second, we as» im« 
that all the IMM variation is due to aa,le of incidence variation in order to determine the importance 
of this in creating falsa structure.   We derive an expression tor the reflectivity which inde .d shows 
false structure correUted with the IQ structure.    In carrying out this analysis, we make use of two 
geometrical U      -s: the light incident on the grating is not perfectly colUmatedj and our optical 
system obscures varying amounts of light from the incident light and reflected light optical paths. 

The false structure has been eliminated from our system by using light polarized parallel to 
the monochromator slit and by ensuring that the incident and reflected light paths do not obscure 
differing amounts of light. 
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