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PREFACH

This technical report, entitled "The Construction and
Analysis of a Ratio Reflectometer", is the first of two re-
lated reports based on the author's work at Harvard. The
second, HP-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 greate:r 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:
(1) the design and construction of a ratio reflectometer for optical
measurements; (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
andl gres tin, which are then interpreted in terms of ernergy band
models; und (4) the development of an improved method for thecreti-
cally computing €2 throvgh the study of the dependence of tke diamcnd
double group selection rules on light polarization directicn, and
a suggested modification to the double group labels at L, with par-
ticular reference to gray tin.

In this technical report we daiscuss (1) and (2) while (3) and
(4) are considered in Technica) Report HP-21 (ARPA-34), entitled
"The Application of the Ratio Reflectcmeter to Energy Band Studies
in Germanium and Gray Tin".

(1) We have designed and built an optical-electronic system
Tor reflectivity studies which has the following characteristics.
Amplitude changes as small as .05% can be detected, permitting tl.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 deel with the various
sources of noise and their reduction, the factors affecting linear-
ity and its 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 malfunctions
is ineluded.

(2) False reflectivity structure of small magnitude, arising
from the polarizing characteristics of our monochromator grating,
was exactly correlated with peaks in the I0 curve occurring under
the same polarization conditions. Our analysis shows the effect is
not unique tc 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 10()) arises from
changes irn the angle of incidence of light on the grating, rather
than wavelength changes. Secon¢, we assume that all the IO(%)
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 falise structure
correlated with the I, structure. In carrying out this analysis, we

o]
make use of two geometrical factors: the light incident on the grating
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is not perfectly collimuted; and our opticel 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 npolarized parallel to the monochrocmator slit and by
ensuring that the incident and reflected light paths do not obscure

differing amounts of light.
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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 i1nds rests in large measure on such studies.

1. Short Discussion of 2ind 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 des-ribing 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 mcre appropriately described
by wave functicns 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.

b (K,7) = T u (K)?) (1.1)

where E?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, ﬂz
serves to label the various electron states, and electron band energy,

-
E(k), 1s @ function of k. Because the energies E(§3 repeat throughout

E space, E(§3 r-2d not be specified for all E'values, but only for those
lying within the first Brillouin zone (a volume in the X space) appro-
priate to the crystal being studied. Thre first Brillouin zone for the
diemond crystal lattice is shown in Fig. 4-1. This is the zone for
germanium end gray tin, the specific materials we shall study. The
letters in the figure label various directions or points in ﬁ 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 deteil. 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 kep, pseudo-

potential, or "first principles" techniques. Crystal symmetries allow




us to spply group theory as an aid in the calculations. These same
symmetries suggest preferred crystal orientations to the experimenter
so that his date will most simply give information on the partliculer
region cf K space of interest.

Once the band structure information is complete, we can make
a quantum mechanical calculation of & mecroscopic quantity, such ss
the dielectric constant. This calculation provides a partial check
on the internsl consistency of much of the process descrited above.
We can compere the calculsted value of € with its measured vslue.
€ may either have been measured directly or computed phenomenologic-
ally by applying the Krasmers-Kronig theory to optical deta.

Thus, optical measurements provide both fundamental dats to
determine band structure and 8 means for checking the correctness
of theoreticel models by using additionsl sources of dats. The work
of Brust [1-01], in which €, is celculatad 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 snd experimentalist are complementary.
The experimentslist often needs the insight provided by & band thecry
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
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occesionally shows signs of inbreeding, resulting is misidentifics-
tions which may take some time to root out. The process of reiden-
tification and recalculstion continues even in silicon and germsnium,
some of the best understood semiconductors.! Until this process 1is
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 messurement is absorption, which is
sctually measured by noting the transmitted light. Measuvrement of the
absorption edge of a semiconductor is one of fhe most direct ways to
determine its minimum band gap. With care, one can determine other
important band separations lying neer the gap, but as one studies the
light absorption of higher energies, & limitation is soon resched:
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 prepsring them so that they
replicate bulk material properties ss much as possible [1-04, pp. xiii,
5-71].

Philipr and Taft [1-05], amongst others, pointed out the real
utility of reflection measurements in determining band properties st
energlies inaccessible by absorptiorn techniques. There is an intimate
reletion between absorption and reflection; knowing the values of one

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

fThe pspers by Herman [1-02) and Kane [1-03] sre two recent examples.
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This relst! ionship between absorption and reflection is expressed
analyticslly in the Kramers-Kronig relstions which co. 2e¢t n and k,
or Gl and €P’ ¢c. ret'lection amplitude snd phuse. Thus, by measur-
ing reflection amplitude, one can compute reflection phase from the
relstions. These in turn give us n and k from which T, the quantity
of light transmitted through the sample, can be computed. This

¢l se relstionship between reflection and transmission encourages

us in reflection studies for, knowing k or 62, we can determine
mor> 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 meassured wavelengths.

B. EXPERIMENTAL PROBLEMS

1-5

Once one has sdmitted the usefulness of reflectivity messurements,

the problem arises of designing equipment to messure megnitudes ac-
curately and to determine fine structure.

1. Standard Method

The usual method employed in reflection and sbsorption measure-
ments is to arrange a simple optical system in which monochromstic
light illuminates s ssmple, is reflected (or transmitted), collected
st 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 snd sgein without the sample. The two resultant trsces, when
divided, give the percent of light reflected.

There sre two major dissdvantages to this technique. Drift
in the components, perticularly the light source, occurs between
the two sweeps. This limits resolution of amplitude changes to
1% of reflection emplitude. The standard employed is that asmplitude
change /drift = signal/noise = 1.

A second disedvantage is the delsy that arises from the lsborious
process of reading intensities, dividing them, snd then plotting the
results before the experiment can be evaluated. This obJection is
not Just a matter of convenience. Often one experiment suggests
snother, and if results are not known immedistely, 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 messurements 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
ssk if they are of significance in the types of experiments one con-
gsiders performing. A number of exsmples can be adduced to support
the construction of an improved experimental system: speéifically,

the ratio reflectometer to be discussed later.

1-6
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(1) In the first measurement of the reflectivity of germanium

at normal incidence [1-05], a bump was noted at 7.15 eV, eventually
ascribed to transitions occurring at a point along the 111 direction
in ;.space. Determination of the splitting of this peak awaited the
work of Tauc and Antond{k [1-06]. The din between the two peaks was
small, about 1% st a reflectivity of 55%. Very careful point by point
measurements were necessary to resolve them. A ratio system could and
does display them directly. In general, such spin-orbit splittings
are small and sre crucial in identifying reflectivity structure in
terms of the Brillouin zone energy bhands.

(2) One can modify reflectivity structure by applying various
stimuli to a sample. Uniaxial stress can cause cplittings 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 add.tional information,

U

such as an effective mass, deformation potential, or symmetry 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 witi the ab-
sorption caused by deep-lying impurities in semiconductors. Their
energy levels lie closer to the center of the fundamental gap tbhan
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 silicocn, but even here concentrations are low:

109 - 10

{3 impurities/cm§ [1-11]. The presence of impurities is
usually detected in photnconductivity measurements. The direct
absorption measurement is more satisfactory, since one need not con-
tend with the conduction mechanisr. which complicates interpretation.
Electron spin resonance experiments are complementary, but do not
replace the infcrmation gained in an absorption experiment.

Because desp-lying impurity concentrations are low and their
wave fw.. tions hignrly localized, one m.. have high amplitude sewsi-
tivity to detect their presence over background atsorpvion. Commercial
double-beam units are not well adapted to this problem. The Cary 14

¥t cannot detect changes smaller than . * naar 100%

spectrophotomzter
transnicsion. The ratio reflectometer, when medified fur absorption,
should be better by an order of magnitude.¥

Thus, three classes of measurement motivate the qonscruction of

a ratic reflectometer: th. fine structure of reflectivity, fine

structure induced in reflection spectra by applied stimuli, and the

prplied Physica Corp., Monrovia, Califoraia.

*This estimate is based on sensitivity in reflection measurements.
No Osorption measurements were made.
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sm. 11 abserption in certain materials such as that caused by deep-

lying impurities in semiconductors.

D. THE RATIO RUFLECTOMETER

A ratio reflectometer is an admirable solution to the two prob-
lems of amplitude sensitivity and sl « data readout. 1Indeed, 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 monochromatc~ 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 lisht quickly frcem one channel to the other,
drift and noise of freyuency which 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. ’arious experimental complices.ions, detailed in
the next chapter, prevent realization of this sensitivity under some

conditions.

ittt



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 roout of the -
number of scans through the spectrum. Use of the multichannel analyser

proved desirable in magnetic field studies.

-

¢ __Rapid Readout

The ratio reflectometer displess directly and immediately the
reflectivity on a chart recorder. If care is taken in alignrent, this
readout is «ithin 15% of the absolute reflectivity.f

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 phr:nomena 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.

fBennett 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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5. 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 Jjust the sample and its mow.ts, but also the ancillary equipment
necessary for temperature control and application of stimuli, inciud-
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 detecticn of the effects upon sample reflectivity of an AC
stimulus such as an electric field [1-13, 1-14] or uniaxial stress
[1-1f]. Alternatively, one can modulate the wav~length cof 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 106 have
been detected [1-17].

AR is the modification to reflectivity caused by the given AC

stimulus. Thus, when we modulate wavelength, AR = (dR/d%)A%, where

R T
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AN is the rms excursion of the wavelength. Similarl , with electric
field the AR is related to dR/dE. The way in which the experi. .ts
are typically performed results.in normalizing AR with R.

By measuring slope, such as dR/dA 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
sccurs 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 cuse 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 additicn
was feedback circuitry to permit autcsatic normalization of the data.
One measures AIR = change of the intencity of the reflected light.
This is proportional to the level of reflected light = IR' In general,
AIR/IR = AR/R, so if IR = constant, AIR is propo. .ional to AR/R.

Feedback keeps IR = 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 cn 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 rith 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.

ETTRMITI L, i o)
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AR/R techniques are generally superior: .

{1) AR/R structure which is maﬁy times the noise level often
has no refiectivity counterpart which is discernible above the noise.

(2) AR/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
b-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.f

(5) We have noted the effect of an H field on "e A transition
in germanium in the presence of an electric field where no effect
was noted in a straight reflectivity measurement. -

Ncaetheless, reflectivity serves a number of useful purposes:

(1) The analysis of AR/R data requires a kncwledge of n and k.

These are derivable from reflectivity provided one makes a reasonable
attempt to measure the absolute level of R and not Jjust 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.

1PThe peaks in AR/R occur at .he same energies as those in Ae; and Aep
(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 €2 but of €1. The dispersive contribution results in a
shift in R from the peak in €p.

i e
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(2) We have noted structure in R which is missing in AR/R studies,

e.2., one of the L%, - ], transitions in gray tin.

3

(3) R structure is not subject to the satellite effects occurring
in AR/R measurements under eiectric field. These satellites are ad-
ditional structural features associaz .ed with one transition. Conse-
quently, R structure, when seen, may be more easily interpreted. 1n
our own work, this has proved relevant in the analysis of structure
in germanium near 3.2 eV and in Q-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 Q-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 INSTRUMENTATICN

In the design and constructiocn of the ratio reflectometer there

were three nmajor 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.d 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.

AL, M R e
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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 vqQlume. The prime op-
tical feature was the use cof a double-beam system, whereby monochro-
matic light is switched alternately between the sample and reference
paths. The team splitter itself was of major importance. Equally im-
portant was the quality of optical components, such as mirrors, where
rerlectivity structure might induce errors in R(A), the reflectivity
of the sample. The System Block Diagram (Fig. 2-1) shows a general-
ized layout cf the double-beam system. The special features are more
evident in the details seen in Fig. 2-2.

Iight 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 intc two
beams by the beam splitter at 13 Hz. After the sample beam is re-
flected, both beams are spatially recombined though temporally ce-
parated. The second mirror system permits focussing on & choice of
detectors, usually rhotomultiplier tubes. The remaining prccessing
is electronic.

Aluminum mirrors have structure which modifies in time due to .

oxidation [2-01]. Therefore, the light intensity at the monochromator

oL
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exit slit ‘= [g'”'(l)) is reduced at euch reflection by the factor

RK(K), hich is the reticcetivity of the xth aluminum mirror. These
aluminum retlection factlors may vary from one mirror to anothar or
over ¢ given mirror surface. If light from the two beams should
fall on different wmirroers, or con different po-tions of the same
mirror, false structure in the reflectivity measurement could result.

This would certainly ocecur if the samwple snd reference beams
underwent an uneyuii number of aluminum mirror reflections. Figure Z-2
shows the optical layout in detail. When the beams are separated,
each undergoes the same number of reflections from mirrors whose sur-
faces were simuitaneously deposited; when recombined, the two beams'
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 philcsephy is applied to the detector (and also the
eleztronics). A single detector is employed and the images of the
twe beams are defocussed and superposed to minimize the effects of

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

Ig's'(%) = light intensity al{ the monoch=cmator +xit slit, (2.1)
IR(%) = detected 1lig' : level reflected from the sample, {2.2)
IO(%) = detected light level in the refereace beam, (2.3)
R(A) = prrcent of light reflected from the sample, (2.4)
R (A = percent of light refiacted from mirror # x, (2.5)
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D(A) = a function proportional to the response of the
detector to light,
then
)\\ m.s.
(A I5 " (MRgRaR )RRy o RONRp g RiRyR; 0By, D(A) R(N
I (A~ _m.s. -
0 Ig (?\)RQRBR]_RSR5 Rh R7R2R10R11D(R)

provided R5 = Rh = RB f,and provided images are

.S. = Rpean Splitter
superposed on individual mirrors.

The wavelength range is determined by the source, mornochromator
grating, and detector. At the time of writing this range was 2300-
11,000R 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 performcnce
of the ratio reflectometer with a minimum of distortion. 1Individual
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 na*ure of the system. Second, they must
maximize the intensity of light entering the monochromator. This re-
quires that the source have as high a trightness temperature as possi-

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

the monochrorator. Shot effects in the detector are a significant

fIn the instrument described in ref. [1-12], high accuracy in absolute
R values (.1%) is attained by interchanging mirrors equivalent to our
mirrors #4, 5, and the beam splitter, and then averaging the R values
measured under the different conditions.




source of noise. Since S/N is proportional to QIntensity‘in the
case of shot noise, high 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 ncnlinearity.

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

guartz lamps which can operate as much as 40C°C hotter than the usual
tungsten ribbon fillament. 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 couating of tungsten on the
envelope to cut down intensity. The light output is remarkably stable
in time, and long term drift does not exceed l%/hour, 3% over its life-
time. Intensity i1s higher than in the usual filament lamps, as shown
in Table 2-1, and varies smoothly with wavelength over the useful range
Gy 2500&-2.7u (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 90% of rated wattage.
If they are too cool, the iodine catalyst is ineffective and they be-

come noisy.

gt - s
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TABLE 2-1 LIGHT SOURCE CHARACTERISTICS
Relative Size of Hot
Source Identifying Color Brightness|Lifetime| Element
Type Number Temperature| at 53004 (HxW)
Ribbon
filament |GE 9A/T83/L  |2950-3000°K| 0.08 200 Hrs.|.68" X 04"
tungsten
Iodine ‘
quartz |GE 6.8A/Th/CL [3050-3100°K| 0.17 500 Hrs.|.4" X .12"
tungsten
Iodine
quartz SYL DXM 3400°K 0.4l 10 Hrs.|.325" X .08"
tungsten
Xenon arc|Osram 450 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. ZXenon 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

pertormance. The bright spet is only 1/3 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

[3 %)
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wavelength ranges are 2300-4500&, 5000-75008, 7620-8010&. 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 S gauss cause the arc to distort so rwch
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

devterium 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 arc is
more serious than the xenon arc's greater instability, so that the
xenon arc is the preferred choice.¥ The Sylvania Metal Arc source
was tested and found unsatisfactory because of its low intensity
compared to the xenon and tungster 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
(2300-45008) and cccasionally for the full visible range (out to 7S00R).
When maximum intensity is needed in the visible and near infrared,

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

tMacBeth Sales Corp., Newburgh, New York

*The exception to this occurs at wavelengths less than about.zsooi
where the smalier scattered light level of the deuterium source makes
it definitely preferable.
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6.GA/TH/CL is better for lony runs where lesser intencity is tolerable.
There are edjustable 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 1s a vhotograph 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
oy the monochromator and to minimize the changes in intensity due to
source riotion 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 monochromator, 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 scurces, then magnification should be 1, and the f number

of the input optics and monc chromator!

should match so that the mono-
chromator acceptance angle i+ €i%led =i ;) light.

If the source is smaller than tha slit, as in thke 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
cshould 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 collecu=d. Since there is no gain from increasing the magnifi-

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

" Monochromator £ number is £/9.
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The considerations above determine mirror magnification und 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 1s not to bleck its own reflected image. But the more off-
axis the optics, the more light is lost by aberrations. Thus, the
focal lergth 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 resuits
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.t
Both tungsten sources are powered by a Sorensen DCR 4o-10* supply,
and the xenon arc by an Ionics PSXE-450.T  Botn supplies fulfill

the ripple criterion.

2. Wavelength Calibration Sources. Two calibration scurces

are useful: a low pressure mercwy lamp and the Philips' Hg-Zn-Cd

lamp Type $%4136. 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

HIonics, Inc., Watertown, Massachusetts
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mercury lamp. A few gaps, particularly in the UV ranpe of 2000-23003,
are nicely supplemented by the Zn and Cd lines in the Philips' lamp.T
The wavelengths of the calibralion 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

32-020  meter grating monochromator of Ebert design. Entrance and
exit slits are adjustable in synchronization from 5 to 3000u with a
maximum resolution of .23 in first order in the visible. 8lit 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 75002 and another with 7500 lines/inch blazed at
1l.1u. The resultant wavelength range is from 23003 to greater thaa
1.1, A wavelength counter, coupled directly to the grating drive,

gives wavelength readings within 23 of the true wavelength for the

<

{

*oOOR grating. For the other grating, this figure is multiplied by
the inverse ratio of dispersion; e.g., 2 X é%g%gg = SK. Once the
system is calibrated for the 75004 grating, the grating removed and
then replaced in its kinematic mount, one can be assured that the
output wavelength will be within 23 of its calibrated value over the
grating wavelength range without further calibration. These features
are summarized in Table 2-2.

Wavelengtl. 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, SOOA/min.

TPhilips, Eindhoven, Netherlands
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TABLE 2-2 MONOCHROMATOR CHARACTERISTICS
Counter | Reset-
Accuracy |ability
Dispersion Over Over
Grating [Blaze Lines/ At Exit | Wavelength | Maximum Full Full
Number Inch Slit Range Resolution| Range Range
35-00-58-38|7500A | 30,000 |16A/mn. in|1750-c250A| .2k 2 2k 3 2h 3
#4238B first
order
35-00-58-89| 1.1 | 7,500 |64A/mm. in|7600A- .84 2 8h 3 gk 3
#.89H9 first 1.32u%
order
--------------------------------------------------------------- o —-—--

! Scattered light and low source intensity limit the lower wave-
length to around 2300A4.

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

3 Counter accuracy and resetability can be improved with car=ful
adjustment.

4 Measurements have been made up to 1.32H, although intensity
diminishes quickly above 1.1J. With infrared detectors, other
than the S-1 photomultipliier, this upper limit could be extended.

[}
1 Signal suitable to actuate a wavelength marker is created every 10A.
(]
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 duy for change, adjustment and calibrat.on.

adversely affected the rapid readout feature of the system.

This delay

Certain
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measurements, requiring full wavelengtn range, were not very feasible,
A company installed modification, employing a kinematic mount in the
monochromator and a matin;; kinematic holder for each pgrating, facili-
tates interchange. With this new arrangement, grating interchange
time is reduced to two minutes, a time compatible with general system

phiilosophy. One precaution should be noted. The grating nolder is

held in the mount by a spring. If this spring ils 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 1s preportional 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 dericiency 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




falls off steeply. Excess scattered light distorts the measured
reflectivity and imposes a practicel lrwer wavelength limit of
2200-2300A. Ther¢ is a more complete discussion in Sec. II-A-5,
where partis> solutions to this problem are discussed.

Slit height adjustment serves two functions. When a small
source only partialiy fills the entrance slit, blocking off the
remainder reduces scattered light. Secondly, some samples are
shorter than the slit. Reducing the slit height ensures that cnly
the sample reflects light, which in turn reduces reflectivity errors;
it 2lso diminishes noise due to light veam motion.

c. Polarization Dependent Structure Created by the Grating.

the grating and siits in a monochromator partially polarize the
light. 'The intensity of light po’arized parallel to the slits varies
s.aoothly with wavelength, while that pelarized perpendicular to tle
slits shows a large amount of additional structure. When the perpen-
cdicular polarization is used in reflectivity measurements, the re-
flectivity exhibits false structure wh.ch correlates closely with
the Io structure.

Eiiminaticoi cf this structure requires certain precautiors.
Only light polarized pars:llel to the slits should be used. Measure-
ments with unpolarized or pergendicularly polarized light should %e
avoided. Becauvse of the variation with wavelength in the spatial

distribution of the light, the beam shoud be constricted priw.r to

arriving at the beam splitter by an iris (shown in Fig. 2-2; so tha%
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no light is lost at the beam splitter in either the lo cr IR channels.
Care chould be taken in the rest of the system ‘o ensure that the
light beam does not extend bevond the mirrors or sample. At the
phiotomultiplier the images of both channels must be exactly super-
pesed and must not extend beyond the phntocathode.~ Finally, no
measurements should ve performed with optically active samples or
syster components unless total compensation can be assured.

This prcblem is discussed in ccnsiderable aetail ir Chapter ITI,
where some physical insight is gained. For those interested only in
an enumeratior of conclusions and related experimental procedures,

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

d. “alitration. Calibration is easy beciuse the wavelength

AN

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

The wuportant features of the monochromatcr are:its adjustable
Intengity; good res.lution; swift, accurate grating interchange;
and easy wavelength readcut.

4. Light Chopper

A light chopper, placed close to the monochronator exit slit,
alternately ohzcures and passes the light at 1080 Hz. The need itour
it is twofcld,., arising from the electronic detection methed.

(1) Certain detectors with gond signal-to-noise characteristics
exhibii 1/f ncise. While photomultiplier noise has a flat fréquency

char.cteristic [2-02], various semiconductor detectors used in the

(R ST

TR
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infrared, such as PbS, InAs, and impurity-doped germanium, display
1/f noise. Causes are found in photoconductive dark current [2-04],
generation and recombination of charge carriers [2-04], and crystal
surfaces and contacts [2-05]. By operating at a high enough fre-
quency, 1/f noise becomes negligible compared to that from other
sources such as shot noise. Any frequency over «00 Hz is satis-
factory.

(2) It is yreferable to use AC amplification methods since
they eliminate the drift problems found in DC methods.

The light choppe~ is shown in Figs. 2-4a and 2-4b. 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 tlade. The motor rotates

at 30 Hz. A lower limit on frequency is set by 1/f noise consider-
ations, &and the attempt to reduce intermodulation effects between
this frequency and that of the beam splitter (see Sec. II-B-2i),
which suggests raising the frequency. An upper limit is imposed
by two tactors.

{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 S tc 3000l = 3 mm.) When they
are comparable, the average light intensity is reduced and the
fundamental of the chop fregrency becomes smaller. This adversely
affects signal/noise. Average chopper hole width for a 1080 Hz

chopper is .22" and 3" for a 450 Hz blade.
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(2) Machining tolerances become sn increasing fraction of the
hole width as frequency increases. However, the resultant moduletion
of tne 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 Ha.

b. Slade 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 choprer holes, the chopper unit ic 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 monochromstic light for the experiment passes through a hole

in the upper portion of the chopper, light from a smsll bulbf passes
through another hole, 180° away, and is detected with a light sensor.*
The reierenc: light is processed in electronic units aescribed later.

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

ictive phase can be cortirolled and optimized by moving the light-sensor
assembly relative to the lower hole by means of a hand screw drive.
In prectice, 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.

t ,
Dialco #32, Dialight Corp., Brooklyn, New York
tType 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.

d. Motor. The blade is mounted directly on the shaft of a
1/75th hp, 1800 rpm synchronous motor. It is important that the
motor be synchronous and of adequate power so that the blade will
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
and 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 the
period of changing speed, che 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
instentaneous 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 are black

anodized 1o minimize light from the reference bulb mixing with the

monochromatic light.

2-22
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5. Optical Filters

Attached to the chiopper is a bracket capable of firmly holding

up to three optical fiiters of varying thicknesses. Filters are
necassary to ensure the spectral purity of light leaving the mono-
chromator. Although only the first order diffractions 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 mcnochromator with the mono-
chromatic light. Fillers 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 *»ut only to change the
amplitudes of the first order structure. Actualiy, it can add
structure as well. In addition, second order is monochromatic
light ari can add new structure to a spectrum. Since the e¢limin-
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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them. Measurement of scattered 1'gut provides that criterion.

By adjusting wavelength beyond the transmission ran; of a
rilter or the cutput of a lamp, any residual signal which is
measured will be due to scattered light or second order. If this

signal is ccnstant with A, the cause is scattered light (= I (scatt)),

of
not second order. This constancy indeed occurs beyond the low wave-
length limits of the filters. Figures 2-5a, b, ¢, and d plot the
ratio IO(K)/IO(scatt) = a.(7\).1 versus wavelength for various
combinations of source, grating, detector and filter. IO(K) is
defined in Eq. 2.3. It is the reference channel light intensity
tnd includes the effects of source, grating, filter, polarizer,
mirrors, and detectors. Slit width has little effect on the plots.
(1) Structure Magnitude. These plots provide a means for de- -

termining the correctness of structuce magnitude. Consider the fol-

lowing analysis of scattered light:

Let

Rm(l) = reflectivity measured at wavelength A, (2.8)
Rt(k) = true reflectivity at A. (2.9)
IR(N) = Rt(K)IO(K) = true reflected intensity at detector. (2.10)

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, weigntedby their relative intensities. It

is easily determined experimentally by measuring




{ 0,000 1 T | T | T 1 i

LR BB
Lt 1 11l

T
1

1000
4-97

I(\)
CLEAR

1o(SCATT)

llllll'l

I ITI]UTI

1

100

1 llllll

T IFTIIIr

T
1

10

T IITIII

-4

T
—~
Lgl;llllll 1 #Lll_llll

l‘[]llllil

L

i | 1 1 H | |
B 2000 3000 4009 5000 6000
WAVELENGTH (R)

B FIG. 2-50 LIGHT INTERSITY AT WAVELENGTH X NORMALIZED BY THE SCATTERED LIGHT VS.
¢ WAVELENGTH. CONDIT'NS: XENON ARC, 75008 BLAZE GRATING, S-13 PHOTOMULTIPLIER
: . VARIOUS FILTERS. Filters listed by Corning number.

i TSR ]




squnu Buluiog Ag

PaISHl Si341y "SYILU4 SNOIYVA ‘¥31TJILTNNOLONd €15 ‘INILYYY 32v18 YO0OSL ‘3YN0S 214vND 3INICOI
SNOILIONDD "HIINITIAVA SA LHOIT 03YILLVOS 3JHL A@ O3ZITVWHON X HLINIIIAVA LV ALISNILNI 1HOIT 9S-2 914

(Y) HONITIAVA

IHII‘I

1

ITII]IT T

¥

T

ll‘lll 1

T

l!]llll L

H

1

IR

0008 0002 0009 0005 000% 0002 .
T T T ] T T T T T |
i
01- =
o1
6L-§ i
£9-2 ot
3
o0t
1 11iva9)01
1 o1
]
000+
1 1 1 1 1 | 1 1 1 | 1 1 m 00004




J3qunu buiuiog g paIsH S4d3{Y
‘SY31T4 SNO'YVA ‘WIIAILINNOLOHd - ‘ONILYYD 37V18 yoos! ‘394005 Z14YND INIOOI - SNOILIONOD
HLONZ1IAVA SA LHO1T 03Y3L1¥IS IHL A8 O03ZITWNYON X HIONII3AYM Ly ALISNIING JHIIT 96-2 914

(¥) HIINIIIAVA

T T T W T NI e e

0006 0008 000, 0009 0005 000) 000€ w
[ T T T | T 1 T T T V i !
i _
£1-§ 3
— O— . 1
7
o
]
ool
411199 °1
1 0%
]
Joo0l
- -
_ - ]
m. } i 1 1 1 | | i [l i 1 m

00004 \




saqunu Buiuso) AQ paysti SJsaiity SHILZ SNOIYVA ‘¥31N4ILINNOLOHd -5 ‘ONILVH 3ZvI8 "))
‘WY1 Z1YVYND 3NIOOI :SNOILIONOD HIIN3IVIAVA 'SA 1H9 03Y311VOS 3HL A8 QIZITVNYON X HIIMITIAVA 1V ALISNILNI LHOIN PG-2°914

(Y) INIOVIY ¥3ILINAOD

005¢ 052¢ 000€ 06id 0062 062¢ 0002 0511
) ") wowve ! _ N . J :
20} 000 €I 0002 000'h 000°0) 0006 0008 0001 .
T T T T T T T T T | T | |
=
m Q@Ih

Illlll [l

g

(L1va5)%1

1

Lpaaa g
2
-

g

Illl‘.ll T

LRI




e
2-29
. R in the A region where only scattered light
occurs. This is typically found at wavelength
- settirgs below the optical filter cutoff.
IR(scatt) = R(scatt)Io(scatt) (2.12)
By summing monochromatic and scattered litht intensities we
get the measured reflectivity.
Ig(N) Ip(N) +Ip(scatt) R (NIy(A)+R(scait)T (scatt)
R (M= = = (2.13)
T 1N I +I(scatt) Io(M) +I(scatt)
Empleying simple algebraic manipulation, we geﬁ
R (N) - R(sia:f;z;g*l - 1R3(227) (2.14)
Rt(7\) = R (MN(1+a(}))- R(scatt)a(R) (2.15)
[R (M) -R (M1 = [R {} - R(scatt)]a(N) (2.16)
' Noting that Rm(%) < 1, P{scatt) < 1,
. then
[R.(M)- R(scatt)| < 1
f Hence,
] |R, (M) -R (M| < a(}) = Toleeast) (2.17)
t m - ——TST7U__
.E An approximate criterion for the effect of scattered light is

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

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

correct Rm(%) for the effects of scattered light. R(scatt) is measur-
. able and a(A) is given by Figs. 2-5a through d. Usually this cor-

rection is of interest only for small effects where errors in a(A)
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and R(scatt) would prevent an accurate reconstruction of Rt(K).
The R(scatt) measurement is noisy due to luw light intensities.
For a graphic solution, see the note in Sec. [I-B-6-a.

(2) False Structure Created by Scattered Light. The scattered
light can not only modify nagnitudes, but also create false structure
under certain circumstances. This structure will match structure in
the I0 curve a3 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, Rt(k), is shown in

Fig. 2-6a and that 10(7\) has the form shown in Fig. 2-€b, where we

: have temporarily eliminated scatiered light. A sinusoidal variation

in I0 has been vpostuvlated to s*ow clearly the effects of I0 structure.

x 1
I,(N) =3 (1 + 5 sin x) for x>0 _

(N Ko) :
wherexzw‘ﬂ’a.nd ]

10(7\) =0 for x<C.

Note that (%b-)b)/s Getermines the horizontal wevelength scale.

e Bk

When there is no scattercd light, IR(K) will have the form shown
in Fiz. 2-6b since
IR(A) a Rt(k)Io(A) (from Eq. 2.10).
In Fig. 2-6¢c, scattered light, Io(scatt), is introduced and the
measured intensities, Ig(K) and I:(K), are shown. .

IE(K) = Io(l) + Io(scatt),

12(7\) = I.(A) + Rfscatt)I (scatt) from Eq. 2.13.

| We somew -~ arbitrarily let R(scatt) = 30%.

R e
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Finally, in Figs. 2-6d and e, we see the measured reflectivity,
Rm(l), which should be compared with Rt(l). Particular f2atures of
interest are the false peak at Ko (the wavélengthwherelight intensity
becomes zero) and the sinusoidal bumps correlated with IO structure.
Note that these bumps decrease in magnitude as Io(%) increases with
increasing A.

There are concrete examples of both false features. (a) As
wavelength spproaches a filter cutoff frequency, a false rise or

drop often cccurs. (b) At 25351 in the xenon arc spectrum, there

2-32

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 devermining the reality of structure.

(3) False Structure Created by Second Order Light. A similar
avclysis provicds2s the criterion for determining the effect of second
order light ia creating ifalse structure. This light is at wavelength
Ne.

IR(’A) + IR( Ne2) Rt(x)xo(x) + R( 7\/2)10( N2)

Ry(N) = I, +1,(V2) - TN+ I5(V2) {2.18)
_I(M2)  a(N

b()‘) = IO()\) = a(‘)\/z‘) (2.19)

[R,(N- R (N] = [K (M- R(NM2)]b(}A) (2.20)

|R, (M- R (N] < b(]N (2.21)

Equation 2.21 indicates that second order light causes a de-
viation of reflectivity from its true value by an amount less than

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

e e D

26 r s o
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reflectivity structure at A and a peak in Rm(x) is dus to an effect

at A2. Then Rm(x)- R(A) 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 pzak must arise from tirst

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

to correct Rm(l) as we did in the case of scattered light. It is far

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

ble level.

b(A) is noi quite the function we wish. The plots (Figs. 2-5a

through d) give us a.(7\).'1 for a given A, and hence for a given angular

position of the grating. We should like a(A/2) for the same grating
angle, but we must settle for a()/z) at the angle corresponding to
N2. However, the two a(MN2) 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

suirtable over almost the entire present range of the cystem, 2400A--
1l.14. Figures 2-5a through d suggest their individual regions of
validity.

Below 2h003 there are no band-passfilters. As an alternative,
one could use interference filters such as the Bausch and Lomd Type
IITI Fabry Perot First-Order Ultraviolet Filters, extending down to
a center wavelength of 20003. ‘

c. Lens Effect of Fil*=~= 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

e v ———— e 2o . 5 =
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FIG. 2-71 LIGHT BEAM DEFLECTION Y PLANE PARALLEL FILTE=s

light is blocked by the beam splitter. Different blockage occurs
for the Io and IR paths, and when this blockege is changed by in-
serting a filter, the measured reflectivity 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 Rm.

The effect is small, typically .5% at Rm = ho%, srnd 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.

2-34
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(2) If ~une filters are placed at the photomultiplier instead
of at the monochromator exit slit, the only effect they can have is

to shift slightly the IO and I, images on the photocathode. Provided

R
these two images are well superposed, this shift will cause minimal
changes in Rm {.1% or less).

Any residual chnange in Rm will vary from filter to filter as a
function of its thickness, which determines the lens effect. In the
common wavelength range of the two filters, reflectivity values
measured using them can oe matched by w 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 of IO(W)/IO(scatt).

1.

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

ing system 1. :arity. They are screens with varyingz sizes and spac-
ing o. conical shaped holes and are reported as nearly wavelength
independent [2-0€].

Their real usefulness lies in reducing the size of the reference
channel signal when the reflected signal jis relatively weak. The
need fur the two channel signals to be of roughly the same size
arises from noise considerations in the electronics. The gray

filters are mounted on & bracket in the IO channel.

fElectroplate conical hole screens, Perforated Products, Inc.,
Brockline, biassachusetts
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6. First and Second Mirror Systems

The first mirror system takes the light from the monochromator

exit slit up to thke beam splitter. It includes plane mirrors #9, 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, w

1U, 11, and concave mirror #2. Mirror #11 is used only when light

is to b2 deflected to the alternate detector. ‘
The mirrcrs are coated on their front surfaces with aluminum

by evaporation, thus assuring adequate reflection over the entire ]

range (ZOOOl-l.lu). There is no Si0Op coating so they must be

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

concave mirrors deviate from a spherical curve by no more than 1/1C

wavelength. .
Figures 2-8 and 2-9a, b show a plane and a concave mirrar 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 l-ight and rotation about vertical

and horizontal exes 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 mir:ors .s at close ton 43° incidence.
Like reflection from a dielecturic, reflection from a metallic sur-
face introduces polarization (Fig. 3-6). Consequently, care must
%e taken in any experiment where " he plane of polarization of the
IO channel light rotatc by an smourt dil*erent from that of the
IR channel light. This point is discussed in more detail in
Sec. III-H. 1Ideally, 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 congsictent with ensuring that no light is lost elsewhere
by blockage. Note tiat the glass behind mirrer #10 (as in others)
is shaped so that it will interfere as little as possible with the
light paths.

Concave riirror #1 is used with a magnification of 1 so that
the image size un the sample is that of the slit. The object-
image distances of concave mirrcr #2 are adjusted to reduce the

image size at the let:ctor.

7. DBeam Splitter

The beam splitter is the optical heart of the dual beam system.
AL 13 time. 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 tloen
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merged into the same spatial path to pass througnh 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 45° either on a
mirror or a hole. If a mirror, the light passes to the sample, is
reflected to the second mirror cn 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
mirror reflections in each channel plus the reflection from the
sample in the sample channel; the effects of mirrcr reflections
compensat=e.

The mirror-hole unit is mounted in a thin section ball bear-
ing,‘wh‘:h in turn is - »unted in a housing. It is rotated at 6% Hz
by a brass wheel with rubber ring, similar to a phonograph drive.
Its angular position is sensed by two light bulb-detector assemblies
like that found in the light chopper. They, too, are adjustable in
phase relative to the experimental signals from the reference and
sample channels. The sensor signals permit separating the infor-
mation in the twu experimental channels aftc. electronic processing.

Each of the beam splitter components is worth considering in

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

45° of arc as does each mirrér. In setween are 45° segments of non-
reflecting surface. In conjunction with the 45° holes in the shieid,
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
wac iikely to suffer a bit more wear and tear than the other mirrors,
and because of the comparative expense of coating it, a protective
laye: of MgFo was evaporated on top of the aluminum. The protection
is not as complete as a SiUz layer anf hence the unit requires care
in handling. The MgF2 thickness wes 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 nc¢ 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

signal 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.

¢. Light Shield. Tre light shield contains two wedge shap=d

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 45° angle of incidence and the convergence of the light.
d. Mounting. The mirror-hole unit rotates in a very thin

* This, in turn, is mounted

section stainless steel ball bearing.
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 tight, the drive wheel slips and the motor has inadequate
power. If too loose, themirror surfaces will jiggle under the axial
thrust of the drive wheel. The bﬁlls 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,H 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 suppcrted.

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

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

Alemite Concentrated 0il #28, Alemite Division, Stewart Warner Corp.,
Chicago, Illinois.
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It warped, resulting in excessive lcad. A slight readjustment in
the optics permitted using a full housing. Even then, great care
wWwas necessary to ensure not only that the housing was accurately
machined, bv* that 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. Ucxing dovetails, motion in two hori-

zontal directions is possible. 1In 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 blackenedJr cam. It returns to the detector only
when the cam 3 absent.

There was some concern that light from the bulb might be scattered
into the experimental optical path. This dictated the choice of golid
as the reflecting surface rather than other materials brighter in the
visible. If necessary, small filters could be installed in the units.
These would pacs 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 rather than an optical cam was considered.
This suggested operating 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 facter
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 intc an electronic counter

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

1‘Bea.ring 0il spattered on the cam may result in partial reflection.
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S or  of the Upper Jack of the Channel Monitor. The DC level must
be capacitively blocked. Under best conditions, 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 flucuuations.

In addition to fluctuations, drii'ts in speed can be noted.
Before the housing was completely correct,and warpage imposed
slight drag, the speed would build up to its maximum value slowly,
increasing around #%/hour.

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

to the motor by a 23" diameter brass drive wheel with a 2-3/16" ID
rubber O-ring fitted to its outer @dge. The 0O-ring is glued to a
depression in the outer edge with Weldwood Contact ceme.t.T After
tne cement is thorouguiy dried (drying is encouraged by baking) the
O-ring is ground, not machined, to a diameter of 2.600".

The drive wheel is attached to its shaft in a particuler way.
The concern i3 ensuring that there is no wobble in rotation, with
a resultant radial oscillatory moticn of the O-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
rec-lted. 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. 2-104).
With the wheel clamped on the shaft} it is machined. On reassembly
the shaft and wheel retain their prcper relative positions. This ar-
rang:ment has worked well despite its very slighi imbalance; cne O-
ring has over 300 hours of us¢ wit.out serious wear.

The rubber cement ;s a problem. It ovzes out, eventually coat-
ing the drive wheel with lumps, increasing speed fluctuations tenfold.
They are easiiy removed with trichlorethylene, but the lumps will recur
for sometime. No better attachment has been found although others,
including GE cement, wvere tried.**

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

is a 1/30 hp synchronous 1200 rpm Bodine B 7360.7 The need for power
and zynchronous drive are the same as in the light chopper; speed
fluctuations are intolerable. The mctor is fed through a Variac with
voltages up to 130 with~"%t overheating and will drive the mirror-hole
unit at synchronous speed if components are properly mounted and
ludricated.
The motor was formerly attached to a housing, suspended from
the beam splitter itself. This was an unstat’e 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
couplingf permits slight misalignment of the motor and drive wheel

shafts. More importantly it isolates some motor vibration.

1’E-Jiine Electric Company, Chicago, Tllinois
‘J-1211-3-2 Lord Flex.ble Coupling, Lord Mfg. Co., Erie, Pennsylvania

f*Eastman 910 cemen'. (Eastman Kodak Company) has been suggested as a
bett>r bonding material. It is effective in joining rubber and metai.
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itration Isolat.ion. e mno -driven beam cypiitte
Vibrat Isolat Th tor-driven beam cplitter

.o

vibrates. Part of this propnlem was solved by repositioning the
motor. Coupling of vibraticn from the beam splitter to the table
was reduced by placing the entire beam splitter assembly on a
double pad of &" polyurethane foam and felt. Mountins screws pass
through clearance holes in the table top and through rubber stoppe.s.
A nut presses the stopper against the table. There i1s no metallic
contact

Table vitration was reduced 100 fold without increas..g beam
splitter vibration.

=

3. Reference Path Mirrors

The reference path mirrors provide a return path for reference channel

1_s2t. This path is nearly ot 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 Zour were simultanecusly cocated
with aluminum and MgFs in the hope that their reflectivities would
be the same.

Th=2ir mount has many degrees of freedom so that their positions
can be optimally chosen. These ad ustments permit superposition of
reference path and sample path light after leaving the beam splitter.
Tr.ere are two horizontal translation degrees of freedom for the unit
as a whole. 1In addition, one mirror can be moved horizontally re-
lative to the o:her. Both are adjuztable in height and in rotation
apout hcrizontal and vertical axes (Fig. 2-11).

The attainment of perfect light image superposition following

the beam splitter is frustrated by two factors.
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(1) There are sliyht peometrical differences in the reference
and sample paths caus:«d by the neced for two mirrors at the point of

focus in the reference path.

The differences arise in the following way. Consider point A

it

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

SRR

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

a simple geometrical intersection. We should like tu position our

Bddiliiiy

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

IO and IR images at mirror 7 and beyond. Perfect superposition re-

quires that the centers of the IC and IR images lie alcng the zame
line (be coaxial) and that path lengths for bcth beams be the same
so that image sizes at any point along their common path be identical.

: This goal can be attained easily i:f 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 slightiy from the mirror intersection.

The solution of the problen _s shown in Fig. 2-12c¢ where 4 and 5

ISR NPT A AT )

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

ward. Urder this condition IO wid IR light images are coaxial but

of sligitly different size. Therefore, asobservedat the outset,

o)

superposition is imperfect.
(2) Light images passing through the holes or reflected from

- the mirrors become wedge shaped. Upon leaving the beam splitter,

PR ——
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the two images are reversed relative to one another. This prcblem

FIG. 2-13 'MPERFECT SUPERPOSITION OF I, AND Ig LIGHT IMAGES 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 ncise), a sufficiently

large datector 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-

é ments are satisfied by two photomultipliers. The EMI 6256B tube’ has

3
E an 8-13 response extending from 1650 to 65004 (up to 7200A in extreme

cases). The RCA 7102% with its S-1 response is suitable from 4200 to
11,000A.
b. Noise. There are two major sources of noise in photomulti-

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

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

. TEMI/US, Westbury, Long Island, New York

*RCA, Electron Tube Division, Harrison, New Jsersey

DAL AN Ll
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clectror, and from tne variation in the number of' ¢lectrons released

in later stages by each electron. Shotf. noise etfects average oul as

the number of photons increases. S/i is proportional to JLight Intensig;;
sc that brighter sources ‘and wider slit widths are important.

The second source of noise is thermionic and is more serious in
the S-1 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 ncise 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, coolivg is essential in the large area S-1 %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 theuser from nigh
voltages. By filling the housing's styrofoam well with dry ice,

the tube can be sufficiently cooled. To prevent photocathode fogging,
the tube housing is purged with dry N2 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 a

. —
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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 multiplica.t;ion.'r

d. Arrangement of Two Pnotodetectors. The two detectors are

set up at right angles. Mirror #11 is removed when the S-13 is in

use, but can be readily inserted to deflect light to the S-1.

¥

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

A plot of v¥Intensity vs. slit width should

to slit width squared.
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 foccus). Irregular action of siit width adjustment, any
effect from changing photomultiplier voltage, and nonlinear elec-
tronic performance were all eliminated as causes. As source inten-
si1ty 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 wculd 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. £

fFor houzing drawing refer to [2-08, Fig. 2-6]).

*A discussion of collector saturation and fatigue in the 6256B photo-
tube can be found in ref. [2-09].

2 e
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f. Circuitry. Circuitry for the photomultiplier is discussed
in the Flectronics section.
£. Additional Detectors. Deteclors suitable for the infrared
range are listed in Table 2-3.
TABLE 2-3 INFRARED DETECTORS
Detector|A Range{ Time |[Max. Freq. D;ax Under the Follewing Refer-
in B [Constant for , s ence
. . . ops Conditions:
in Significant
T5sa |0 Wiy ([0 o A [Chop |Band-|Temp.
in Hz max . .o
cm(Hz)/watt in p Freq.|width{in "K
in Hz|in Hz
Prs 1.0-4.0| 3500 more than 4 X 10ll 2.8| 780 1 193 | [2-10]
at 104
T=193°K .
InAs [1.0-3.5 <1 400 2.5 X 10ll 3.1{ 450 1 77 | [2-11]
InSb |2.0-5.5| <1 200 6 x 1000 | s.4f1000 | 1 | 77 | [2-11] -
GesHg | 2-14 | < .1 300 2 x 10%° [11.3[1000 | 1 5 | [2-11]
when
T < 20°K
Ge:Cu | 2-27 | < .1 200 [1.3x10%° | 2.2|1000 | 1 5 | [2-11]
when
T < 20°K
Ge:Au 1-9 1 200 3 X 109 6.0| 840 1 77 [2-10]

e e e
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10. Optics Table and Shielding

The optical table is a sheet of 4" aluminum jig plate /8" X 48"
mounted on a support base constructed of welded arngle iron. The
plate is maintained reasonably flat over its area aid is covered
with drilled and tapped holes to permit easy attachment of optical
components. The surface is painted with a flat black optical pza.int.dr

Over-all table height relative to the sample area may be ad-
Jjusted 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 smbient room light but also isclates 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) 1Isolation 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.

fVelvet Coating 560 Series cited in Section II-A-~7-b.
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11. System Improvements--Optical

Certain additions could expard system capabilities. None in-
volves a fundamental change in design.

(1) A concave mirror behind the xenon arc spurce to double
the amount of light incident on the monochromator. The trans-
parency of the arc makes this possible.

(2) Globar for use in the infrared beyond the cutoff of
quartz at 2.7d.

(3) Gratings for use in the infrared. Jarrell Ash feels the
wavelensth limit of its 82-000 monochromator can be extended well
into the infrared. The next logical grating choices are those
blazed at 2.1H (35-00-58-59) and 6W (35-00-78-79A). Gratings
blazed as high as 10U have been sold for use in the instruaent.

(4) Band pass filters for the edge of the UV range, 1900-23001,
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-1 or S5-13 photomultiplier without extensive
adjustment.

(7) Detectors for the infrared.

(8) Changes in the op%tics to permit absorption and differential
measurements (Sec. II-C-6).

(9) Tests of the gray filters for the wavelength derendence of

their transmission.
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(10) Use of a high speed (>> 1080 Hz) iight chopper in the
I0 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 the photomultiplier de-
tector. The sphere, by diffusing the light for both IR and I0 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 RATIJU
REFLECTOMETER 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 maximize 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 IR and IO are made to pass through the same active.

electronic elements. Once separated, they pass through passive ele-

ments only.

3
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‘he block diagram, Fig. 2-1, outlines the logic of th. elec-
tronic system and its multiple coupiing 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 preampiifier boosts
the signal (by a factor of 10, 100, or 1000), which is then filtered
by a variable band-pass unit. Further amplification, followed hy
phase sens_tive detecticn, takes place in the phase sensitive detector.
The detector receives its r:ference signal from the light chopper
reference signal unit. TImmediately following, the channel switch
unit, activated by two signals from the beam splitter reference units,
divides the signal into two channels, sample (called IR) and refer-
ence (called IO). Variable matched low-piss filters remove the ripple
ir. the two ‘hannel signals, and 3 mcdified serv:>-type recorder per-
forms the division of IO into IR with pen pusition indicating reflec-
tivity.

Arbitrary upper and lower limits on the reflectivity, IR/IC,
can be selected, thus providing scale expansion. There a4 . apper
limits on the time constants used in the matched filter system. To
permit longer integrations, a retransmitting slide wire followed by
8 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 ted into

a multichannel analyser. By making many sweeps through a spectrum,
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S/N can be improved b Jnumber of spectrum sweeps. The analyser's ) é
output can be displayed on an x-y recorder.

Yet another mode of readout is a two-vecorder display of Io i
and IR.
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 IR and Io channhels can be independently
adjusted and ax. coupled into the system through a resistor in
series with the photomultiplier anode resistor.

There are sevcral units to permit monitoring of the s.gnal at

various points throughout the electronic system, and there is a ver-

satile oscilloscope for eppropriate display.

TR

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 IO 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-5t, which is adjustable from 500 to 2600 volts, and from O tc
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.

fBeva. Electronics Inc., 185 4th Street, Trenton. New Jersey
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b. Control Box. The control pox (Fig. 2-1%) serves a number
of functions for the 6256B photomultiplier, although not for thc
7102.

(1) Control (through the 200 KO potentiometer) and monitor-
ing (with the 200 pa. 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 prescribea level. Switch positions are: 1) 100 pa. full
scale; 2) 1 ma. full scale; 3) ani 4) by-pass meter.

(3) outing of power from the power supply to the 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 KQ as well as a variavle 10 KO resistor. The 50 and
100 K7 resistors introduced nonlinearitiez into the ratio measure-
ment causing deviations of 2% and 5%, respectively, in an actual
ratio of 42%. The 10 KQ caused a negligible deviation of the ratio
compared to the 1KQ. Either is suitable, although the 1 K? is the
more conservative choice. The variable resistor is mounted exter-

nally and is used for keeping I, constant in AR/R measurements.

R

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 Q resistor in series with the anode resistor.
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When this offset is not used,the 100 Q resistor should be shorted

o M besfi

te ground to eliminate uoise from this resistor.

¢. Resistor Chain. Davohm wire-wound 1% resistors were used

in the paotomultiplier resistor chain because of their low temper-
ature coefficient, thereby ensuring a stable voultage distribution
along the chain and heace 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-

tully 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 the 7102 and 6256B

photomultipliers are given in Table 2-4.

3. Preamplifier

Because of limited gain in the phase sensitive detector, a pre-
amplifier is necessary, particularly when small (1 K?) 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 A
source impedance preamplifier with a pass band of 5 Hz-1 Miz. .t Its

gain may be set at 10, 100, or 1000.

fRadiatiou Electronics Co., TA-5, now manufactured by Infra-Red In-
dustries, Santa Barbara, California, and known as the model 617.




TABLE Z2-4 SETTINGS FOR THE

PHOTOMULTIPLIER TUBES

Tube Number 6256RB 7102
Photocathode Characteristic S-13 S-1
Maximum Cathode-Anode Voltage 2500 volts 1500 volts
Maximum Cathode-Dyrode 1 Voltage 200 volts 400 volts?
Optimum Cathode-Dynode 1 Voltage| ~ 125 volts | not measured
Maximum Dynode 10-Anode Voltage {not applicable| 250 volts?
Maximum Anode Current 1l ma. 10 pua.
Optimum Anode Current ror Gain 10 ua. not given

Stability

1Employing 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-S5 is a low noise unit, adding only 2 db of noise above the Johnson
noise of a 100 KQ source resistor, when measured at 100 Hz with a
1 Hz bandwidth. 100 KQ 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 K? resistor showed somewhat worse
performance: 8 db instead of 2 db. However, in the usual R and /R/R
measurements, the light intensity is high ennugh that photomultiplier
shot noise s 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 KQ source is not important.

2-68
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Preamnlifier 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 given 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. fignal Distortion by the Preamplifier. The signal coming

out of the photomultiplier has the shape shown in Fig. 2-08C-5, which
has the io.lowing Fourier components:
DC

n X 13 Hz n=1,2,3,... (2.22a)

m X 1080 + n X 13 Hz m=1,3,5,... (2.220)

The TA-5 is an AC amplifier with a 3 db down point at S Hz.
There is a phase shift at 13 Hz, and more shift at 13 than at
26 Hz. This causes a distortion ard an apparent partial merging
of the I, and I signals (Fig. 2-0SC-6),which one might think ‘
would result in cross-talk tztween 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.

i
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4. Variable Band-Pass Filter

A band-pass filter can be introduceu following *he preamplifier
to remove the n X 13 Hz components from the sigral and to preven’
noise saturation of the phase sensitive detector's amplifier. An
active variable unit is used, the Krohn-Hite Model :SIO-AB(R),'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 compnnents yet high enough to remove the
n X 13 Hz couponents. The approp~ te range is 3£2-450 Hz. The upper
filter limit should permit the passage of all significant 1080+ nX13 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 fluctustion irn its output which can be
blocked by a 1 |f capacitor in series with the 30 KQ input impedance
of the phare 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 chopr v

whenever the filter pass band is changed.

P

fKrohn-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.

S. Phase Sensitive Detector

The AC experimental signal must he 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 signails 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 arocund the original AC frequency.

Noise has a random phase relationship to the reference signsal,
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
removea.

a. Sanborn Performance. The system employs a Sanborn 350-1200 BT

Phase Sensitive Demodulator with the associated Sanborn 350-500 AP

IO
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Preamplifier Power Supply.'r Amplification with a gain of 200 is
followed by phase seiisitive 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 I, or I, 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 Q.
For system performance to be within specifications, the load must
be 2200 9 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

fSanborn Company, 175 Wyman St., Waltham, Massachusetts
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and the lvad. The output impedance is 3 Q and the preferred load,
50 1. In our system both outputs are ut’lized with appropriate
loads.

The Sanborn unit's frequency. range is 5N-5000 Hz. The linear-

ity is as shown in Table 2-5.

TABLE 2-5 SANBORN LINEARITY

Linearity When Peak |Linearity in
Output Load in Voltages % of
Volts is {do not Exceed| Peak Values

Vacuum Tube| > 5000 @ .0125 5 1/4%
Vacuum Tube| 2200 ]  .045 6 3/4%
Transistor 50 @] .025 5 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 coinditioned, 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 atout 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 adjustzble resistors
or capacitors in the reference signal amplificr to permit optimum

phase adjustment of reference and experimental signals. These fail
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o0 provide the specified range; using them alone, phase opt mization
iIs impossible. Fortunately, the mechanical phase adjustment on the
lisht chopper eliminates this difficulty.

The rise time of the amplified reference signal is slow, 20 Msec.,
which is a sizable fraction of a period at 5000 Hz. This effectively
prevents operation at freguencies higher than 5000 Hz. It appears to
be no prcblem at the system fregquency, 1080 Hz, since the diode bri?ge
is switched at only a very smsll fraction of the reference signal's
total wvoltage excursion.

The Sanborn has an overload light, but this will not indicate
saturation of the experimental signal in the amplifier.' It is de-
signed to respond primarily to signels which are in quadrature with
the experimental signal. When the guadrature signal is large enough
to cause 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 elseere, preferably by monitoring the
Sanborn output wave shape on an oscilloscope.

A modification to let the overluad light act ai a lower voltage
w:.3 tried and rejected since it t :th distorted the experimental signal
and proved superfluous with oscilloscope monitoring of the output.

Sanborn disadvantages are noticeable ir comparison with other
uni.ts:

(1) Only slight intern:l phase sijustment snd this in an

awkward iey.
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(2) No preamplifier and 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 rot a limitation in the
Sanborn's use in the ratio system. The lack ~f phase ¢hift and
limited frequency range are problems only in AR/R r :asurements.

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.

¢. Comparison of Sanborn and PAR HR-8. The greater capabilities

of the PAR HR-S,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 uniis were made under comparable conditious, con-
trived t» reduce other nossible ncise 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 stould he compared
with Table 2-19 which gives similar dei= for the Sanborn.

Except for its slightly greater drift, the PAR, in its 500 pv.
gain setting, is exactly equival .nt to the Sanborn in reflectivity

ratio noise .. the 10% and 2% spans for various time constants. But

fPrinceton Applied Research, P.O. Box 565, Princeton, New Jersey
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TABLE 2-6 SYSTEM PERFORMANCE WHEN USING THE PAR HR-8

Ratio
PAR Time Indeterminacy Ratio
Gain (Ratio|l Span Constant |in Divisions of|Indeterminacy
Setting in Seconds| Chart Paper in Percent
500 pv.|99.5%{90-100% | 15 = 0.7 | 1.0 1%
Te = 2.0 | 0.75 .075%
Ts = 4.5 | 0.5 + drift | .05h+drift
16 = 9 0.5 or less .05% or less
+ drift + drift
98-200% | 15=0.7 | 5 .10%
Te= 2.0 | 2+ drift .04% + grift
T = 4.5 | 2 4+ drift .04% + drift
Tg = 9 2 + drift .04% + drift
Ty = 22 1 + drift .02% + drift
1 mv.[95.0%|90-100% [ 15 = 0.7 | 30 3%
Te= 2.0 | 20 2%
Ts = 4.5 [ 15 1.5%
Tg = 9 10 1.0
17 = 22 5 0.5%
I
in its lmv. gain position,the PAR is 10-30 times worse. The noise

imparted by the PAR preamplifier depends on gain setting, and we

would normally exp2ct 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 jv. setting in

this particular preamplifier, the output noise actually decreases

by a factor of 15-30.

The reason js that at the change to the 1 mv.

2-76



setting, an attenuator 1ls added to *he PAR circuit, followed by
another stage of amplification. 8ignificant 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 &t the 500 wv. pcsition. In ad-
dition, the greater long term drift completes the case against
the PAR.

6. Phase Sencsitive 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 preccutions be taken in using the instru-

ment .

8. DC Drift and Noise 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 thsn 1 second)

can be as much as + % mv. This affects the reflectivity ratio by

adding a voltage &(t) to both vIR end VIO.* The effect of the A(t)

1
VI = voltage corresponding to Io at Sanborn output.
0
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voltage is analogous to that of the scattered light.f The measured
reflectivity ratio is

Vi +4(t)
R
B ™ XI0) (2.23)
and is modified in three ways by A(t):
(1) Slow DC drift mudifies 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 Rm we get,
R + AJ&I
t Vi \'¢
R = 9 R, = —EB t => true (2.24)
= y = [} == . )
I
0

TIt is instructive to outline this equivalence in detail. Optical and
electronic analogs are: IR(7\) and VIR(7\); 10(7\) and vIo(k); IO(' scatt) and A t);
R(scatt) and 1 (or equivalently 100%); a(A) and A(t)/v1ps R (M) and
Rm(7\); and Rt(7\) and Rt( A). Substituting directly in the optical
equation, Eq. 2.13, we attain the electronic equivalent, Eq. 2.23.

Alternate forms for the expressions for the error are:
R,(M) - R.(N)

R(N -R(N =10 - Rm(7\)]1_\.(t)/VIC Electronic form

The optical form can be rewritten as:

[R(scatt) - Rm(7\)]a(7\) Optical form

Rm(7\) - Rt(7\) = (1- [Rm(7\) +1 - R(scatt)])a(A).
Figure 2-16, which is a plot of reflectivity errors created by A(t),
can now be applied to finding che Rm- R._' correction factor when there
is scattered light. This is done simpiy by replacing A(t)/VIO by a(?A)
and Rm(7\) by Rm( A)+ 1 -R(scatt) in the plots and reading off the cor-

rection factor.
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The error is most sericus for Rt = 0, and is zero for R, = 1.

t
Figure 2-16 is a plot of R -R, in % vs. A-ﬁl 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 msximum value of “he
Iy triangle (Fig. 2-0SC-8) is V?gx = 2 volts (chosen to ensure linear-
ity) ana Rt = 40%. Then the average value of VIO, (VIO), is 500 mv.

If At) = 0.5 mv., R_-R, = 0.06% and % error is =22 X 100 = 0.15%,
When Rt = lO%, this becomes 0.09% and % error is 'gigg X 100 = 0.9%.

Since these errors increase as VIO decreases, VIO should be kept as
high as possible consistent with linearity.

The foregoing points up the desirability of increasing Rt which
is easily accomplished by blocking part of the IO beam with a wave-
length independent filter. If one then increases the Sanborn gain
so that VIO is back to its former level, the effect of A on the ratio
will be reduced.

For instance, let VIO become GVIO, @ < 1, where @ is the filter

transmission. Increase the gain by a'l. Therefore, GVIO becomes VIO,

V1
V+_ becomes ——R
IR a
\'] R
IR R+ &t Zt, o)
R = = = . 2025
m VIO + A(t) @ 1 +Agt! 1 +2§Tt!
VIO VIO

Now, for a given VA—, Rm is less sensitive to A drift and noise. Of
Io

course, Rm must be coirrected for &, but note an added boon: the peaks

in one's experimental spectrum are accentuated by the factor é
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The difficulty with this procedure lies in finding a suitable
grey 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 IO beam as the gray filter; Rm 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, warmps of
three to four hours are necessary. Frequent -.iecks (every half hour)
of DC level will keep drift to a minimum.

wo reduce the second effect (A(t) # O 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 KQ carbon potentiometer, R1288, is a one~turn

affair inadequate for the task. It was replaced by a 20 K@ ten-turn

wire-wound pot'.ent.iomet'.er'r in series between two 10 KQ resistors. The

1’Helipot, 7210 Serizs, Beckman Instrument, Fullerton, California
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6236 turns of the potenticmeter givg a resolution of 1/3 mv., less
than the nolse and drift of the DC level. Unfortunately, no 100 KQ
multiturn potentiometers of small size had a sufficient number of
turns. The reduced adjustment range of the DC potentiometer is no
problem since its range is still centered around zero.

The third effect, aoisy 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 ccoling 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. Understanaing these situations will provide rules

for ensuring that the zero level is properly set.

(1) 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 hest 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 -7 THE CONDITIONS FOR DC LEVEL OFFSET
ERROR IN THE SANBORN
Situation]Is There An Experi-|Position of |Does Sanborn|Source of
Number mental Signal Out |Sanborn Ex- Receive a |Erroneous
of Detector? perimental Reference Voltage
Signal Input Signal?
Switch
Makes no difference,
1 Observe with no OFF No 1?0 H;
signal, however. signa
2 Yes OFF Yes Experi-
mental
signal
Makes no difference, Ref
3 Observe with no USE Yes i.erz?ce
signal, however. slgnél

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 IO’ I_, and 1080 Hz reference lights on and

R’
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 offsei. 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

R

st

L3



eliminated, its residual shift should be constant and hence eliminated
by DC level adjustment.

(2) 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 Sanborn. 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 signal is disconnected
from the Sanborn input.

This leakage should not be a problem during an actual run, since
the direct connection of a signal to the Sanborn should almost com-
pletely shunt any paths occurring in the "OFF" position. At worst,
the second path shculd 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 leve" which changes as experimental signal size changes. Thus,
that level should be set with no experimental signal coming into
the Sanborn, yet with the Sanborn fed from the same source impedance.
Thisz 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



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
detormines 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 (:sing 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 climinated by
zero adjust. One musc 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 bLe made
in this condition. The TA-5 input should be shorted so that onc is
not confused by ﬁoise or the experimental signal. One must rezers

on changing gain when the attenuator setting is less than 20.

2-85
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The scrious modification of DC level with gain change was de-
nionstrated by use of a gray filter of 47.6% transmission. Truns-
mission was first m-asurnd at an attenuator setting of 50. When
this was reduced to 1, transmission became 47.0%. This change was
exactly matched by the zerc vfiset change.

(4} Conciusions. A number of instinctively natursi procedures
are incorrect in setting the DC level. The proper guidelines can be
summarized:

(a) Ensure that the reference signal is fed into the Sanborn

and emplified to the proper leve..

(b) Adjust with the Sanborn "USE-OFF" switch irn its "USE"

positior, and the TA-5 input shorted.

(c) Rezero whenever the Sanborn gain is changed if the at-

trnuat~rr setting is less than 20.

{(d) Adjust capacitors C-1224 and C-1225 to minimize cross-

talk of the reference and experimental channels.

(e) For any gain :i2tting zeroing :an be checked by monitor-

ing the output on a recorder with a chort across the pre-

amplifier {TA-S) input. This is the only way for high gain

(1 < atienuator setting < 20).

(f) For attenuator settings which are greater than or equal

to 2C, onevcaﬁ.gonitor the ratio, R, as the gain is varied.

‘T

Since R = 7;5175 , it will be constant as VIR and VIO ar
changed only if A = 0. This method is even more sensilive

than (e) above.
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¢. rfxternal Monitor, Tranifer and Service Circuits. An ex-

ternal monitor ana transfer circuit, probing various interior posints

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 behavinr.

(2) To monitor experimenta’. and reference signals in order to

i adjust phase. The reference signal appears as sharp spikes on the

‘ﬁ experimental signal.

(3) To facilitate Sanborn adjustment and calibration.
(4) To transfer the folluwing signals:
(a) Input of reference signal.

(b) Output signal fror both Sanborn ou. wt*s.

SR XA

Other circuits were tried and rejected since they failed in
their origine) purpose or introduced spurious signals into the
Sanborn. These incluc¢-~d an input transformer typass; 2 reference

E channel phase adjust via an external capacitor; an adjustment of

the Sanborn amplifier overload set point and complementary alarm

circuit; and a particular method of experimental signal monitoring.

U LT

At the monitor station there are two jacks, one tc the left o€

A

the other. Their descriptions follow in Taktle 2-8.

P

d. Output Filter. The output filter is a variable three-stage

. R-C network. The "Hi" position filter passes nearly all the n X 13 Hz

jirHIn P

Fourier compone 1ts necrssary but its fall-off is siow enough that

%,
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TABLE 2-8 THE SANBORN MONITOR
Monitor Positions
Special Sw tch Figure
Notes Pos tion| Signal at Left Jack Purpose Number
l, 2 Unused. off.
Input reference Monitor the signal |(sine
signal. shape. wave)
CAUTIONY»2| 4 The experimental sig-|To ensure that am- |2-0SC-18
nal across the upper |plified experiment-
windiag of the trans-|al signal is 1.0t
former preceding the |caturated. Observe
bridge. Points relative phase of
Gi1-F31. experimental and
reference simals.
CAUTIONY’2| 5 As in 4, except As in 4, 2-0SC-18
points Ga-Fa.
CAUTIONY»2| 6 Square wave reference|Monitor size and 2-0SC-19
signal at diode shape of the switzh-
tridge. ing square wave.
2l 7 Output signal acrnss |M-nitor output sig-
vacuum tube output, |nal size and shape.
viz08. Useful in Iy con-
trol.
2 8 Output signal after |As in 7. 2-0SC-8
transiscor buffer. through
13
9-12 [Unused.
Adjustment Posi cions
Switch
Position| Signal at Right JacH Purpose
1l Unused. Ooff.
2 Center terminal of Sanborn VIVM Cali-
reference potentio- |bration. See p. Z1
meter and ground. item U4c of Sanborn
manual.
3 Output signal from Sanborn AC ripple
vacuum tube V1208 to |adjust. See p. 22,
ground. item Lg.
4-12 [Unused.

1CAUTION: Scope ground wiil be at a high potential relative to the

Sanborn ground.
2In general the oscilloscope third wire should not be used since many
monitor measurements ace not made relative to system ground.
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some residual 1080 Hz ripple passes through. This can be seen in
Fig. 2-05C-13. This ripple raises the spectre of intermodulation
efrects, dlscussed more fully in Section II-B-21. One possible way
out watr tried by replacing the three element R-C network with a rive
element L-C one which would have 12 db more attenuation/octave. The
new unit filtered the 1080 Hz uicely dut picked up an excessive
amornt 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. 2-05C-9). The curving of VIR is dependent ca the magnitude of
VIO as can be demonstrated by blocking the Io light channel. VIR
changes slightly. The reverse also holds. The changes are greater
for the "Medium" than for the "Hi" filter position. By performing
such an experimert for various R value., 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<RXZ 10¢/, whiiz in the "Medium" position it is + 0.5%. The
change is small enough to be ignored, although it emphasizes the
need to use the "Hi" position.

The magnitude of the correction cculd be adversely affected
by distortion in the triangular wave shapes (Fig. 2-0SC-13).
Distortion is eliminated if the light beam is vertically centered on

the beam splitter mirrors.
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e. Reference Chann<l Resistor Changes. A small change in the

reference signal input ioad resistors was made so that the load would
be 10 KQ,.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 Splittcr 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 squured 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 osutput, ~20 volts, or zero output. A relatively small signal,
-2.2 volts, will switch it onj; -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

sharp, 1C psec., which is 0.013% of a period, and gives rapid switching.

There are two of these circuits, one for each of the Leam splitter

reference signals.

8. 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




Fry

SLINJYIY ONILYALYY  HOLINS TINNVED ONY MOLINON HLIR SLIRDWID ONIYHS TVNOIS JINJUISIN 62 4

wson | B4 g
01 0 N
340950711950 01 1] 18% Sy H
Ty - T dil__ WV TInvd o . % [
YOLINON TVNIIS _< - I<..—|
L _ 300333 ! ! o | v b
ke = o9 w ety | ez h
_ - T ; ZHOBON | ZHOSY | ININO4WOD
£ | 19N300387 W1 1V43d0 3H1 NO
[ SON3430 INIVA ISR SININOANOD
Lo o = o +— — L _Iu |
| " To1- 1wy swiaves wwais! T | — T T % r-imei suiavs s T~ T2 T Tinowy owawes wens) [ [ T
! ; 1-1imuiy_owtaves wwais T 7 M7 4 13412 JWidVHS_1nedis] 7
[ g4 | et |amaaiy suoe s || g ) | v Lawange vasaomo o | | .
| @ _ | T 83991 ASZ- 22 _ _ }
— = — 3
! ueel It | _
HOLYNEITY) N, SOLVEEIYD e i
01- N8 | oi-om
' ’I.. - AGZ- _ _
| T _ 1+ | |
Lo ANl — AT e e — Laanal
SIWIS 16 TONIKINY |
_ |;\% £ o)
‘
- .ll._/\— _
A0 Tl 19, W olas e, | _,
| A2 " I i I HOLINON WHORNYS WO Indwi 434
_ s ¥ | + BOLVHRIIYD O; - IN9
<2 61220 _ [
: yos _
| L Lwnasmons L _ s
o—/ - _ - o
L N\_ _ & —.ll.ll.V-ll.IB|~I.|._
B ILUIA0UHIN . WIWINOININIS
0 1S3y ¥0J 40 1534 404
®-2 913 33 02-2 914 33 _._||AT
! 62-2 914 NI
22281 AW4dNS ¥3M0d 1TOA G2 281 o]
WIS 1911 WOSNIS KON WSS LK)
1Nas 43y 01 NS 43 Y1 TYNIIS “43y

¥3ddOHY 1HIN

. A e - - somd) RS 1 TR IS bt E T e s




of the phase sensitive detector. 1In design, it iz very similr

to> the two circuits which shape the beam splitter reference signals.
However, there sre 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 signel. By adjusting “he
variable resistor, the voltage level at which the Schmitt trigger
goes on and off is changed, and when the reference circuit output
wave chape is monitored, symmetry within 3° is easily attained.

The low-pass filter at the circuit output is optional under
usual operating conditions. It is necessary 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 elimirates ringing irn 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 Tound 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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alternates suddenly between no load and full load.

a. Speci 1 Demands on the Power Supply.

The ochmitt trigger

The power supply

feeding all three signal shaping circuits must be highly stable under

load changes to prevent mutual interference.

lem in the original power supply design.

This was indeed a prob-

The 1000 pf 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

..z operation of the reference signal shaping circuits (Fig. 2-19).

Proper functioning can be checked quickly as can degradation of

failur2. The monitor positions are listed in Table 2-9.
TABLE 2-9 REFERENCE SIGNAL MONITOR POSITIORS
Special | Switch Figure
Notes [Position Purpose--To monitor Number
CAUTION® 1 The light chopper reference signal |[2-05C-22
' at detector. o
2 The shaped light chopper reference (2-0SC-23
signal before filtering. This is
applied to the low-pass filter and
to the calibrator.
CAUTTON? 3 The beam splitter reference signal [2-0SC-24
at the detector-IR channel.
4 The shaped beam splitter reference |2-0SC-25
signal-IR channel.
CAUTIONY! 5 The beam splitter reference signal [2-0SC-24
at the detector-IO channel.
6 The shaped beam splitter reference }2-0SC-25
J Jsignal-Io channel.
-------- e e ccrcrccdcacraers crerrcrcr e, rrerrr R rrrce e T, raerrc bt eceeen-
! Neither terminal of the light detector is at ground. An un-
grounded oscilloscope must be used, otherwise transistor
2N2219 will be destroyed.

-

R s
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1C. Channel Switch, Sanborn Load, and Associated Monitor Circuits

The Sanborn output is made up of the I, and IO channel signals

R
(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-
mize 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-1414-8.1 cCurrent 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 wave; any residual variation is a
source of noise. The effects of switch bounce o closing are re-
duced by capacitive integration.

Aging units may have pitted contacts and may close less de-
cisively. They should be replaced.

b. Channe) Switch Actuating Circuit. Each beam splitter re-

ference signal shapi g circuit drives a channel sw'tch actuating

circuit (Fig. 2-19). Each of these circuits reduces the signal
rom 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

fBristol Company, Waterbury, Connecticut
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voltage to close the double throw Synchroverter in toth 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 the 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 KQ.
Lower resistance values 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 t«o be taken with the buffer;
it is continuously loaded with its optimum 50 Q load whether it or

the vacuum tube drives the remaining system components.

el o
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d. The Actual Louad Iostentiometers. There sre four load po- -

tentiometers (upper left position of Fig. 2-20). Twc 100 ¥ units

AT

load the buffer, one to feed each channel switch. The magnitude
of the sigﬁal celected from each can be scaled in direct proportion
to its counter reasding (0-1000) with a maximum deviation from linesr- !

ity of 0.5%. The Sanborn loading is not significen.ly changed as

one scales.

The seccnd set of potentiometers are 10 K3 units in series
with 2 KQ resistors and load the vacuum tube. Again, there is one
potentiometer to feed each chanael, 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 { and 10 Kii votentiometers for

the IR channel are ganged; so are those for the Io channel. They

are ten-turn wire-wound Series A Helipots.f The inductance is iow
enough (1 mh. in a 100 Q unit) that the n X 13 Hz signal components
are not phase shifted relative to one another.

e. Erperimental Signal Routing and Monitoring. Figure 2-20

shuws the routing of the signal. A switch of twelve poles permits

selecting the following:

(1) Routing of experimental signal from vacuum tube threugh

two channel switches to two channel filters.
(2) Routing of experimental signal from transistor buffer

through two channel switches to two channel filters.

1'Helj.pot. Division, Beckmen Instruments, Fullerton, California
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\5) No routing to channel filters.

The channel switches ar= in either of two positions: closed
to perrrit 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 reristances equivalent
to the Sanborn load resistors. These maintain the filter time
constant. The transition time from contact 1 to 6 is kept at &
minimum by using a gocd square wave to drive the switch.

Near the output the 1 XQ and 500 resiP{prs are pert of a
scheme to ensure that the filters have the same source impedance
regardless of which Sanborn output is used. The 0.25 uf capscitor
gserves 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
chennel 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 IR and I_. signals to ensure continuity.

(o]

(2) Check the relative phases of the I (or Io) channel signal
and its switch to center the signal and maximize output. The signal
is on for nearly 180° out of 360°, while the switch is closed for
only 1-2°.

(3) See I; and Io signals simultaneously on the double~-beam

oscilloscope. This is one way to check against overlap.

T :l
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(4) Check for proper switch behavior.

(5) Check the voltage applied to the switch coils to ensure
it is of zood shape and is balanced relative to the zero level.

Taule 2-10 indicates how these points can be checked at the

various monitor positions.

TABLE 2-10 CHANNEL SWITCH MONITOR POSITIONS

Switch | Signal at pper | Signal at Lower Tigure
Position Jack Jack Purpnse| ivwaber
1 OFF OFF
2312 |Ip channel switch 4 |2-0sC-20
position
33:2 |1, channel switch 4 |2-0sC-20
position
T Ig channel signal|I, channel signall 1,2,3 2-0sC-14
output output through
17
5 Voltage applied 5 2-08C-21
to coil of Ig
switch
6 Voltage applied S 2-05C-21
to coil of In
switch
1 yse only an ungrounded oscilloscope.
2 rheck with load selector switch in third position.
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1l. Matched Channel Filters

The signal leaving each of the channel switches has both AC
and DC components (Fig. 2-0SC-14). The AC signal ic made up of 135 Hz
and its harmonics. Since the recorders for IR’ Io, 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 15 Hz signal. Since there is ncise of
all frequencies (up to the cutoff of the Sanborn filter) superposed
on the signal, the filters are used to remove that as well.

8. Filter Requirements.

(1) Filters must be matched at ell frequencies to pravent
ratio wandering in response to transients.

(2) Cutoff should be steep so that 13 Hz 1s well filtered.
The frequency region where any residual mismstch matters is that
immediately above the cutoff. Here steep cutoff 1s 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 d.sirsble as
well as the sbility to filter low frequency ncise; 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 emplcyed to provide the high capacitance
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needed could not be matched. In consequence the VIC ana VIR signals
came to equilibrium at different rates and theiriratio drifted badly.
In contrast the L-C network shown in Fig. 2-Zla reguired mucn
lower capacitance values and fulfill:d all four of the requirements.
High Q, very stable mylar capacitors were used. The inductors were
high Q, low frequency units.f 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 | Cutoff |db/ |Insertion loss:
Position|Frequency|octave |[DC attenuation
in Hz through filter
18 11.4 db
30 7.7
~6 18 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

nype MQL~3, United Transformer Corp., 150 Varick St., New York, New York

*In actuality there was a wi ' 1g error in the final assembly so that
the central three capacitances in Fig. 2-2la are 11.4, 38.8, and 1ll.4 uf
instead of 20.2, 21.2, and 20.2 Uf. This error affects only the filter
at switch positicn 3 shown in Fig. 2-21b, where capacitance values are
42.8 instead of 51.5 pf. Since this filter was rarely vsed, the error

was not corrected.
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where variables are source and load impedance, desired attenuation,
component G, frequercy range, ripple in the pass band, and certain
component values. An article by saciean [2-14] was followed in com-
puting filter component values. Actual filter performance matched ‘ i
the design criteria. Of the many possible designs the ones chosen

were those which minimiced the large capacitance needed, consistent

with inductance values of coils commercially available. Curves for

minimum band-pass ripple weéé 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 K load resistance
ensured good recorder response. The symmetry implied a 1 K@ source
resistance. The arrangement of resistors in the channel switch
unit pr -*des a 1 K source for both Sanborn 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 retreasmitting slide wire (Sec. II-B-14) used with the ratio re- é
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 I, and I, filters

0 R
are matched, this filter must be removed. However, the 60 Hz filter




is an integral part of the recorder camping circuit and prevents
pen overshoot and hunting. Fortunately, our L-C filters damp
almost asAeffectively. 'Various attempfs to bring damping up to

‘ the original standard failed.

] An alternative approach to filcer design would be to isolate

I 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.c., that the experimental signals be sub-
ject to active elements only when they are comﬁined. 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.

1z, Ratio Recorder!

The function of the ratio recorder is to divide the DC voltage
corresponding to I, (VIO) into that corresponding tc Ip (VIR) and to
display the result, R, as a p.:n trace on chart paper. The recorder

receives the two voltages from the channel filters via the ratio

routing bo...

a. Normal Recorder Cperation. A Leeds and Northrup Speedomax

G Recordert was employed. This is a DC recording, servo-operated,

null balance unit, whose unmodified operation is summarized in

fW‘hile the ratio routing box precedes the ratio recorder in the cir-
cuit layout, it will be better understood following a discussion of

the recorder. ,
*1eeds and Northrip, Philadelphia, Pennsylvania

|




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 can move along its entire length, produc-
ing an output voltage proportional to the centact's instantaneous
position. This voltage is compared with the experimental signal
and their difference is first chopped and then amplified. Chopping
tie 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 the slide wire contact. Provided
polarities are properly selected, the system w’ll come to balunce
with zero error signal and with the contact position proportior-=J.
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 filiter which must be removed if the matched channel filters
are to function properly. 2) This filter is part of the damping
circuit. Any recorder modifications must be made so that damring
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 iow
a sevting causes sluggish response (deadband) and loss in seasitivity;
too high a setting causes pen hunting. With proper gain, amplitude

changes of 0.1% of full scale (pea trace width) are just discernible.
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b. Recorder Modificaticn. Tho Speedomax was modified in a

conceptually simple way. “he battery und the voltage control cir-
cuits actuating the slide wire were replaced by the output of the

I, channel filter (pc) (Fig. 2-22b). The I, voltage serves as the

R

experimertal signal. Since the slide wire is linear, the balarce
position is R = VIR/,lo.

Increased sensitivity through scale expansion is a logical
extension ¢f this basic modification, but it must be done so that
the load presented to the channel filters remains fixed =t 100G &
otherwise, filter matching is lost. Ir Fig. 2-2Z2c we show how this
was attained. Jhe upper and lower limit resistor chains set the » pper
a'd lower perc. .cage limits on refiectivity acrcss the slide wire.
Th. span resistance shunts the 400 Q slide wire so that the percentage
span is consistent with the upper and lower limits and the 1000
requirement. Once the span is tet, the range is changed by moving
the upper and lower limit switches in synchronization. Table 2-1Z
shows the shunt values for various spans. General Radio Type 510
decade resistors’ were used for the upper aad lower limits and foo
the shunt. Th.ir higk linearity (C.05%) ensures accurate range
ahanges. Per cent limits can be set in 0.1% increments and the span
tz within 0.05P of the actual desired vaiue. These resistors are

mounted in the ratio routing box, as is a selzctor switch for the

span percentage described in Table 2-13.

1’Genera.l Radis Company, 22 Baker Ave , West Concord, Massachuseits




TABLE 2-12 RATIO SUIDE WIRE SHUNT VALUES
FOR VARIOUS SPANS
Rs1ide wire = 405:7 % -2,
YRg114e wire * Y/Rgpung = 1/(10 X Span in %)
4 q .
Percen’ Span Rshunt in Jhms
13.86 211.1 (maximum Rshunt)
12.5 181.06 + .04
10 132.93 + .02
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

g+ ]

40% and 100%. Since the slide wire

is only 400 Q, 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 Ig
attenuation potentiometer must be

set at 0.400.

13.86%-8.01%. Continuous adjustment.
8.71%-0%. Cortinuous adjustment.
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Figure £-22d is a wiring diagram of the modified recorder.

The changes are relatively few but imrortant, and are listed below.

(1) The battery, reference wrt 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 IO was brought directly to
the slide wire.

(3) The length of the slide wire is greater than tk-~ cor-
responding translational pen motion acruss the chart pa;..:. When
the pen is restricted to its permissible rang-, certain small ratio
rang '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 ccatact. Since there are about 1750
turns of wire this adjustment can be r.ade 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 .":e 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

AN AR R
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deviation of the recorder pen from its null position then decreases.
Unless the amplifier gain is increased, the deadvand increases. At
maximun 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 Sanborn was
used as a suitably quiet signal and the 13 Hz switches were shorted
out.

If amplifier deadband were th= only consideration, performance
would be sdequate down to a span of 0.035%, where deadband would bc

1l division out of 100.

2-112




TABLE 2-14 RATIO RECORDER DEADBAND 1N DIVISIONS
OF CHART PAPER AND IN VOLTAGE

Voltage|Corres-~ Peadband for Various L and N Amplifiers
Across |{ponding
Slide [Percent R-820-1 With R-820-1 Without 101122 With
Wire | Span? 60 Hz Filter 60 Hz Filter 60 Hz Filter
in mv.
4 2.8 0.2 div. = 8 uv.|<.1 div. =4 pv.[0.8 div. =32 uv.
2 1.4 0.8 div. =16 uv.!<.1 div. = pMv.{1.6 div. =32 pv.
1 0.7 l.6 div. =16 pv.|{<.1 div. =1 v.§3.2 div. =32 pv.
0.5 0.35 <.l div. =0.5 pv.
0.25 0.175 .2 div.=0.5 uv
................. Ao vcoesecscacnsscescsnsssdocssceccscsnrcsoccrcntocscsrcacseceeseneee
1This column is computed as follows: Ig = 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.

¢. 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 monochromator, permit-
ting passage of a pulse from a 50 volt power su iply. 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 O to 100. By rotating
the slide wire, its lower limit can be set at the O position of the

paper. The slide wirz short can then be moved to the 100 position.

e

2-113

b 140 M tptapressi oo

A e

Plstel et

D 1t e o

[Rr




1>. Ratic Routing Box
The box routes and processes the Io, IR' snd R signsls (Fig.

2-23). Two inputs are the I, end Io signals from the chsnnel filters.

Their 1 KQ loads are within the box. For Io it is the combinstion of
resistors which permits selection of spen and upper snd lower per-
centage limits of the ratio. Note that the ratio recorder slide

wire portion of the locad is outside the box and is part of the San-
born load in ell modes of operation. A portion of the Io signal,
selected by the lower limit resistors, cen be~routed to the Io
recorder.

The IR filter 1 KQ load is a wire-wound potentiometer. The
full voltage is fed to the ratio recorder during ratio operation,
but & selected fraction can be sent to the I recorder. When routed
to the IR recorder, the IR 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 snd Io voltages
across their loads as well ss the voltage across the shu:ted slide
wire.

Another input is a voltage, proportional to R, receivel from
the retransmitting slide wire. The voltsge corresponding to full
scale on the ratio recorder can be asdjusted through the use of cosrse

erd fine potentiometers in series with this second slide wire and s

battery source. After filtering in the seme R-C network used for the

it
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IR signal, the R voltage cen be transferred either to the 'L'R re-
corder or to the multichannel anslyser system.
A selector switch permits choosing one of 8 number of rout-

ing modes, described in Table 2-15.

TABLE 2-15 VIR, VIO, AND R ROUTING SWITCH

Switch
Position Title Effect

1 OFF No signsl to any of the three re-
corders. .

2 IR and I0 A frection of VIR’ selected by the
potentiometer setting, is routed to
‘he IR recorder via the R-C filter.

A fraction of VIO, selected by the
lower percent limit setting is rovted
to the I0 recorder.

6‘ R VIR is routed tc the rstio recorder,
giving R. A voltage proportional to
R is fed from the retransmitting
slide wire through the R-C filter to
to the IR recorder,

4 R and MCA |Same as 3 except the filtered signal
goes to the multichannel analyser
instead of the IR recorder.

A third input is a wavelength marker pulse which closes a relsy.
The closed contacts can be used to short the input to the Io and IR

recorders, giving a negative marker pulse. This is not sppropriate

.
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for use on the ratio recorder but serves nicely with the retrsns-
mitted r.tio signal on the IR recorder.
14. Retransmitting Slide Wire

We stated that the chennel 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 cennot be removed even though s ch nolse severely limits
ratio sensitivity.

If one could filter the reflectivity retio itself, rather thsn
its two components,IR and IO’ much longer time constants could be
used. A retransmitting slide wire allows Jjust this. It is mounted
on the ssme shaft as the ratio recorder slide wire so that both
slide wires have a fixed angular relatioaship. The two slide wire
contacts effectively move in synchronization. Potentlometers, 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 R-C network in the ratio routing box, this vo .cege
can be displayed on the IR recorder or stored in the multichannel
analyser. As the retrsnsmitting slide wire contact moves, the ef-
fective source resistance for the filter changes. However, the
low resistance of the wire (100 Q) ensures that the filter time
constants are not significantly changed. Table 2-19 shows the
typical improvement cne can attain with the added filtering.

Tne sngular position of the retransmitting wire must be ad-

justed so that its zero position corresponds to the zero position

2-117
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on the ratio recorder wire. The procedure is complicated slightly i
by the fact that the sliding contac. is lifted off the retransmitting . i

slide wire before it reaches the zero resistance (and hence zero

voltage) position. In lining up the zero positions of ratio, retrans- _ i
mitting, and I. slide wires, the lowest division (out of 100) of re-

transmitted signal is lost.

IR it oo

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 postentiometers. After alignment there is a maximum deviaticn

of signal reproducibility of 0.2 divisions out of 100 over the full

range.
If the signal is fed tc the multjchannel analyzer, voltage ad-
Justmenis are made in accordance with the criteria discussed in Sec.

II-B-16.

15. IR and Io Recorders é

ok, UL

The purpose of the IR and Io recorders is to display IR’ 1.,
and the retransmitted R.

The Io 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 I, level. | i

The i, unit is a Leeds and Northrup 20 mv. Speedomax G.t The

R
G has polarity opposite to the H. In standardizing polarity for the

entire system, certain modifications were made to the G.

1.'I'here is no significance in the different ranges. These were merely =
the units readily available.




(1) Polarity change of the slide wire relative to its bat-

tery scr-le.

(2) Interchange >f the servo amplifier outlet leads to the

servo motor (green and 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 nust be fed in here.

The I, chart speed is varied by changing gears.

R
16. Multichannel Analyser

The basic purpose of a multichannel analyser is to improve
the éignal-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 ratis improves with the square root of the
rumber of scans. Anry changes in experimental conditions invalidate

this technique by modifying the signal itself. Such changes can oc-

cur in reflecti. ity work, particularly in measurements at low temperature.

One could ask why we do not quadruple the time constant rather

than make four runs with a given constant. If the noise were like

p—

I




Johnson noise, where J?353 = V4KTRA , the two techniques would be
equivalent. Systeci noise does Egg.have the Johnson-noise-like
char_.icristic. By filtering, the s/stem 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 Multichionnel Analyser. The multichannel analyser
1.

used is the RIDL Model 34-12B Transistorized 400 Channel Analyser
used in conjunction wi‘a the RIDL Model 54-6 Time Base Generator,
the RIDL Model 52-9 Time Mode System Controller, 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 spectru. 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 twe spectra are added and stored. The limits on the number of

+*
"Radiation In,trument Deveispment Laboratory, livision 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,

and patience.

b. The Voltage Converter. The Vidar Model 241 Voltage to Fre-

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 attainsla maxjrmum
of 106 pulses/sec. for +2.0 volts. The Vidar is fed by the filtered
voltage output of the retransmitting slide wire. This voltiuage is
received from the ratio routing box.

There are upper and lower limits on the vo’ “age across the

slide wire.

(1) Voltage across th; :;t::nsmittigg slide wire X lo6 X channel

width in seconds gives the maximum number of counts/channel/sweep = C.
There is an indeterminacy in C of one count dependirg 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.
(2) Suppose one makes m runs. If mC > 106, overflow in each ;
channel occurs and counting begins again from zero. A spectrum lonk-
iag 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

nC < 2 X 10°.

s

*Vidar Corporation, 77 Ortega Ave., Mountain View, California
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¢. Spectrum Initiation. For successive spectra to be stored

properly, the start of the monochromator sweep must coincide with
the start of the time sweep in the RIDL. The circuit descridbed in
the section on Miscellaneous Power Supplies and Controls (Sec.
II-B-19) provides a pulse cf the proper shape to initiate the RIDL
time sweep. It, in turn, is actuated by the closure of contacts
every 10f in tke monochromator.

By observing the time spacing of two pulses, the variation in
firing time was measured. This variation was a maximum of .25} at
the 5008/min. sweep rate and reduced to a minimum of .06} for sweep
rates of 50&/min. or less. It is in;ignificant in terms of the
typical structure variation with wavrelength which is observed.

The operating procedur: is simple. We start the monochromator
wavelength drive about sk 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 103,
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 —ejects any further information until
reset.

The time advance of t'.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 1/3k over periods of 16 minutes.

S
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d. Readout. During storage an oscillnscope, integral with
the RIDL Model 34-12RB, shows the indivldual channel counting. Fol-
lowing any spectrum sweep, the operator cun display the total storage
in all 400 (or any 100) chonnels. 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
versatile recordert permits scale expansion and DC offset.

e. System Wiring and Use. Figure 2-26 shows the connections

of the Vidar and RIDL units to the rest of the system as well as their
internal connections for time base operation. 1In 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-
lationship:

(1) Wavelength sweep rate

(2) Retransmitting slide wire time constant

(3) Channel width

(4) slide wire voltage.

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-
troller would permit automatic control of multiple sweeps through a
spectrum. On completion of a sweep through all 400 channels, the
address overflow pulse, which is availatle at P2 on the RIDL 12-34B,

could be used to reverse the direction of the monochromator wavelength

TMoseley:Autograf Model 7000A x-y Recorder, F. L. Moseley Co., Pasadena,
California
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AMCTION: CONTROLS AND FEATURES (FROf.ﬂ' PANEL):

1. Btores signal cowmts in 1. Oscilloscope with controls.
ome of 400 channels selected 2. Choice of channels for storage or readout. Usually use all 400.
by the SA-8. 3. Memory clearsaee including linearity checks. Csution!
2, Resds onb stored infor- 4. Choice of log or linear diaplay. Linear usual.
mation %0 oecil cscope or S. ¥ater indicating channel address. |
€. Manual channel advance.
7. Master switch: 1) Read, 2) Wait, 3) Store.
8. Choice of store mcdes. Usually use Add. I
9. Choice of read modes. Display, Plotter and Test modes used.
10. Transfer of data within memory. Rarely used. Set at Off.
11. Control of readout rate (for recorder). I
12. Choice of Time or Pulse Height mcdes. Set at Time.
13. Destroy-Non-destroy switch. Put in Non-destroy position to
prevent dats los® after readout.

.
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MCK PANEL SETTINGS I

External oscillator
switch (for resdout) |

External control
sviteh (for storing)
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l Iucnmm.ccllm BACK PANEL COMNECTIONS ‘.I

| RIDL 58-39 RILL 52-9
FURCTION: JUNCTION:

|1. ¥ot used in satio Lystem] 1. Generally rot used in
2. Provides preset time ratio system.
delay as multiple of chan~

nel width.
alt muitiple sveeps thru

2. 1f used, the Region of
Interest sw'tch would per

AIDL S4-8 |
FCTION:

1. Accurate mrasursment of
dwill time for eech channel!
in Time mcde.

2. Provides c. wanel sdvanc
command .

Icam.s (TR0 PANKL): spectrum in fully auto- 3. Starts and stops on cnvl
. matic mode. mand.
r e ot deiay i) 3 Control of mumber of | &. Permtts information
ot mm‘ cnd I automatic sweeps. storage by 12-348 only on
&, Counting of spectrum command. l
I sweeps. r__.__-'
CONTRCLS (FRONT PANEL): [ CONTROLS (PRONT PANEL): I l DL 2938 | :
| 1. Choice of Region of 1. Chojce of chanael time Tower Supply H
Interest. wiawh: 12.5, 25, 50, 100, | | and Case H
l 2. Choice of number of 200, 400, 800 | sec. and | i
spectrum aweeps to be their multiples by factors l l 3
scanned au matically. of 107, 104, 109, l
] 3. Cownter display of 2. Mamial start and stop of] | 5
number Actually scanned. AIDL system. Use as nesdsd I ‘
| 4. punction Control switch| for tests. £
'nt. st Off (or Auto read- | 3. Automatic stop. Set st System |
| out if wish spectrum Normal. Ixternal start pulse | (n-Jff | 3
- sweeps counted). will then start sweep. switch J %

—-—— =t
l VIDAR 24)
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FUNCTIONS

1. Converts woltage to pulses.
2. Poditive voltage input orly.
3. 2 wolt paximm.

Iaput from
Matin Routing
Rox-Output

to MCA.

Input
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FIG 2-26 WIRING CONNECTIONS, FUNCTIONS, ANO CONTROLS OF THE MULTICKANNEL ANALYSER SYSTEN
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scan. The Region of Interest switch, if set at position 2, would

ensure that no data were stored dﬁring the time for return to the

wavelength corresponding to channel O. 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 KQ. One can consider its effect on the filter in comparison with
the infinite impedance of the IR recorder when the recorder is
balanced. There results some chenge in time constants which is not
serious. More important is signal distortion: the voltage across
the 2 K 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 Rb' The calculation is found

in Appendix II-A.
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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-
transmitting slide wire and the size of the structure which is ob-
served. 1In 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. 2.41.

17. System Polarities

All electronic system voltage polarities were made consistent.
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
sign is determined by the reference channel mechanical phase adjust-
ment. 360° of variation is possible.

(4) The calibrator and offset voltage which can be set at either
polarity with a switch.

(5) The Io, IR, and R recorders which have positive signal input

polarity. This required a slide wire polarity change in the I, recorder

R
(and other changes) and a balancing motor polarity change in the R
recorder.

(6) The retransmitting slide wire voltage, which is given positive

polarity.
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(7, The R-C filter for Ip and retransmitted R signals, in

which electrolytic capacitors determine polarity.

oy

Lo

18. Offset and Calibrator

The offset and calibrator allows the op rator to add arbitrary
amounts of voltage to both the IR and I0 components of the experi- ;
mentsl signal. Addition occurs at the 100 I resistor which is in

series with the anode resistor.

The circuit is shown in Fig. 2-28. The first input is the 1080
Hz carrier from the reference signal shap;ng circuit output. The
filtered fundamental of this signal must be used since the square
wave causes ringing. It first encounters the 1 uf capacitor which

blocks DC from the input transformers. After being divided into two

1
paths, the carrier is switched on and off by the 2N2219 tfansistors. g
These are biased by the 13 Hz signals from the IR and Io beam splitter %
- reference shaping circuits. The shaped carriers are brought back to-
gether at the common 100 o load. The result is shown in Fig. 2-0SC-26.
Switches permit selecting decade changes in the IR and Io 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

ot ser
St T

derman

»*

in phase with their refererice 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
of the different shape of the experimental and offset signals (Figs.
2-030-8 and 26). Figure 2-0SC-27 shows the difference between two
such signals of nearly the same informational magnitude; i.e., their
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 poiwer 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 IR 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 Io 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 »f 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 RIDL, are
rise time < 0.15 psec.j; width > 10 psec.; 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 battery
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.

The waveiength 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. Constant Iy Feedback System

For each of the active electronic components, there is an optimum

range of the I signal size to maximize linearity and minimize noise.

0
Also, as the Io level changes with wavelength, the voltage across the
ratio recorder slicde wire will vary in proportion, requiring a resetting
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 I_. feedback system.

(0]
1he possible approaches include optical and electronic techniques.

In the optical,c. 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:
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(1) By obscuring light one uses the minimum light intensity over
the entire wavelength range of an éxperiment and must accept far lower
S/N than is necessary at the brighter wavelengths.

(2) 1f sample 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% are common.

Another optical techanique involves varying the angle of crossed
polarizers. This was rejected since it imposcs an additional 1limit on
the wavelength range of the system.

Electronic variation avoids all these dilemmas The best place to

control I, is in the photomultiplier, since this optimizes the operation

0]
of every active component, and both IR and Io 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 monitcring the VIO output of the Sanborn on an oscilloscope Kkeeps

Vy, sufficiently cor.stant.! An alternative method is hand adjustment

fThere is one important pre:aution which must be noted. If the Iy and IR
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 are eliminated by care-
ful repositioning of the Ip and I, 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 II-B, Sec. 3.
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of a variable anode resistor. This technique is actually used in
AR/R measurements and is automated.

a. Automatic Control. We attempted to set up an automatic

feedback system for R measurements by varying the gain potentiometer
of the Sanborn 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, R121$, was repiaced ty a low
inductance wire-wound unit, the General Radio 875-4000, mounted ex-
ternal to the Sanborn. The "y-axis" 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
I  voltage level at the output of the I

0 0
to a DC level set point derived from a battery driven potentiometer.

channel filter was compared

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 Io 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 stage in the Sanborn did not elimina‘e

hunting, presumably because of the slow balancing motor response.
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Various other arrangements, including the use of the Io recorder
control network, were unsuccessful. Pending solu‘ion of the hunt-
.ng 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 Io level is tsken
from the channel filter, hunting will surely ensue 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 IR signal in addition to the Io.
The anode rcsistor should not be loaded by the control network.
An operational amplifier of low drift could feed a channel switch
selecting Io (Pig. 2-32b). One stage of R-C filtering would give a
DC level proportional to VIO. 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 ontput, since we are only trying to keep
Io within some linear range. Slight errors in Io due to drift would
result in a different anode resistance value. This would not affect

R, since IR and Io are changed propc~tionately by the anode resistor

variation.
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2l. The Intermodulation Problem

The intermodulation probiem is a variation in a supposedly con-
stant DC level as a result of two system frequencies beating ageinst
one another. To understand the problem and & number of possible so-

lutions, consider the following signal (Fig. 2-33):

1. 2. 1 2m +1 2m+1
S = [-§+-_ﬁ. Zm=0 ) sin\ 5 Tr) cos (_'E_ (a.)lt -Tr))] [1+x cos(wzt-qaz)]
e — - ——
the square wave expansion

(2.26)

|

——— ] -

t=0 t=V2w, tsoy  TINE

FIG. 2-33 THE INTERMODULATION PROBLEN

The average value of S over one period of the square wave, 2‘rr/u):L s

is
y T/
(s) = m £ [1+a cos(wzt -q>2)]dt
1 a9 A% .
= §+(T); > [sir.\q T - q)2) = Sln(' ¢2)]
S %+gau—; sin(:"z-r %2) cos(z q - (pz) (2.27)
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The wy signal is the information signal with an average value
of 3, whereas the Wy signal is extraneous. For instance aﬁ could
be the 13 Hz Io gignal and w, & 120 Hz ripple imposed on the light
intensity by an AC supply or poorly filtered DC power supply for the
light sources. Alternatively, W, could be the partially filtered
light chopper frequency at the output of the Sanborn superposed on
the information signal at w = 13 Hz.

In the general case P will vary from one period of(n1 to the
next giving a modulation in (s), If this occurs in an irregular
way, the result is noise. The effects of the wz change can be re-
duced or eliminated in three ways.

(1) Reduce &

(2) Decrease the ratio E-D-J'

V2

(3) Let%%f = o7 so the sine = 0; i.e , @, = 2mn, (2.28)

making w a harmonic of ai.

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 @ vy substituting a sharper cutoff filter in the
Sanborn to remove more of the high frequerncy 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<nlﬁnz was decreased by changing light chopper blades. )
Chop frequency was changed from 450 to 1080 Hz, reducing syctem noise.

Phase locking (solution 3) the 13 Hz and light choppe . frequen-
cies was tempting. Ordinarily, they were not harmonics, and slight
slippages ir the beam splitter rubber drive wheel could only add to
noise by causing further P2 variations. Thus, the facc that both
moters were synchronously driven by 60 Hz could not ensure phase
lock. We took une 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 Egq. 2.28). Although the signals were
then phase locked, ther~ was some slight degradation in system noise,
probably due to5 chopper bia" inertia to smsll chenges in the 65 Hz
drive frequency. A further 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 thet 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-1 photo-
multiplier tube operation analogous to the S-13. Install a switch
tc permit powering either quickly.

(2) Acquire a proper preamplifier for infrared detectors. Many

detectors have low impedances which match the TA-S 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-1ll-t.

(7) Automate constant I, feedback control through use of a

0
variable anode resistor (Sec. II-B-20-b). This has considerable
importance in reducing distortion (Appendix II-8, Sec. 3).

(8) Modify monochromator drive, and design additional cir-
cuitry to take advantage of the automatic multiple sweep capabilities
of the RIDL multichannel snalyser (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. 1Its purpose is to prevent the destruction of the con-

tents of the multichannel analyser memory by a bad spectrum scan.
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C. SAMPLE GEOMETRY--DESIGN FEATURES
IN THE FINAL STATE AND RELEVANT PRORLEMS
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-
tle 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 cryostats can be hung. They are held
in an adjustable mounting bracket.

2. Cryostats

Cryostats suitable for use with the system include the Janist

demountable-tail, helium-temperature unit and a lab-built unit de-
signed by Julius Feinleidb. They are acceptable in the sense that
their optical acceptance angles are wide enough so that they will
not tlock light used for sample illumination.
3. Magnet

A large electromagnet capeble of developing 31 kilogauss can
be wheeled into or out of the sample volume. It is the Harvey Wells
1-128.% With the present tapered, standard-alloy pole tips, there

is a cylindrical field area of 1.00" diameter and 0.685" length

fJanis Research Co., 21 Spencer Sc., Stoneham, Massachusetts

*Magnion Inc./Harvey Wells, 144 Middlesex Turnpike, Burlington,
Massachusetts
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(separation 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 e Harvey Wells Model '{S1050, 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 nonzers.

(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, whe> cooling is unnecessary.

Because of inadequate water pressure a jet pump capable of deliver-
ing up to 90 psi was added. Heat iransfer from the magnet to its cool-
ing coils is inefficient enough that there is no need to use pressures
above SO 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 corcession 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 tc 21l these problems would have involved a highly expensive -
recircul tion system with many types of filtering. It would be cheaper
to replace the magnet cooling coils.

4. Unisxial 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 (-~ 104 volts/cm.) can be applied by any of the techniques
described in refs. [4-30, 4.56, 4-55]. Generally, the field will be
nonuniform, decreasing as it penetrates into r.e sample.

6. Sample Geometry--System Improvement

a. Absorption Measurements. The optical and electronic iastrumen-

tation and sample geometry have been discussed in terms of reflectivity
measurcments. Modifications are necessary in order to permit absorption
measurements, specifically in cases of low ad. Certein changes in sample

gad > 0.1 (i.e., low absorp-

geomztry optics are indispensable, but for e
tion, where d = sample thickness) n. changes are necessary in the
elec.ronies.

Figure 2-34 shows three possiblz modifications to the optics. Trans-
mission Configuration #1 is perhaps the easies® to set up. The sample is
between mirrors 4 and 5 in what was formerly the Io beam and is now the
IT beam. The sample _n the IR beam is repiaced by an aluminum mi-rror.

This is now the IO path. Unfortunately, there are a number of disad-

vantages:
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(1) The I, path has one more reflection than the I path.

T

(2) After separating mirrors 4 and S to insert the sample, the
IT and IO 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.

Transuission Configuration #2 solves objections 1 and 2 above,
but one is still restricted in cooling and stimuius 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 sauple is in the
former IR path. 1Its back surface is coated with aluminum by vacuvm
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 distorticn, the sample is wedge shaped. Note that the sample
mirror, since it is not expased to oxidation, will not (ompletely match
the new mirror in the IO path. Consequently, problem 1 is only par-
tially solved.

We recall that I0 and IR (and hence IT) should be of roughly the
same magnitude tc minimize distortion and noise arising from the San-
born DC level. Further, if IT and IO are widely separated in magnitude,

an amplifier might add a significant fraction of noise t» 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 caopper

in the Io channel reducing Io tu the IT level. If these alternatives

should be unsatisfactory for any reason, electrcnic changes are needed

when e-2&d < 0.1. Such changes should permit treating each chennel
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 are matched in reflection or transmission over the wave-
length range of interest, giving IR/IO =1lor IT/Io ='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 I (8) =1

IR(O)'

Let the AC offset be 6. Note that I

g When a stimulus is applied and AIL(S) = IR(S) -

0= IR(O). Then the recorded

ratio is modified from IR(S)/IO to

IR(S) -8 IR(O) -5+ AIR(S) AIR(S)
A S 4 () FL NS A OF S e

This ratio increeses as B increases.
Unfortunately, there are certain difficulties with differential
methods which could prevent their successful utilization in many cases.t

Tor instance:

1’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 Joes not permit the much higher AC
amplifier gains which o e 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 ranges 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 favoreble 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 f!eld. In this type of experiment the sample in the IO

beam serves only to attenuate the IO beam to aearly the same level as
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One can point up the limited utility of the differeniial approach

that In the I_ or I_ beam. Perfect matching is usually not critical.

even here, by noting that this I0 attenuation could be accomplished
through use of the offset voltage in the IO 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 refiectivity 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

1l. 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 opticai or electroni:
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 2xperimental (Chapter IV)
portions of the text. To aid in troubleshooting, the noise sources

are divided into tour categories:



(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 discuss ° remainder of this section.

For example, when a Xenon source (1) is used instead of one of
the quiet tungsten sources, it is the majer noise source. 1In this
case the indeterminacy in the reflectivity ratio is 0.1% 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 1!ght intensity. So long as necessary wavelength resolution

is not lost, the monochromator slits may be opened until other noise
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TABLE 2-16 SYSTEM NOISE SOURCES

OPTICAL NOISE SOURCES

Section Troudble-
vhere shooting

It;l A Description of the Noise Problem Discussed Category

1 |Tungstea light sources flicker at the end of their life. (3)
Icdine quartz sources are noisy if they are run too cool. II-A-2-2 (2)
2 |Xenon )ight sources shuw the following instabilities:
Slight instabilities of a spike and step-like character are found in the best of |II-A-2-b (4)
them.
Inatabilities worsen in poor, old, or overheated lamps. II-A-2-b (3)
A lmmp without mu-metal shielding worsens in a magnetic field. II-A-2-b (1)
3 |Ripple in the output of the light sources causes intermodulation effects. II-A-2-f (1)
II-B-2)
4 |The monochromator grating vibrates when the mounting spring is weak. The vibra- II-A-3-b (1)
tion is increased by light chopper imbalance.
S |vibration of the beam splitter results in a slight molion of the slit image on the [II-A-7-§ (4)
sample and the photcsultiplier. This motion becames serious if:
The reflectivity of the semple surface is irregular; (2)
The light image overlaps *he sample, falling partially on the blackened area II-A-3-d (2)
arourd *he sample. The vidbration then modulates R;
The besm splitter drive wheel becomes worr or spotted with cement; II-A-7-h (3)
The motor is not powerful enough to drive the beam splitter at the synchronous II-A-7-4,8 (1)
speed. TI-A-4-4
68 |A nonsynchroncus drive of the light chopper or the beam splitter resulta ir inter- [II-B-21 (1)
modulation effects.
7 ]The photamultiplier shot noise is important and is light intensity dependent. II-A-2,I1-A-9-) (4)
8 |[8tray light can enter the system from the room, dbut it becomes a problem only at II-A-10 (1),(2)
low source intensities.
ELECTRONIC NOISE SOURCES
9 {The photamultiplier dark current is insignificant in the S-13 and in the cooled II-A-9-b (1),(2)
8-1.

10 [Failure to short the 100 § calibrator and offset resistor when it is not used can |II-B-2-b-5 (2)

add noise.

11 |[Degradstion of any of the active elements can cause noise. For instance: (3)
Preanplifier batteries as they start to weaken. (3)
Noise in the cutpul phase of the band-pass filter. II-B-4 (3)

12 |Operation of any of the active elements outside their optimum range is inadvissble:|II-D-4 (2)
In the 8-13 photcmultiplier

Cathode-dynode 1 voltages should be around 125; IT=-B-2-b-1 (2)
Low 1ight intensities coupled witn low dynode chain voltages are often noisier (2)
than with higher voltages;

Anode currents in excess of 10ua. result in the loss of gain stability. Tube specr (2)
The preamplifier's output shoull be high enough 8o that the band-pass filter adds|Ii-B-3, 3a (2)
no significant noise. The filter's noise level is 0.2 mv. p-p. 11-B-4
The Sanbora output level should be high (around 2 volts) so that the effect of I7-B-5-a (2)

drift and nolse on the DC gero leve) is minimal.

II-B-6-a
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13

14

15
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17

18
19

20

2l

22

23

24

25

26

The preamplifier adds more noise than an optimally chosen unit. The noise is minor
in R and /R/R measurements compared to other noise sources, except when the pre-
amplifier is used in its full gain position. The excess noise is partiully due to
imperfect matching of the anode resistance, the operating frequency, and the pre-
amplifier.

When the warmup time is inadequate, the Sanborn output zero level will exhibit
excess nojse 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 cf around 30 Hz at the Sanborn output. This
can be a serious intermodulation noise source.

The use of a phase sensitive detector other than the Sunborn will often he more
noisy.

The three reference signal shaping circuits can interact through their coemon
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
Wear in the moving portions of the suitch 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 jitter; 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 dbreak down.

There is an indefiniteness 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 ty a square wave at the carrier frequency instead of bv the fundsmental.

The ringing is remyved when the square wave is filtered.
The intermodulation problems are generally solved. See Items 3, 6, and 15.
The relay rack steel does not provide a good common ground, as was dramatically

demonstrated when the xenon power supply was turned on. The DC level at the photo-
multiplier anode jumped 100 mv. HNoise fram this source was removed by connecting

all racks and units with a heavy copper braid.

II-B~3-3

II-B~-5-a

II-E-2-(6)

II-B-5-¢
II-B-8-a
II-B-8

II-B-10-a
II-B-10-a

II-B-10-a

II-B-12-a-(3)

II-B-13
II-B~16~b

II-B~18
II-B-8

II-B-5-b

II-B-6-d,II~B~21

(1),(2)

(2),(4)
(2)

(1), (2)
(1)
(3)

(1)
(4)

(3)
(3)

(2)

(3)
(3)

(1)
(1)
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sources predominate. I no filters or polarizers are used, a 100 W
slit width will provide adequate light at the wavelengths of maximum
intensity. When filters and polarizers are added, slit widths of 300
to 400 u will ensure sufficient lignt 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-1.

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 I0 in a large range above 1.2 volts
show no change in ratic 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 IO images are not
sunerposed at the photomultiplier. When these difficulties are 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.
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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
semples 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
15 Hz light sensor signals as a result of variations in the reference
light buldb 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..ght 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
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TABLE 2-17 SYSTEM DISTORTION SOURCES

OPTICAL DISTORTION SQURCES

Section Trouble-
Item A Description of t'e [.stortion Problem vhera shooting
Discus.ed Category
1 |[Wher sample reflectirity varies over its surface, separate mua;urements will show small |IV-C-5-¢ (2),(4)
inconsistencies when different porti .~ of the sample are illuminated. This can occur {IV-D-3
vhen two separate sources, such as tu. iodinc quartz lamps differently oriented, or a
quartz and xenon source, are employed.
2 |The xenon source moves under the influence of & magnetic fivld. The motion becames im- 1II-A-2<d (1)
portant vhen the sample R varies over itc surface or when 1g and Ip light paths are
blockel in different amounts (Items 6 and )5). This problem is removed through the us:
of a mu-wetal shield for the xenon source.
3 {There are large spikea .n the xenon spectrmm in certal. regions. The resultant large II-A-2-b (1),(2)
photawultiplier voltige changes, coupled with imperfect Io and I superposition at the
photomultiplier {Item 12} may give small spikes in R These regions of the xenon
spectrum should be avoided.
& |gecord crder 1ight from the monochromator can create false structure. The light is ree [II-A-5-a-(3) (1),(2)
meved by & filter.
S |Scattered lignt fram the monochrcmator modifies magnitudes and may create false struc- |[II-A-3-db (1),(2)
ture. Its effect is reduced by the use of filters. II-A-S-a-(1)& (2)| (4)
6 |There is a polarization dependent variation of the light intensity along the monc-“rres-|III-B (1),(2)
tor exit slit. This variation is wavelength dependent &ni has an effect vhenever the Ig
and Iy beamr are subject to different light blockage or -eflectivity. The effect is re-
moved b the use of light polarized paral'el to the mon.:hr mator ex.c¢ slit and by re-
duced eam size, provided additional precautiors are taken, vit.:
The monochroma..™ slit height should be reduced so that the slit image does not fall {II-A-3-b (2)
ou~.side the sample.
N2 light should extend beyond any mirrors. (2)
he betn gpitter must not remove ary light from the Leam. {2)
Care miit be taken in the use of gray fiiters in the Ip light peta. 11-B-6-a (2)
Keither the Io nor the Ip image should extend beyond the photomuluiplier cathode. (2)
Both images should be superposed ingofar as possit=.
7 jAlthough the busic philosophy employed in vystem des.gn was intended to eliminate any (4)
problems arising from imperfect mirror matching, different aging in the beam splitter
mirrors as opposed t2 mirrors #4 and 5 could result in slight distortions in reflectivi-
ty spectra. (This problem is independent of Item 6.)
2 |The geometrical effect of the ligit filters, which var- s with filter thickness, is re- |II-A-S-c (1),(4)
duced but not eliminaed oy placing the filter at the photomultiplier :.stead of at the
1light choppe™.
9 |37 4ple characteristics cun change:
Some differences arise from variations in samdple surface preparation. IV-B-4-f (2)
Chenivel ecches can radically affect the condition of a sample surfsce. IV-C-4 (2),(3)
Surface uxidation v!l. modify veflectivity structure. IV-D-2 (2)
haen cooled, ssxples may pick up water and COp films which modify R. 1V-D-2 2)
If a sample '8 moved sid & different portion of the surfa.e illuminated, the spectrum |IV-v-3 (2;
mAy change siightly if the sur“'ace is not uniform. An equivslent effect is the change
in R as slit vidth is changed. Therefore, the use of slit width variation is a poor
way to keep Iy conatant.
10 (The plane of polarizstion of light is rotated by active elemcats. Also, misror reflec- |III-H )

tion varies with the plane of -olarisation at nonnormal incidence. Since these effccts
operating together can distort spectrs, active elements shuuld be eliminated except
when they are nr:ded by the experiment.
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1

13

14

15

The photamultiplier sencitivity to light intensity cbanges varies with tbe position of
the light image on the photocathode. E. Rossi of this laboratory noted tbat this effect
was vavelength dependsnt. To minimize its 4!stortion, measurements should be made at
various angular positions f thu photomultiplic:~ ana averaged. This is particularly im-
portant whea trying to w».. measurements giving ..e accurate magnitude of R.

The photomultiplier sensitivity to the dynode chain voltege varies witb the position of
the ligkt image on the photccatbode. This results in changes in R as the v-ltage is
changed. It is wavelength dependent in tbe S-1 phototube, imparting false structure,
and is eliminated by ensuring good superposition of the I, and Ip light images on the
photocathode.

Saturation of the photamultiplier cathode results in a cusp in I, and ultimatel in R.
The distortion is removed by defocussing the light images on the cathode.

the photosultiplier - .in is modified by a magnetic field. If tbe light images are not
perfectly superposed, there will te a cbange in R, whicdb is more sericus in the S-1 than
in tbe S-13 phototube. 7The effec’ is reduced consideradbly by surrounding the phototube
witb a mu-metal shield.

There is an indefiniteness in the real magnitude of R as determined by this system.
Unless the light beam i3 suitadbly blocked as prescribed in Item &, differing smounts of
light will be lost in tbe I, and tbe Ip light paths, making a determinat.on of tbe mag-
nitude of R impossible. When tbese paths are properly blocked, the R . gnitude for the
<ntire spectral sweep can be known to ' ‘thin :5’. This figure ia ud.. the effect of
many of tbe factors cited above. Very .ligbt changes in alignment where no light secems
to be lost result in R changes of 1 to 2%, probably due to light scattering.

Ref. (2-17)

II-A-9-e

IV-D-1

IV-C-5-¢

(2)

(2)

(2)

ELECTRONIC DISTORTION SOURCES

17

19

21
22

23

24

Too high an anode resistor caises s-gnal distortion.

Distortion results wvhen opers*ing the electronic components in nonlinear regions suchas:
The TA-S witb a peak-to-pea. cutput voltage grester than 2 volts.
The band-pass filter with a peak-to-peak output greater than 14 volts.
The Sanborn vactum tube Jutput greater then 1.8 volte.
The Sanborn transistor output greater than 3 volts.

An insufficient pass band in the band-pass filter will partially merge the Io and IR
signals.
A nongero DC level {n the sutput of the Sanborn will modify the reflectivity.

There is a very slight merging cf the Io and Ip 8ignals by the Sanborn output filter in
its "Hi" position.

The “Mediww" and "Low" positions should not be u-ed during ratic operation sin:e tbey
cause even more merging.

Signal distortion cen be caused by degraded electrolytic rilter capacitors.

There is a slight distortion caused by the time lag in the respense of the channel fil-
ter output to chanzes in I5. This could be cured by employing a constant Ip feedback.

There car be distortion due toc ine improper relative choice of time cons.ant, mono-
chromator vavelengtd sweep rate, and r-tio recorder span.

The finite input impedance of the Vidar voltage-to-frecuency coaverter causes a small

di{stortion in the signal stored ian the multichannel anslyser.

II-B-2-b-4

II-B-4

TI-B-6-a,b
II~B-6-d

Appendix II-8
Sec. 3

Appendix II-&

Appendix II-A

(1)
(2)

(2)

(2),(4)
(%)

(2)

(3)
(%)

(2)
(4)

PW e m

e




——"

the IR attenuator, and the channel switches were shorted closed. The
ratino was extremely quiet with an ‘ndet~rminacy of less than .003%.
However, when the shorting switches were opened, permitting the channel
switches to function, ratio indeterminacy increased to .0l to .02%,

when a time constant of 4.5 seconds was employed.

2. Distortion Sourcas

The various sources of signal distortion, both optical and elec-
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-1), except that
they apply to distcrtion insteau of noise.

There is one general distinction between optical and electronic
distortions. Optical distortions are a consequence of system iasade-
quacies or limitations, whereas those of electionic character can also
arise from nonlinearities in active elements occurring when they are
operated in saturation regions.

2. System Linearity

In discussing system linearity we refer to the response of the
active electronic elements, pnotomultiplier through the Sanborn phase
sen~itive detector, and to the effect of varying the monochromator
slit width. When each component was tested, the optical and electronic

distortions of other components in the cystem were minimized.
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TABLE 2-18 LINEARITY CHECKS

Experiment

Effect cn Linearity

Io vs, R anode

R vs. R anode

Io vs, photomulti-

rlier voltage

R vs. photomulti-
plier voltage

Iy vs. TA-S ampli-
fier settings

R vs. TA-5 ampli-
fier settings

Io vs. Sanborn gain
setting

R vs. Sanborn gain
setliing

Io and R vs. slit

width

Current corres-
ponding to Ip out
of P.M. kept con-
stant as slit
width decreased,
and photomulti-
plier voltage in-
'creased. Change

10 KO resistor is nonlinear, signal increasing bLy
factor of 9.88 instead of 10, compared to 1 KQ
resistor.

1 K and 10 KQ resistors linear to better than
.l%. 50 KQ resistor causes a 2% increase in R;
100 KQ, a 5% increase.

Not checkable.

Provided Iy and IR light images are superposed and
centered on the photocathode, R variation with
photomultiplier voltage is less than 1*. This as-
sumes that the peak to peak value of t.e 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. 2mv.

Linear within .1% (recorder pen width) up to 2
volts peak to peak at output.

It is not vossible to observe the effects of a
change in Ta-5 settings on R, independ:nt of
changes in other gains, since the TA-S5 gain ncre-
ments are in factors of 10. It is reasonable %o
assume that it is within .1%.

Linear within .l%.

Linear within .1% when the Sanborn tube output
lies between .8 and 1.8 volts and when the tran-
gistor output lies between 1 and 3 volts. The
lower limits are set by noise in the output DC
level.

Demonstrates the need for image defocussing on
ph;tocathode. When this is done, linearity within
.1%.

For a change in light intensity by a factor of
25:1, an R value of 40% stayed within .5% of its
value.

2-159
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The linearity of both I. and R measurements was checked. When

0
a difference was found, the greater deviations were in the Io measure-
ments. The improvement in R measurements is not surprising, since

the nonlinear portions of a signal 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. 2-0SC-1).

Table 2-18 outlines the results of various linearity checks. 1In
an IC check the percentages represent deviaticn from lineariiy ex-
pressed as a percent of full scale value, where full scale is the
maximum permissible signal to avoid saturation. 1In rontrast R per-
centage deviations are expressed as percentages of the R value at
which they were measured (in this case 40%).

Most components behave admirably, being linear within .1% over
the voltage ranges in which they are used. In R measurements the pri-
mary nonlinearity is in the response of the photomultiplier 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 ccmponents, should result in R deviations of no more
than 1%.

In Io measurements there must be the additional precaution of
using no anode resistor higher than 1 KI. Then here as well, devi-

ations from linearity will be limited to 1%.

4. Optimum Operating Conditions

Once the limits on the system which are imposed by linearity,
distortion, and noise are understood, the optimum operating conditions

can be delineated:



Photomultiplier anode resistor: 1 K (1C K9 is appropriate in
many situations).

Current out of Photomultiplier: Assuming a 1 K1 ancde resistor,
the anode current shculd be no less than .32ua. for the O and 20 db
attenuator positions on the TA-5, and no less than 3.2ua. for the
40 db position. (Divide these minimum numbers by 10 for a 10 KQ
anode resistor.) This current should 1ot exceed 1Oua. for gain sta-
bility in the case of the S-13 response tube.

TA-5: Maximum voltege at output: 2 volts peak tc peak

Minimum voltage at input at 40 db setting: 3.Zmv.
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. Consequontly, the 20 db position
is used with the 1 K2 resistu. and the 40 db position with the 17 KA.

Krohn-Hite Variable Band-Pass Filter: The level into the filter
should be kept well above 100mv. PpP-Pp.

Sanborn output voltage range: Transistor output, 1 to 3 volts.

Tube cutput, .8 to 1.8 volts.

5. Best Performance Data

Using a large aluminum mirror as the -eflecting element, we col-
lected the best performance data. Table 2-19 indicates system settings
and the final indeterminacy in the reflectivity value. 1In this parti-
cular experiment the measured reflectivity was higher than its true

value since the light beam size was not restricteid.
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TABLE 2-19 BEST PERFORMANCE DATA

CONDITIONS: Sampl.: -- Large flat aluminum mirror,
Source -- DXM iodine quartz lamp at 30 volts.
Monochromator -- SOOOZ grating, set at intensity maximum,
5300A, 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 KQ anode resistor.

TA-5 -- in 40 db attenuation position.

Band-pass filter -- 425 Hz to 2000 Hz.

Santorn -- long warmup resulting in no drift or noise on
scale of I, chart paper. "Hi" filter on output
filter. Transistor output. IO = 2 volts at output.

Channel filters -- Position #1.

Ratio recorder -- 10% and 2% spans.

IR recorder -- time constants 3 to 7.

Ratic| Span Time Ratio Indeterminacy Ratio
Constant in Divisions of |Indeterminacy
in Seconds Chart Paper in Percent
9% 190-100%| T35 = O. 1.0 1P
T4 = 2. .75 .075%
15 = 4.5 5 . 05%
Te = 9 .5 .05%
98-100%| 13 = 0.7 5.9 1%
Tq = 2. 2.5 .05%
Tg = 4.5 2.5 .05%
Te = 9 2.0 .04%
T7 = 22 1.0 + .02% +
slow drift slow drift
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There are 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. 2-0SC-il) and 3% (Fig. 2-0SC-12).
E. SYSTEM ALTGNMENT AND USE

This discussion on system alignment and use is written as a re-
commended prozedure 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 ceater of each mirror
should be set at six and a half ithes 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 th: 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 pr.tomultiplier.

2-163

(IREU




S——

e

2-164

(3) General Comments on the External Optics. The ~»al is
simple: one seeks a horizontal light beam whick 1s centered on the
various mirrors without overlap.f 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 oncardboard 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 froat of the grating. Since
the grating cannot be turned to the zero order (maximum intensity)
position, this mirror reflects white light out at thaz exit slit, thcre-
by providing sufficient light for external optics alignment.

(4) Large Mirror as Sample. In the first adjustments to the
optics it is convenient tc use & large mirror for the sample so that
it need nol 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 horizontal and centered on mirror 8.
A similar procedure is followed with mirror 8.

(6) Mirrors 1 and 6. Mirrors 1 and 6 are adjusted so that

the image lies centered on the outermost beam splitter mirror with

1'In this sectinn we use the word "overlap” to describe tha light

beam's overspreading or extending beyond some surface such as a
mirror or photocathode.
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minimum overlap. Until light beam constriction is installed (14),
there 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 € 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 tha' 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 'ight 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 1l>st at the beam
splitter and so .hat the images for the IO and IR paths 5verlap at
mirror 7. This overlap will not be perfect nor can the IO and IR
paths be made completely equivalent for reasons touched upen 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




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 IO and IR 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 S-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-1 photomultiplier. Unfortunately, it is very difficult
to see if the photocathode is properiy 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-1.

(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 IO or IR paths. If an oversize hole is placed
at the point marked in Fig. 2-2, it can be gradually reduced until
no light is lost on the heam splitter.

Tollowing 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. This 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 tr= slit image. The two should
be brought into coincidence by moving the entire optics table nori-
zontally by pushing it and verically 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 photomultiplier
is best viewed from inside the box shielding the sample volume, by
gsighting past the sample into the optics table area.

(17) Procedure for New Samples once Optics are Aligned. New
samples cuan usually be installed without modifying any of the optical
alignment. One places the new sampie in approximately the correct

position and illuminates it with white light using the monochromator
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mirror described ir (3) atove. The sample mount permits adjustment
in enough degrees of freecom so that the sample can bz 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 rrlative position of the

I. and I, images on the S-13 photocathode. These adjustments are

0 R
continued until the images are superposed. If adjustments in the
sample will not accomplish the superposition;it can often be brought
about by moviug mirrors 4 and 5 in synchronization along their com-
mon dovetail in a direction perpendicular to the direction of the
incident Io 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 sampi > and the monochromatic
light image. A similsar shift can occur at the photomultiplier. Con-
sequently, image positions should be checked with the monochromatic
light of greatest intensity (found at 5300&) at the 8lit width which
will be used for measurements. For this check,the experimenter will
need to acclimatize his eyes to the dark.

S1it height should be reduced sufficiently so that the light
image of the slit lies entirely on the sample. 8Slit width is set by

balancing shot noise and resolution requirements.
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2. Electronic Alignment

(1) Preliminaries. The optics are assumea to be aligned, the
1ight.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
Fiés. 2-08C-2, 11, 12, showing the effects of insufficient light,with
Figs. 2-08C-1, 8.’ The photomultiplier power supply, preamplifier
(TA-S), band-pass filter, and phase sensitive detector (Sanborn) are
assumed to be operafing 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 wavel-.ugth 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 signels at Reference Signal Monitor Positions 1 and 2 (Figs.
2-0sC-22, 23).

(4) Beam Splitter. Its position should be set by "1and to pass
the Io light. During the initial adjustments, the beam splitter is
not operated.

(5) Photamultiplier, TA-5, and Filter. The photomultiplier
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. 2-0SC-1 LIGHT CHOPPED SIGNAL AT PHOTO- FIG. 2-0SC-2 AS IN 1, EXCEPT LIGHT INTE4SITY
MULTIPLIER ANODE RESISTOR. H = 1, V = 10 REDUCED BY FACTOR OF 250. H = i, V = 10
FIG. 2-0SC 3 SAME SIGFAL AS IN 1, AT BAND-PASS FIG. 2-0SC-4 AC OMPONENT OF SIGNAL IN 1 AT
FILTER OUTRUT. H = 1, V = 500 SANBORN OUTPUT (LOW FILTEK). POOR PHASE ADJUST-
MENT. H=10, V=S5
OSCILLOSCOFE PHOTOGRAPHS OF THE EXPERIMENTAL SIGNAI. AT VARIOUS POINTS IN THE SYSTEM
WHEN THE EEAM SPLITTER IS NOT ROTATING. SEF ALSO FIG. 2-0SC-18.
H = HORIZ(NTAL SCALE IN MSEC/CM. V = VERTICAL SCALE IN MV/CM.
§
3
*
i
%
2
FIG. 2-08C-5 SIGNAL AT PHOTOMULTIPLIER ANODE FIG. 2-08C-6 SIGNAL IN 5 FOLLOWING PREAMPLIFIER. ]
RESISTOR. SHOT NOISE NOT THE MAJCR NOISE. H = 10, V = 200 2
H=10, Ve 25 %
OSCILLOSCOPE PHOTOGRAPHS OF THE EXPERIMENTAL SIGNAL AT VARIOUS POINTS IN THE SYSTEM g

WHEN THE BEAM SPLITTER IS ROTATING.
V = VERTICAL SCALE IN MV/CM.

H = HORIZONTAL SCALE IN MSEC/CM.
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danger of an excessive anode current flowing. The photomultiplier
voltage is increased until the anode current lies withir the limits
set in Sec. II-D-4. The waveform can be compared to Fig. 2-0SC-1.
After gevting the TA-5 at 40 db attenuation for a 10 K anode resistor,
or 20 db for a 1 K3, 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
Fig. 2-08C-3.

(6) Sanborn. The transistor buffered output is selected, the
Sanborn attenuator set at 20 and the zero 1eve; adjusted in accord-
ance with Sec. II-B-6-b-(4). In the "Hi" filter position the Sanborn
output, as observed at Sanborn Monitor Position 8, will have the ripple
shown in Fig. 2-08C-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)-(Db)
is removed and the Sanborn filter set to its "Low" position. By mechan-
ical adjustment of the reference signal unit found on the light chopper,
the DC level of the Sanborn output can be maximized. It is best ob-
served on an oscilloscope using the scope's DC offset to maximize sensi-
tivity. Under proper adjustment the trace will look flat except for
noise of 1 to 2 mv., yet a deviation of only 10° of phase from the maxi-
mum results in the large low frequency ripple seen in Fig. 2-08C-4.

This ripple noses an intermodulation hazard.

P I




FIG. 2-05C-8 SIGNAL IN 7 AT SANBORN OUTPUT, HI
FILTER. OBSERVE AT SANBORN MONITOR -- POSITION 8.
H =10, V = 500

FIG. 2-05C-7 SIGNAL IN 6 FOLLOWING BAND-PASS
FILTER. H =10, V = 500

FIG. 2-0SC-9 AS IN 8, EXC'PT MED FILTER. FIG. 2-08C-10 AS IN 8, EXCEPT LOW FILTER.
H=1C, V= 500 H =10, V= 500

FIG. 2-03C-11 AS IN 8, EACEPT LIGHT INTENSITY FIG. 2-03C-12 AS IN 11, EXCEPT LIGHT INTENSITY
REDUCED BY FACTOR OF 250 (AS IN 2 "'~ ") NOISE REDUCED FURTHFR. RATIO NOISE = 3%. H = 10,
= 1.5%. H =10, V= 1000 V = 10C0

0SCILLOSCOPE PHOTOGRAPHS OF THE EXPERIMENTAL SIGNAL AT 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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An alternative, although less sensitive, method of phase adjust-
ment ic suggested in Fig. 2-0SC-18. This is the signal seen at Sanborn
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 are in phase when the
spikes coincide with the experimental signs® 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 asdjustments are
complete, the photomultiplier voltage should be shifted . give an
output of two volts. Then the electronic elements will operate in
their optimum range.

(8) Channel Filters. The filcer is set¢ 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

0
Box is set to Position 2 and R-C filter to Position 1 (no additional

filtering). The I_ 1 KO load is adjusted so that the signal on the

R
IR recorder is full scale. Under these conditions there should be
no evidence of noise in the recorder trace.

(1>, 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.
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FIG. 2-0SC-13 AS IN 8, EXCEPT IR SIGNAL IS FIG. 2-0SC-14 SIGNAL IN 8 AFTER PASSING THROUGH
DISTORTED DUE TO POOR LISHT IMAGE POSITIONING. IR CHANNEL SWITCH. HI FILTER IN SANBORN. OBSERVE
H =10, V= 500 AT CHANNEL MONITOR -- POSITION 4. H =10, V=500

FIG. 2-0SC-.: AS IN 14, EXCEPT SANBORN DC LEVEL FIG. 2-CSC-16 AS IN 14, EXCEPT MED FILTER IN
¢0. H=10, V=500 SANBORN. I = 10, V = 500

FIG. 2-08C-17 AS in 14, FXCEPT LOW FILIER IN
SANBORN. H = 10, V¥ = 500

OSCILLOSCOPE PHOTOGRAPHS OF THE EXPERIMENTAIL 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 seiting of the IR at-
tenuator which serves as part of tﬁe Sanborn load. If the ratio is
displayed on the .S or 1% spans, noite should be less than ratio re-
corder deadband which is less than .003% under these circumstances.

(12) Second Ratio Noise Check. This shows the small ef'fect of
~hotomultiplier shct noise. When the Sanborn DC level is reset to zero
an. its s tch returned to the "USE" position, ratio indeterminacy
should again be less than the deadband of .003%.

(13) Beam Splitter. We are now reacy to start actual ratio
operation. After opening che shorting switcheé, 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, £, and 6 with Figs. 2-08C-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. 2-08C-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. 2-0SC-7,
and Figs. 2-0SC-8, 9, 10 give the "Hi", "Med", and "Low" filter out-
puts of the Sanborn.

Nonsymmetric wave shapes are shown in Fig. 2-0SC-13 and should

be eliminated by repositioning the iight images symmetrically on the
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FIG. 2-0SC-19 LEFT JACK, POSITION 6: SQUARE
WAVE REFERENCE SICYAL AT DIODE BRIDGF.
H = .5, Va 40,000

FIG. 2-05C-18 LEFT JACX, POSITIONS 4 ANT 5:
AMPLIFIED EXFERIMENTAL SIGNAL PRECEDING DIODE
BRIDGE. KEAM SPLITTER NOT ROTATING. H = .5
Vv = 10,000
OSCILLOSCOPE PHOTOGRAFHS OF THE SIGNALS AT THE SANBOIN MONITOR POSITIONS. OTHER
MONITOR POSITIONS AT LEFT JACK, POSITION 8: SEE FIGS. 8-13. H = HORIZONTAL SCA'E
IN MSEC/CM. V = VERTICAL SCALE IN MV/CM.

FIG. 2-08C-21 UPPER JACK, POSITIONS 5 AND 6:
VOLTAGE APPLIED TO COIL OF CHANNEL SWITCH, IR
AND I,. H =10, V= 1000

FIG. 2 0SC-20 UPPER JACK, POSITIONS 2 AND 3:
CHANNEL SWITCH POSITION FOR BOTH IP AND IO'
H = 10, V = 5000

0SCILLOSCOPE PHOTOGRAPHS OF THE SIGNALS AT THE CHANNEL SWITCH MONITCR PLoITIONS.
OTHER MONITOR POSITIONS: UPPER AND LOWER JACK, POSITION 4, SZE FIGS. 14-17.
H = HORIZONTAL SCALE IN MSEC/CM. V = VERTICAL SCALF IN MV/CM.
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beam splitter openings and mirrors. Nousymmetry often indicates
that light is blocked by the beam splitter ard. hence lost. It can

result in a more serious me. .,ing of the I, and IR signals than

0
usually occurs.

(15) Beam Splitter Light Sensors. The I, light sensor unit

R

is moved mechanically s . chat the I_ signal is symmetrically placed

R
with respec’. 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 Io signal at Position }, Lower Jack. Thes»
adjustments will ensure that there is minimal chennel overlap (less
than .l%) and that signals are maximized, but success presupposes

t ac the I, and I Jave shapes are s'.metric (see (24)).

i

‘16) Ratio Di.play. We leave the channel filters in Position 1
end select ratio operation with Position 3 of the selector switch on
the Ratio Routing Box. The retran~mitting 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 anlifier gain is adjusted.

(17) Third Ratio N:zise Gest. Under the conditions cited above,
with 10% span, ratio noise should be checked. With typical smooth

surface sanples, indeterminacy should not exceed .05% and with large

mirrors may go as low &s .02% (Sec. II-D-5).
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FIG. 2-08C-22 POSITION 1l: LIGHT CHOPPER REFEPENCE FIG. 2-0SC-23 POSITION 2: SHAPcy LIGHT CHOPPER
SIGNAL AT DETECTOR. H =1, V= 50 REFERENCE SIGNAL BEFORE FILTERING. H = 1, V = 10,000

FIG. 2-0SC-24 POSITIONS 3 and 5: BEAM SPLITTER FIG. 2-0S5C-25 POSITIONS 4 AND £: SHAPED BEAM
REFERENCE SIGNAL AT DETECTOR, IR AND Iy CHANNELS. SPLITTER REFERENCE SIGNAL, IR AND Io CHANNETS.
H= 10, V=50 H = 10, V = 10,000

OSCILLOSCOPE PHOTOGRAPHS OF ™'F SIGNALS AT THEZ REFERENCE SIGNAL MONITOR POSITIONS.
H = HORIZONTAL SCALE IN M.. ~ Y. V = VERTICAL SCALE IN MV/CM.
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FIG. €-0SC-26 THE AC OFFSET AND CALIBRATOR FIG. 2-0SC-27 AC OFFSET SUBTRACTED FROM EXPERI-
VOLTAGE. OBSERVED AT ANODE RESISTOR. MENTAL SIGNAL OF FIG. 8. EOTH HAVE SAME INTOR-
H=10, V=9 MATIONAL MAGNITUDE.OBSERVED AT SANBORN MONITOR.

-8, =10, V= 10,000

OSCILLOSCOFE PHOTOGRAPHS OF THE CALIBRATOR-OFFSET AND ITS EFFECT.
H = HORIZONTAL SCALE IN MSEC/CM. V = VERTICAL SCALE IN MV/CM.
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(18) Fourth Ratio Noise Check. To see the effect of the ro-
tating beam splitter on noise, oné 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 .0l 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 ﬁor is the photomulti-
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 cthe Calibrator and Offset,
ratio indeterminacy should not exceed .04% when employing time con-
stant. of one seccné »r longer.

3. Spectrum Scan

(1) Preliminaries. The adjustments discussed in Secs. II-E-1 and
2 are 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.

(2) Optical Selections. One chooses a light source, monochromator

.~ grating, light filter, lighkt polarizer, and detector appropriate for

the wavelength range of interest as given in Table 2-20. The drive
should alweys ru.. “oward decreasing wavelength to reduce the effect

of wavelength drive backlash.
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TABLs 2-20 OPTICAL COMPONENTS
FOR VARIOUS WAVELENGTH RANGES

2-181

Wavelength
Range Source Grating Filter® | Polarizer Detector
1.32u~7700R {Sylvania DXM [1.1u Blaze [Corning 7-57|Polaroid HR| RCA 7102,
I¢ iine Quartz S-1 Response
Tungsten
9000-75008 7500A Blaze [Corning 3-70
(or 5
blaze when
using other
JACO mono-
chromator)
8000-5000A Polaccat
700G SOO00A For- EMI 6256B,
mula 150 UV|S~13 Response
5500-3500A None
4500-22004 |0sram Xenon
Arc
4000-23004 Corning 7-54
3100-220042 None None

1 Over the full range this option is less satisfactory than some others,

due to scattered light.

2 No evidence ot 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) Io Contrcl. By using human feedback, one can keep Io equal
to about 2 volts. While varying ghe photomultiplier dynode chain
voltage, one can see the effect on Io 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 40% recorder span,
fast wavelength sweep of 5008/min. or 250&/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 ﬁade on the basis of
structure noted in the first scan or in regions where structure is
predicted. One has control over fiur 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 precading three and is usually chosen so that
the slope of the recorder trace is 45°. Appendix II-# discusses the
rationale behind this sequence and develops criteria for choosing
values for each of the four paramete:rs.

In practice it is often easiest to decrease sweep rate until
structure shape is ummodified rather than to apply the criteria.
However, when erfects are small and integration times lorng, 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 Analyscr. If the signal is masked by noise,
the multichannel analyser should be coupled into the systam. 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 ar¢ aligned, one follows the procedures found under electronic
alignment, Sec. II-E-2, (1)--(10), and of this section in (1), (2).
Conditions analogous to those discussed in (S) 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 II-A
THE ERROR IN THE RETRANSMITTING SLIDE WIRE READING
WHEN USED WiTH THE MULTICHANNEL ANALYSER
The slide wire circuit is found in Fig. 2-27a, where the various
symbols have the following meanings:
Vg = battery source. (2.30a)
RB = adjustable resistance N to 51 K. (2.30b)
RT = retransmitting slide wire = 100 Q. (2.30¢)
R = portion of retransmitting slide wire feeding
the Vidar input. (2.304)
RL/u = 1000 @ (2 resistors in filter). (2.30e)
RL/Z = 2000 @ = input impedance of Vidar. (2.30f)
IL = fraction of total current, I, through the
Vidar source impedance. {(2.30g)
The correct ratio reading is that corresponding to the retrans-
mitting slide wire contact position on the slide wire. Expressed as
a fraction, it is
=q . (2.31)

R
The voltage reading at the Vidar input which corresponds to
this position is incorrect because RL loads the slide wire. To de-
texrmine the significance of this error, we comp.te
v(a) = voltage across the Vidar when the slide wire

contact position is su:h that R/RT = Q. (2.32)
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V.
; I= B == (2.33) :
L —_—.
Rp+Rp-R + R+R,
== IR
T oy X, (2.34)
V(@) = R_L_IL 4 : R
2 T2 RE R+ R
Rp*hp-R* 73R
of
- = where (2.35)
2
+ + -
0B *Profpp tPpp v
By = R/Ry»  Bpn = Ry/Ry (2.36a,D)
V(0) = O which is a correct .cading. (2.37)
V(1) = the voltage we arbitrarily select to correspond
to full scale on the ratio recorder. Hence, it
. is correct by definition. (2.38)
via
v = the measured voltage normalized to the full
scale value
Py +BroPpy + By (2.59) :
- 2 [ %
(0Bpr+ B oBpn + Brp+a =)
The error is simply = & - X?_ ;
a(l- a)(a- By,) .
= X (2.40)
Since BLT = 40 and o <1, we can closely approximate the error %
£
by dropping o relative to B,,,- :
T 3
2 7
g ;
% ;
3
§




a(1- a)(a- By)
BrPar * 1)

Error =

Error vs. a is plotted in Fig. 2-27 for various values of EBT

ranging from 0 to .

2-186

(2.41)
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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. 2-37b. The solution to its differ-

in’
ential equaticn is

-(t-t )/

Vo - Vip = (av fat)t(e °" _), (2.42)

which is pictured in Fig. 2-37c. For time long compered to the time
constant, T, the separation of V_ . and V, is (dVin/dt)T. Our goal
is equality of vbut and V’n'

3. Avplication ~f Model to the Voltage Outputs of the Channel Filters

Vin refers to the input voltages to the channel filters and
Vout to their outputs. Were it not for the use of feedback to xkeep

VIO nearly constant, V, would vary widely with wavelength because

in

of source and detector variations. Feedback reduces these variations

and hence reduces dvin/dt for the I0 channel. Automatic feedback

¥

Vi

—

i

o RGP Tt R



033dS 1¥YHD ONV “INVISNOD INIL ‘3LVH NVOS ‘NYdS ONININYILIG SISATYNY NI 035N SWvwovid I§-2 0

s Lt IR A A AL waan

2120
ap

20
ap

YV JUNLONYIS TIVAS HIM WAMIOMS TWEINID v 1 WV3d dUVHS HONOWHI 43IMS ISvS NOILVIAI0 3OVIM0A i.:dl0 7
JLIX ) p! o 9
1P
"y 1—
e /A\ :ﬁ §> -h>
elv] a A
JVEL 30 S«SATYNY Al (G3SN STIONY Y30IN0HS HONOYHL 3lv¥ dIIMS MIS 9 39V10A LndMl Q
) [} 0 ) 9
inoq
Yg
/.
g -vlg - u,
WNIE KLIA 30vHL N34V L4VHD Y307CHS HONOYHL 31vY d3IMS ISv4 P INVISNOD INIL ¥04 T30CN 314MIS ©
| Y4 0
o

N0y, uip

— -




4

2-189 |

§

=

E

;g.':

could redice dvin/dt effectively to zero and Vout would equal Vin' g
Unfortunately, human feecback is less finely controlledl so that E:
z

dVin/dt is still nonzero, and irregularities in control can result i
£

in added noise. !
3

H

Due to the limitations on human feedback, one must at times 3

abjure its use when looking for very small changes in amplitude in :
small recorder spans. Ther. one must worry about the full effects

of source and detector variations on dVin/dt. To consider this in

nore detail, let A= wavelength in Kngstroms, (Vin) = average value

of Vin over a small range, ANin = the variation in Vin over that

same range. Note that dﬁ/dt = wavelength scan rate and dVin/di =

rate of change of voltage with wavelength, and hence with source

and detector variations. dvin/dl & vin/AR. Equation 2.42 then

becomes

Vout = V av AfnV
out in 1 in ~ in
7 A s (ad/at)7 = —= (ak/at)r . (2.43)

The left side of this equation is the fractional indeterminacy in
our measurement of the voltage, and it would be desirable that this
beano larger than the indeterminacy in the ratio, .0005. Setting
the left side equal %o .0C005, and noting that the usual value of

the channel filter time constant is 1 second; we get

3
i
1
3
i
*
H
3

AnV
in _.0005 .03 ,
M (dkjat)t | (ak/at) (2.43)

where the scan rate is in R/minute. Equation 2.44 provides one cri-

terion for the choice of scan rate, as determined by the rate of




oo

change of voltage with wavelength. For example, if we choose a scan
rate of 50A/min., the fractional change of V., over a 100A range
shoviid not exceed .uG.

The preceding discussion ha: considereu VIO &S Vin' If we con-
sider VIR, two distince situations can be described. If VIO is kept
constant by feedback, then VIR is Jjust the ratio, and the material
in the next section is relevant. Oa the other hand, if VIo is not
constant, then Eq. 2.44 is equally applicable to the I, information.

R
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
VIO = 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

e

span in percent, L = ths lower percentage limit on the ratio recorder,
and D = the actual experimenta. reflectivity rativ reading on the
ratio recorder, expressed in divisions out of 100. The following
simple relation applies:

R = L+DS/100 (2.45)

Rin is the experimental ratio and D, is its reading in divisions

in

of chart paper on the ratio recorder. ‘he retransmitcing slide wire
picks off a voltage, Vin’ exactly proportional to Din’ without time

lag. Vin is the input to the ratio filter, and Vou* is the filter's

output. vout determines Dout which is displayed on the IR recorder. B

Tt.is proportionai.ty is expressed as

AN 2000 M O

.
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Vin = ®yp 0 Dout - vou:/a : (2.h6a,v)

Equation 2.45 applies for both in and out signals:
-— — o4

Ry = Lin+nins/1oo » Byt = Loutt Douto/lOO . (2.47a,b)
Fquations 2.42 and 2.46 combine to give, for times long compared
to the time constant,

Dyt~ DPin = (d.Din/dt)T . (2.48)
The derivative of Eq. 2.47a is dRin/dt = S/100 (dDip/dt), and
dR, /at = (anin/d?x) dA/dt. With Eq. 2.48 they give

o oA
UNPED (lOO/S)(d.Rin/dA)(dA/dt)'r (2.49)

Equation 2.U49 supplies i, criterion for chousing the relative
sizes of span, scan rate, and time constant. It states that the
indeterminacy in a chart recorder reading of ratio is direztly pro-
portional to scan rate, time constant, and rate of change of ratio
with wavelength, and is inversely proportional to span. This inde-
terminacy is expressed in terms of chart paper divisions, not in
terms of ratio percentage. This criterion's vtilization will be
deferred until Sec. 7 where all the criteria will be synthesized.

Figures 2-37d and e dii.play the effect of decreasing the sweep
rate on the indeterminacy in D. Comparing Figs. 2-37d and f shows

that the maximum value of Dout may differ from that of Din 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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e  Wavelength bkrror
Figures 2-37d and f also indicate that there can be an errcr
in the wavelength at which a maximum seems to occur. 1In 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.Uy,
-(t-t,)/7 .o o -(t-t,)/7
Din- Dot = AD(t= tl)e = (lOO/S)(dRin/dA)(dA/dt)T e .
We wish to know the time at which Dout appears to reach its maximum.
This will occur approximately when Dout comes within the noise level
of Din’ vhere the noise level is expressed in divisions of chart paper.
Call this level N.
Dip =Dyt = N- Solve for (t-tl)/r =  number of time constants.
(t- t))/7 = £n_[(100/NS)T (4R, /dh)(aA/dt)] (2.50)
We can now compute the wavelength indeterminacy.
BA = Wavelength indeterminacy = (dz/dt)r (t- tl)/T
= (aR/dt)t £n_[(100/Ns) T (aRr, /dR)(dR/at)] (2.51)
When the system is operating optimally, ratio indeterminacy is .05%,
and NS/100 = .0S. Equation 2.51 is ther written as
8A = (dA/dt)t zne[(r/.os)(dnin/di)(dﬂ./dt)] . (2.52)

Equation 2.51, or equivalently, Eq. 2.52, preovides additional
criteria for the choice of time constant and sweep rate. It indi-

cates the maximum indeterminacy in wavelength, as dictated by the

o
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time necessary for the measured ratio to approach withir. 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 uscd t> determine chart
speed.

D has the same definition as in Sec. 4, while 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/dA is the slope when C has been
converted to wavelength, A. Let the constant of proportionality be

B = A/C = (dA/dt)/(4ac/at) . (2.53)

Figure 2-37g shows a trace on chart paper in which two straight
lines are Jjoined in a small cusp. By adjusting chart speed, we shrink
or stretch the horizontal axis. That adjustment is equivalently ex-
pressed as & variation in B, and is to be carried out so that the
cusp is most noticeable. KR..erence to Fig. 2-37h shows that we wish

to maximize 912. We do so by varying B.

6y, = 6, -6, = arc tan (dD/dC)z- arc tan (dD/dC)1 (2.54)
From Eq. 2.53

912 = arc tan P (dD/dK)z- arc tan B (dD/df\)l . (2.55)

a0, (ap/aA), (ap/an),

~ ] = (2.56)
® 14 g¥(ap/dh)2 1+ p2(an/dh)?
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(dD/dR)z - (d.D/df\.)l =B2(dD/d?\)l(dD/d7\)2[(dD/df\)2 - (:i.D/d?\)l] (2.57)
B = [(dD/dR)l(dD/dB.)z]-g (2.54)

If we assume that there is onl. a small change in slope so that
(a0/dR), = (dD/dA), + A, then
6, = arc tan [(dD/d;\.)z/(dD/dR)l]% = arc tan (1 + A/(dD/dB.)l)
¥ 45° , (2.59)

and

B = (an/dh)}* = (ap/ah)™ . (2.60)

Since (S/100)(dD/dA) = dR/dR (from Eq. 2.45), chart speed is given
by the following equation provided we use Egs. 2.53 and 2.60:
dC/dt = chart speed = (dh/at)/p=(ak/ut)(200/c)(dR/dR) 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 #7217 paper.

7. Criteria Summarized

Suppose we have a small change in structure, AR, such as is
found in Fig. 2-37i, over a wav length range AK, which we wish to

2
detect. How do we choose T, §, dA/dt, and 4C/dt, using the criteria?

e, ML MBS I R
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First determine 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. Thenone chooses the lowest

T such that AR > 2SN/100, i.e., so “hat 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:

MnV., o3

P S V7T (Kngstr::lmsz)'1

D4 - Dy, = (100/8)(dR, /ah)(ah/at)t divisions
6k = (ah/at)t ¢n_[(100/NS)t (aR, /ah)(ah/dt)] Angstroms
dc/dt = (dA/dt)(*00/S)(dR/dA) divisions/minute
Equation 2.49 shows that there must be a lower limit on span. For,
as we decrease span, the irdete.minacy in D increases unless we de-
crease sweep rate. Thc choice of span becomes a compromise between
the need for adequate d_splay of the change in R and the need for a
toleravble sweep rate.
Sweep rate is determined next from Eqs. 2.44, 2.49, and 2.51.

Some commenis can be made on these equations when using them for
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(2.44)

(2.49)
(2.51)

(2.61)
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calculations: dRin/dZ is > 2/R/AA; the log term in Kg. 2.51 can
usually be replaced by a number in ihe range 2 to 3; Dout- Din’
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. OA should be no more than the in-
determinacy due to the corbined 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 reccrder span and then sweep rate.
Chart speed is the final determination. The rules apply to the gen-
eral situation where -ne wishes to display effects with maximum
clarity, and when experimental conditions are constant in time.

They will obvicusly be set aside in specific instances when it is

better to get distorted data than none at all.

by




CHAPIER 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 Io(l)under
the same polarizaticn conditions. Conversely, when the light is
polarized parallel to the slit, the false structure disappears as
does the ancmalous IO(X) 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 IO and I_ optical and

R
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 discuss
the experimental evidence from transmission and reflection studies
made as a function of polarization. 1In addition we observe that

unequal amounts of light are lost in the I, and IR light paths at

0
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 equivalent.

The theoretical analysis found in the remainder of the chapter
shows how the light intensity at any point along the monschromator

exit slit, when measured relative to its center, changes with wave-

length. Then when the Io and IR 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.

R

The variation in relative intensity along the exit slit with
wavelength is the result of two interrelated factors:

(1) The striking variation of IO(X) with wavelength for polar-
ization perpendicular to the slit is postulated to te 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 plané there are 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 monoch;omator 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 (1)
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.

3-2
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With this background we derive in ¥ an expression for the false
structure, evaluate it for certain functional forms of IO(K), and
plot the result.

In G we show that the variation in angie 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 IO and IR

iight 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.

_ COPPER
o 0BSCURED PLATE
PORTIONS
INAGE — OF SUIT
INAGE /*-HOLE
Ty CONFIGURATION I, CONFIGURATION

FIG. 3-1a LIGHT TRANSNISSION THROUGH A HOLE .
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The transmission, IT/IO' was measured versus wavelength and, instead

of being constant, showed a substantial dip.

EXPECTED SHAFE
T vﬁ

\ ACTUAL SHAPE

A
FIG. 3-1b THE TRANSMISSION CURVE

Heuristically, Shankland argued 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: transmission was due to the variation
with wavelength of the fractior of the light blocked by the metal

plate.
B. REFLECTION 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 IO
and IR light paths. The amount removed differs for the two paths.

IO(K) and R(A) measurements were made under five sets of con-

dicions 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 twe light paths again
vecame equivalent. The five conditions were:

a. No polarizer, no beam constriction

b. Light polarized perpendicular to slit, no beam constriction

c¢. Light polarized perpendicular vo slit, beam constriction

d. Light polar’'zed parallel to slit, no beam constriction

e. Light polarize. parallel to slit, team constriction

The results are shown in Figs. 3-2, 3-3, and 3-4 for reflection
rrom an aluminum mirror. There is indeed distortiun. Cartain features
cen bte noted.

(1) IO(%) and R(A) structural f:atures are correlated in general
pcsitio. apd in magnitude. Thus the case ~*ere Io(l) structure is
greatest, b, is also the condition where R(A) structure is largest.

(2) Reflectivity structure is minimized by using beam con-
striction and light polarized parallel to the slit. The maxima in
R(M) at 35008, 3950A, 5725K, and 64758 (plot b in Fig. u-3) are cor-
related with minima in IO('A) (Figs. 3-2 and 3-4). 1In the same dia-
grums regions of nearly vertical slope in IO(X) at 5230k and at 6050}
are correlated with abrupt changes in R(A).

{3) Beam consfriction alone cannot remove the structure (con-
dition ¢) if I, structure is pronounced (see (4)). Thus no measure-

ments should be made with light polarized perpendiculer 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-1 phototube is used
instead of the S-13 (Fig. 3-5). This effect arises from the greater
variation in sensitivity across the S-1 photocathude -- a variation
which is wavelength dependent. The structure found with the S-1
varies widely as one changes the relative positions of the IO and
IR images (Fig. 3-5a and B) and is minimized when they are super-
posed (Fig. 3-5v).

To a much lesser degree, varying sensitivity in the 5-13 will

have a similar effect. This variation presumably accouats 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
IO(R) curves for polarization perpendicular to the slit and those
for polarization parallel to the slit. As a first step in trying
to aczount 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
slit than for that polarized parallel.

When light is reflected from a dielectric plane, the reflec-
tivity not only varies with the angle of incidence, Gi, but is dif-

ferent for light polarized in the plane of incidence, E", and light

3-8




e ndtad e o e e I ——

3-9

polarized perpendicular to that plane, Ej. The variation is more
pronouncec. for the E” light, the reflectivity going to zero at some
9{ 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 reoflection from a
metallic surface, which is relevant in our problem since the mono-
chromator grai.ing is coated with aluminum. Using formulae in Born

and Wolf [3-02, Sec. 13.2] we have derived expressions for r and rj,

i
the ratios of the reflected tc the incident fields for polarization

parallel and perpendicular to the plane of incidence, respectively.

Summarizing the results, we have

Ri= Irif®, Ry =) (3.1a,b)

Il
where R) and R” are the measui-ed reflectivity intensities.
n(ld-Kz) - cosei +ik cosei

rlz - 2 (3-2)
n{1+K%) + cosei - iKcosei

|r1| )
|r”| = Tanv (3.3)
-2na
tany = ta.n[i arc cos (-I—Z-Té-)] (2.4)
+n K +a
a = sinei ta.ne'i (3.35)

Using n and K values from Ehrenreich et al. [3-03], we have

evaluated Rl and R" versus Gi at uOOOK, 55003, and 65008 for aluminum
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and plotted the results in Fig. 3-6. Although R“ does not go to
zerc as in a dielectric, it does have a minimum at some 9{ known
as the quasi-polarizing or pseudo-Brewster angle. We note the
marked difference between RI and R,.

I
1. The Experimental and Theoretical Conventions on Light Polari.ation

Direction

The definitions of perpendicular and parallel polarization di-
rections are interchanged in our experimental and theoretical dis-
cussions. In experimental work it is naturs' 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 conventiong; 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 diétinction 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 E; 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-€ show that we should expect a

greater variation of R, with Gi than of Rl' This corresponds tc our

Emaa i =
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experimental observation that lipght polarized perpendicular to the
slit shows the greater variation with wavelength and hence (via the
grating sine law, Appendix III-A) 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 & 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 Io(k) 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 equatious
[3-02, Sec. 2.4]): the complicated geometry of the steplike diffrecting

surface prevented our realizing a solution in closed form.
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Kirchhoff-Fraunhofer diffraction theory [3-02, Secs. 8.3 and 8.6.7]
is an approximation which yields theoretical results in agreement with
experiment provided the grating grcove 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 A.
Nonetheless, we did apply the theory, suitably mcdified 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

19(A) Structure

Despite the failure of our calculations we feel that it is proper
to hypothesize that the large variations observed experimentally in
IO(R) for light polarized perpenaicular 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 incidenc+.

(2) The failure of our attempts to compute the diffracted in-

tensity as a function of the angle of incidence and of polarization

P it b il R —tar sn — I
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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 III-4). Since a change in wavelength then involves
a change in angle, we cannot say that all changes in IO(K) are due
snlely to waveiength variation.

(4) Strong support for this hypothesis is illustrated in Figs.
3-7a and b, showing Io(k) and R(A) curves for aluminum for polariz-
ation perpendicular to "1e slit and without beam constriction (to
maximize abnormalities). I~ e overlapping wavelecngth range of
7600 to 9000A there are curves for the 7500A and 1.1M blaze gratings.
The R curve for the 1.1M grating shows a small bump at 82004 not

found in the other. This bump is matched in the I, curves by a

0
sharper depression at 82008 in the 1.1 grating than is found in
the 75008 one. In adcitio:..,, the iL.1M blaze shows the start of a
bump at 8900A not seen in the 7500A blaze. The lack of structural
similarity impliez that the effects at 82008 and 8900A are not a
consequence of wavelength changes. It is then reascnable 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 IO(K) for light polarized perps dicular to

the slit changes wildly in regions where the n and k changes for
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aluninum (due to wavelength changes) are monotonic. lence some
mechanism other than wavelengih change must be operating.

(6) The effect of varying the angle of incidence onto a grat-
inggroovafon the relative intensities of diffracted light polarized
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
that grating efficiency* for the two polarizations is equal at the
blaze wavelength. Below the blaze light polarized perpendicular to
the plane of incidence has the greater efficiency, while the reverse
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
at a given wavelength is determined by the blaze.

(7) The rest of our computation in Secs. III-E and F follows
consistently from this hypothesis and exhibits false structure in

reflectivity correlated with anomalous IO(R) structure.

tThis is known as 9{ in our notation of Secs. 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 5

We now discuss those geometrical features of the JACO mono-
chromator which are necessary for an understanding of how the
hypothesiced variation with angle of incidence cf Io(k) can modify
R(A). 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 1l: in fact the deviation from collimation or a
gource 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
(595) for a given wavelength. The functional expression for this
Gei is given as well as the condition under which it is wvalid. 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 xs, ys, z and xm, ym, zm systems are

8

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 unprimed coordinates, g, 1, £, describe the grating as a whole.

{ is perpendicular to the grating surface, and ¢, N lie in the grat-
ing plane with 0 parallel to the grooves and pointing upward (Figs.
3-8 and 3-10). N is also parallel to the slits. The primed ccor-
dinates involve a rotation of B, the blaze angle, about 71 so that

¢' and n' lie in the plane of a groove ard {' is perpendicular to

a groove (Fig. 3-9). The actual value of B for our grating is com-
puted in Appendix III-B since it is needed in the calculations.

1. Direction Cosines of the Collimated Light Beam

The collimated ﬁeam is the light reflected frczu mirror 1, aad
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 cosp
and -singd. For small angles, cosih = 1 and sinph = 4. Noting certain

angular relations, we have

xéli) ) xgr)

W= —gm— (3.2)
x;i)/z
re B (3.7)
£
T+ v= 7z (3.8)
: - xir)

ZV=T . (3'9)

Combining these gives
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M= % . (3.10)
Thus in the xm, z. plane the direction cosines are
(-2¢2/R,1) . (3.11)
Reflected light is collimated and is directed at an angle so that
it will encounter the grating. Deviations from collimation in the
X n plane due to tte finite slit width (usually of the order of
100i) will be insignificant.
A similar calculation in the V' 2 plane would show that the
three direction cosines are
(-2¢/R, -2ysl/R, 1) (3.12)
vhere Yg, is distance along the entrance slit measured from its
center.
0< |y51| <s /2 where s = maximum slit height. (3.13)

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, |ysli, of the source point.

2. Vuriation 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, ys1 > 0. It is described by
the "barred" coordinate system. Here we compute the difference
between éi and 65. The analysis is made relative to the grating
groove surface (primed coordinates), rather than the over-all grat-
ing surface (unprimed coordinates), since it is the former surface
from which light is actually diffracted.
Geometrically, Fig. 3-11 shows that
0 = h tan 8} (3.14)
g = 0 cos v (3.15)
£' = h tan 6] . (3.16)
Combining these gives
tan 6! = tan 5{ cos ¥ . (3.17)
The direction cosine, -Zysl/R, is easily related to E. -Zysl/R
is measured relative to the optical centerline of the monochromator.
When measured relative to the line (-2£/R, 0, 1), which is the di-
rection of the collimated ray in Fig. 3-11, the directiol cosine is
stilli -ZySI/R to first order in the angle since the angular change
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 n' axis.
(?*;_sl) ;_ (3.18)
Geometrical’y
n o
L = sin y (3.19)
g
o . sin 8! , (3.20)
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and combining these three
Y -
(-—ﬁil) = sin § sin 8} . (3.21)
Squaring Eq. 3.17 permits eliminating @.
tan’e o 2y, \2
5 =1-sinw=l-( ;1) 5 (3.22)
tan 5{ sin"6}
2 2= 2y31 ‘ 1
tan 9{ = tan 9{ - ( R > (3.23)
cos éi
- . 2y \¢ 1
(tand] + tans])(cand) - tand}) = | Rsl) - (3.24)
cos 6!
Let 86! = éi' 6 . (3.25)
If 9{ is large, Eq. 3.22 can be simplified, since éi A~ 0!:
2y31 : 1
Ztanei(tanéi- tanf!) = ( R ) s . (3.26)
cos 9{

From Dwight Tables [3-05, 405.06]

) sin(8)- 01) 86,

tand!- tané! = ~ . (3.27)
i i - 2

cosei cosei cos 6{

Then
2tang! 86! = (—%) or
i i R
1 zys1)2
LIl 1
20! = 2( . cote] . (3.28)

This is the formula describing the deviation of the angle of incidence
of light on & 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 Bi can get before Eq. 3.28

for 86; becomes invalid. For small 9%, 36! becomes

2
2y
f’ei=l( 51) ei' , (3.29)
i

2\ R

whereas the exact expression, Eq. 3.23, can be approximated by
2

2y
A0 08 22 ”
(81)° - (81)° = (—R“) (3.30)

and solving for 59% gives

2 2
2y 2y )
80! - -8! +\/(_ S.&) + (61)% = -9:+91J1 + ( 51) (1) .
i i I i i i R i

Expanding to second order gives

2y )2 2y 4
Y- ' S1 1 51 1
591 = 9i + Gi[? + ( = o ( E!‘) T+

2
. 2(63) 8(6})
sy 1 (Fa) 2 5
=2Z\RrR / 8 "\"® 3t (3.52)
i 8(9{)

The first term is just the approximate expression for BO{ found in
Eq. 3.29 so the second is a meas . .. the error we can expect in

using Eq. 3.28. The fractional error is

2y 2
( R“) 1 5 . (3.33)
4(6})

When we consider the maximum value of Yg,’ (= 1 cm.), the direction
cosine is 2 X 1/100 = .02 radians, so that if 6{ = .06 radians, the

fractional error is only 3.2%.
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3. 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 beam is traced from y81 on
the entrance slit throvgh to the exit slit.

If ysl is greater than zero, some light refiected from mirror 1
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 lcss at
mirror 2 which determines over-all loss. In Fig. 3-13 we project the
light rays onto the Y’ Zm plane and note the following relationships,

holding for small angles:

ey | Ime,y
Q= L s2_ _ _E__7__§§ (3.34)
= R/C =T R/Z :
Y., ¥ /2
o+a=_m£_lv2_’£ (3.35)
5+€=ﬁ§' (3.36)
2y
5 + R“:WtE . (3.37)

There is no simple reason to assume that 8 and € are equal. € ex-
presses the fact that the incoming beam is not incident in the ¢, g
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 rather long and since the result

is so simple, the calcwlation is not included here.
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Combining & = ¢ with the prior four equations, we get

2y
Sl
- .39
€ 7 (3.39)
t = Re (3.40)
Y1 F Vgo (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 lecst. In fact
t/D = the fraction of light lost. (3.42)

If I(y51) = the intensity of light at the entrance slitet;ySl and (3.43)

I(ysa) = the intensity at the exit slit, then (3.44)
I t 2ly
#:1-%:1-%’1 . (3.45)
ysl

Figure 3-14 is a plot of this relationship.

I(yg, ) Llyg) A0

<+ 6
'SMAx 0 SMAX “fcw
2 Ys)

Fig. 3-14 LIGHT LOSS AT ‘THE EXIT SLIT COMPARED TO THE ENTRANCE SLIT
VERSUS POSITION ON THE ENTRANCE SLIT OF A SOURCE POINT.
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F. A CALCULATION OF FALSE REFLECTIVITY STRUCTURE

In this section we compute a factor, J(sR, Am)/J(so, Xm), which
multiplies the true reflectivity of a sample, thereby representing
false structure. Three foctors are important in the calculation:

(1) The light intensity curve is hypothesized to vary only
with the angle of incidence on the grating groove, Gi.

(2) We make use of the 69{ variation discussed in III-E.

(3) We add a new geometrical feature -- that different
amounts of light are removed from the beams in the IO and IR 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 measu:ement.

The hypotheses which are necessary for the calculation are
discussed in 1. In 2. we give the derivation of J(sR, Am)/J(so, %m) for
light intensity of an arbitrary functional form, £(A), 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 &.

1. Definitions and 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

leaving the entire exit slit. f£(A) is distinguished from Io(k) in two

ways, where IO(A) is the experimentally measured total light intensity

at the detector:
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(1) f(A) is a function used in our theoretical analysis. In
3. it is supposed to have certain simple functional forms which &p-
proximate but do 1.0t exactly reproduce Io(h).
(2) We assume that any variation of f(A) witk A is due solely
to changes in the angle of incidence on a grating groove, 9;. Then
the seeming variation of f(A) with A occurs only because of the
functional relationship between A and 9i described by the grating
sine law (Appendix III-4). That law is
A= A(Gi) = 2d sin(9i - ) cosy , (3.65)
and, since
6, = 6} + B, (3.46)
A= 24 sin(ei +B - v) cosy = A(ei) . (3.47)

This assumption may seem extreme since Io(h) changes do occur
because of source, grating, mirror, and detector changes with A;
we make it to simplify the analysis and to discover how 9{ vari-
ation alone can create false structure in R{A).

In Sec. III-D we discussed experimental -ud theoretical in-
formation which supported the hypothesis that some Io(h) variation
with A was due to Gi variation. In this section we carry that
hypothesis to the extreme and assume that the f(A) change is due

entirely to 9; change.

f(A) is similar to Io(h) 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 —alculation (in 2.) computes the variation of intensity along
the exit slit for &« given munochromator setting (wavelengi®) using
£(A), the average intens‘ty, as a scarting point. ({Since by hypec-
thesis we igncre any changes in f(A) due to mirrors or the detector,
f{A) at the exit slit is the same as f(A) at the detector.)

To do this we make use of the geometrical factors discussed
in Sec. III-E -- 69; {the range in the angle of incidence on a grat-
ing groove at a given monochromator setting) and the ioss of light
factor. We assume that the rang= in intensity values along tlie exit
slit at a given monochromator se?t-gg and arising from 895 is given
by the zame f(A(Gi)) we use to describe the change in intensity with
changing monochromator setting. That is, we take some setting A= Nn’
whicit iaplies 9% = Gim 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 entiance slit, strikes the center of the two mirrors and the grat-
ing, and lzaves at the center of the exit slit. For deviated rays
starting from a point away from the entrance slit center, 9% is in-
creased by 66;, a:d we assume that the intensity of light at the
exit slit is provortional to f(A(Qim + 69{)). f at point y_, on the
exit slit will be reduced by the loss of light factor, I(ysz), in
Eq. 3.45. Since 86! - bei(ysz) (from Egs. 3.28 and 3.41), the in-
tensity of lignt at point ys2 and at monochrometor setting Am will

be given by

Wy N = Tl 1 (MY, + 8635, 0)) (.4)

- hikkieh N, e PIVep
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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(k(95m+66i))
is a function not only of Gim but also of position on the slit (through
86{), the relative intensity at a given exit slit position wili vary
with monochromator setting.

Finally, we define J(s, )h\ as the integrali of j(ysa, Nn) over
the exit slit. s represents the unblocked limit for the slit height

and will be different for the two light paths.
s/a2
A, ) =2[ 3y, o Ny g (3.49)

The maximum slit height is Sn (= 2 cm.). In a completely self-
consistent approach J(sm, km) should be identicall: equal to f(km).
In our development they are only approximately equal because the in-
tensity of the "central" ray at A = Nn is not the average intensity
since 86% is not symmetric about eim. Since our interest in this
calculation is to demonstrate a probable source of false structure
in R(A) ard 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(sR, Nn)/J(so, )h), for an arbitrary £( ).

Combining Eqs. 3.45, 3.48, 3.49, and 3.28, we have

.. - - - S - _ ., __~__=——aNg | . | a
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- 2
s/e 2]y, | oy, ' )) -
J(s,?\m) = 2¢ c{ I(ySI) 1 - ——D-—) f(x(eim + " cot6; dysz . (3.50)

Computing the integral J{(s, %m) for b~ reference and sample channels,

we can get the measured reflectivity, Rm:

J(SR, Am)
Rm = Rt m . (3.51)
Rt is the true reflectivity and J(SR’ ?h)/J(so, %h) represents the
structural distortion. Ncte that if the light beam is blocked before
reaching the beam splitter so that Sg = So» there is no distortion

from this source, and

Rm= Rt . (3.52)
This analysis presupposes that the detector is completely uniform
over its surface.

3. Specific Functional Forms

In the compntations the structure plotted in Fig. 3-15 is

hypothesized for f(A). It has the following tunctional forms:

fo = Cpp = constant A < 27008 (3.53a)
((7\- 7\11)") o
fII = CII + BII + BII cos ——A-X;I—'— 2700 < A € 3500 (3.53b)
A = 31008
AN ; = 4ook
By = ECs
A-
£ __=C_._+ s A 3500 < A < 4500R (3.53c)

III IiI A)III II1
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111 ~
Lya— 10004
Arrr = %111 0 Crrp = Cpp
f1y = Appp = constant 4500 < A < 49504
(7\ - )\V) u o
. —_T 5504,
fVl CV + BV + BV cos( AAV ) 950 < A < 6550
A = 53504
AN, = 40OA

B, B (M- (N+ BN )T
- g A
f,=Cyt3 +3 cos( 2N ) 4950 < A < 65504

fVl’ the double sine wave, approximates the structure seen in
Fig. 3-4 made with the S-1 phototube for polarization perpendicular

to the slit. Although not all the structure is due to angular de-
pendence, since there is a known fall-off starting around 5300&, most
of it is so dependent.

fV2 is a shallower and broader structure than fV1 so that the

importance of sharpness in f structure can be seen.

fIV is flat as is fI.

is a constant slope.

Y111

fII has the same relative size and same wavelength spread as

fV1’ but it is much ferther from the blaze angle. (Refer to Egs.

3.28 and 3.46 which show that 89] depends on cot(ei- B)). The ef-

fect of fII on ratio is to be compared with fVl'

(3.534)

(3.53e)

(3.53%)

B
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The values for s
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R and S the effective slit heights for the

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 65004 when the light was

polarized parallel to the slit. The choice for Sp and s, is some-

0

vwhat arbitrary since the beam splitter is located well away from

the slit focus. ZConsequently, the beam :plitter blocks light some-

what differently than it would were it at the focus.

J(s, Am) is computed in the Appendix III-C for each of the f

functions listed above. I(ySl), the illumination of the entrance

slit, is assumed to be a constant to simplify the calculation. The

results are as follows:

where

L

WP et g,

I(sy N)p = eIlyg )Ciq [s - -25-5] (3.74)

« S
I(s, }‘m)IV = cI(ySl ‘H[s = Z—D] (3.75)

J(s, A ) = 2cI(ySl) X

III

h(e ) 3 E(e ) 2 Arrg h(em) su:l

III s
E(B, )5 +
[1m2 Y —_— 2h - D‘E&Iuns

(3.77)
MM
m IT

E(6;p) = C111 * Y- Arrr

h(eim) = 5§;§2§x cos(eim-'y) cot(eim - 8)

I(s, 7\,‘) = 2cI(ySl)Rv X

ar; \N 2N,

;;_2. _%};l__y {sin( (A~ Ni{lh(eim) 'E')-sin(i%;—l)\-’—)}J (3.84)

et oy [ - o)
o)
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where C and S are the Fresnel cosine and sine functions. J(s, )h)Va
and J(s, )h)II are tr: 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, )h)/J(SO’ )h). When this ratio is computed for f;
and fIV’ the constants, the result is a constant number less than one.
The values of J(sR, )h)/J(SO’ )h) have been normalized by dividing by
this number and are plotted in Fig. 3-15. Any deviation of the plotted
value from 1 represents false structure.

4. Conclusions Bssed on the Calculation and on the Experimental

Measurements

The calculation, in providing a mechanism for the creation of
false reflectivity structure, corroborates and extends the conclusions
drawn from the system measurcments alone.

The strong structure in f, is matched by the structure in the

Vi
ratio, the ratio structure worsening as one nears the wavelength cor-
responding to B, the blaze angle. Note in Fig. 3-3 that the strongest
experimentally observed structure is at the high wavelength end (5500~
67001) near the tlaze. It is interesting to note that the computed
structure is asymmetrical, bteing compressed at the lower wavelength
and elongated at the nigher. The experimental curves in Fig. 2-3 show
the same asymmetry.

It is instructive to compare the ratio structure due to f,, with

Vi

that due to both f,, and fII' The first shows that more slowly chang-

Va
ing structure in I, (e.g., for light polarized parallel to the slit)

e
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has 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 3500A and 3900R.

When IO is flat as in fI and fIV’ there is no ratio structure.

When IO has a constant slope as in f 1’ the ratio is changed by a

II

nearly constant amount from the proper value. This is less serious
than continual change in the ratio. A sharp transition in IO, such

as that between fIV and fIII’ results in a quick change in R. There

is an experimental equivalent. The regions of vertical slope in the

0
in the ratio (Fig. 3-3).

In consequence, I curves should be chosen so they are flat or

0
siowly 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 Gi changes. An example of this last is the I,
tehavior in the region below 3000A.

These arguments, as well as experimental evidence, all point to

I. curve at 5230 and 6050A (Fig. 5-2) result in discontinuous changes

3-37

usirg 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 sy = s, and J(SR’ %m)/J(SO’ %n) =1, implying that

R

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 teken account of such variation. Thus IO and IR images must

be carefully superposed as pointed out in Sec. III-B. Please refer

to that section for other precautions.

bR




G. WAVELENGTH RESOLUTION DISCREPANCIES

Our discussion in Sec. III-F-1 implieitly suggests that one
could expect a variation in wavelength along the exit 3lit. To
see this, consider the following:
If we substitute 63"{+895 for 63 in Eq. 3.65, we get
A= 2d sin(Gim-+56i+ B-1v) cosy
= 2d cosv[sin(ein{+ﬁ-v) ccsSGi +cos(6£m+ B- y)sin&@i] . (35.54)
Since 86! is small,

A= 24 cos’y[sin(eim+ﬁ- v) +cos(6£m+ﬁ -’Y)SG'i]

?\m + 8\ . (3.55)
Thus there is a 8A which is determined by 69{. The functional relation-
ship of 89; and ysa 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 cne 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
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
from Eq. 3.55 is in the range of 10 to lOOK, depending on Gi. This 8A
implies a significant loss in resolution which is not in fact ohserved.
We resolve the discrepancy in this sectien.
In computing the factor J(s), we determine the range in 9{ values
which can occur as we move along the entrance slit. The 8A which is

functionally determined by this 69{ Just tells us how much of the -
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f(A(Gi)) 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 6; and not to A changes.

In contrast, if we wish to compute 3A to determine wavelength
resolution loss, we must compute two 3A terms for deviated rays. One
is due to changes in Gif, and the other is due to changes in Gd, the
angle of diffracted light. It turns out that the effect of Gd nearly
cancels that due to ei. An abbreviated calculation follows:
From Appendix III-A, Eqs. 3.60 and 3.62 give for the casem = -1
A= d(s:..ned + 51n61) ,
and, taking its derivative, we get
8\ = d(cosedaed + cosGiSGi) . (3.56)

861 is computed in the unprimed coordinate system in a fashion exactly

analogous to the way we computed 663 in the primed system. From Zq.

3.28 we get
lzyzl
6. = cotf, . (3.57)
i 2 i
R
Similarly,
2y§2 $
bed = - R2 coted o (3.58)

fWe vse 63 (the angle of incidence relative to the grating surface)
rather than 6! in computing the direction in which light is diffracted.
The blaze angle, B (8} = 68 -P), 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 thet geometry an increase in the angle of
diffraction corresponds to a decrease in Gd. Therefore, we have a minus
sign for bed in Eq. 3.58.
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on~ characteristic of the yrating diffraction is that Vg, = -y°2
o J =]

(Eq. 3.41) so that
q

~

(o]
Uy©

ySl ‘05‘“6i cosced
dA\ = [_. - — ] . (%.54)
R2 sme.L 51n9d -

Note that the two terms subtract. Over much of the Gi range of our
monochromator the computed dA is 1 to 28 except at 101«'9.1 where the
approximations used to compute 69i and 5od break down.

Thus the A given in this resolution study is much less than
the EA used in the structure calculation, yet both arise out of the
same analysis. The fact that the dA we just calculated is still
sreater than that implied ty system resolution is probably due to
cur numerous first order approximations. A more detailed calculation
with higher order terms 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 IO(A) with A) ard not to the 6! 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 8* ~hanges 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 IO and IR 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 I0 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 . uminum
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 R; curves, whereas the light
reflection of the IR channel will be determined by a linear combina-
tion of R; and R”, dependent on the amount of polarization rotation.t
As we change wavelength, the net R from all the mirrors varies due tc
changes both in the aluminum reflectivity and in the optical rotation.
Thus, in Eq. 2.7, whick functionally describes system design philosophy,
R7, Rlo’ Rll’ and RB.S. 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

3380& was shifted by as much as 50A and its magnitude changed by 11%

*R = R“coszai + Rlsinzai where ai is the angle the E vecunr makes with

the plane of incidence [3-02, S« 1.5, Eq. 32].

o

vy o
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as the w'ndow was rotated. The effect disappreared when s fused
quartz window was used.

If one's experimental sammple is active, our optical system
cannot be used for reflectivity measurement‘s withouct corrections

or unless compensation can be made.

e ——————

S
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APPENDIX III-A
THE GRATING SINE LAW
The following equation is the well-inown 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 4.

mA = pd (3.60)
It can be rendered in a form which describes the angular dependence
of wavelength for the JACO monochromator. Figure 3-18 describes the
geometry for a "central" ray, where .Yy is the angle bvetween the centers
of the mirrors 1 and 2 in the monochromator. These are the mirrors
intermediate between the . rating and the entrance and exit slits.

p=1£- Eo and is measu-ed relative to che £ axis. (3.61)

P = -sin9d -sinei . (3.62)

9_l = 60-+27, from Fig. *-16. (3.63)
Using Dwight Tables [3-05, 401.08]

p=-2 sin(ei-‘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

A=2d sin(Gi-y) cosy for first order light, and (3.65)

A= %% sin(ei-‘y) cosy for higher orders. (3.68)

This is the so-called sine law for gratings.

In our geometry y = .06. . (3.67)
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APPENDIX III-B
THE GRATING BLAZE ANGLE

The gratiig regularly employed in the monochromator for the
visible r£1d UV range is described as blazed for 75004 by the manu-
facturer, Jarrell Ash.? The grating is cperated 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 rary 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, B.

2d sinf = the blaze wavelength = 7500 (3.68)
d = 84704 (3.69)
sinf = .4425, B = .4586 (3.70a,b)

P is nearly .46. This simpler value will be used in the com-
putaticns. In the monochrometor, ABlaze = 75004 corresponds to an

angle of incidence Gi = .52 radians.

fThlS value has changed as the accuracy with which the blaze is
measured has improved.
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APPENDIX III-C
THE CALCULATIONS OF J(s, )\') FOR VARIOUS f FUNCTIONS
The quantities which are computed in this appendix sre defined
and discussed in Secs. III-F-1, 2, and 3. Equation 3.50 gives the
general expression for J(s, ?\m).
¢ 3/2{ 2y52 : ?722 6
=22 - ' .
J\s’)\n) 2 I(yﬂ){ \1 5 )f(}\&im*' Rn co im))dysz (3.50)
From EqQ. 3.55 we see that f can be written as f(?xm + d5A) where
2y2,
- o o $ ]
5N = 2d cosy cos(eim-+a v) 5 cot 81 (3.71)
2
Vg2
= 24 cosy cos(Gm- v) —RT cot(Gim- B) (3.72)
= n(, )y°. - (3.73)
im’Ys2
We can now turn to the evaluation =f J(-, )‘m) for the different functional .
forms of f£(A) iisted in (1) through (3) below:
(1) f, and fIV’ constants
fI(M X CII = constant (3.53a)

sfe, <oy

T, N p=2¢ Iyg, ) { (l' Dsz)"ysfzc I(ysz)cn[% - 1?132‘1

2
: s
= I(ysx) cII[s )

I8,y =¢ I(yn)AnI[s - 55
(2) fIII’ the ramp
AS )\n + B5A

(3.74)

(3.75)

(3.55)

e e Ao
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where )\m is the nominal mecasured wavelength.
g = Yo )\A o = Crprt ?\ZA- o AIII+A£\I = (3.53¢)
- }\III I ’ 17T IIT
A
IIT 2
=k(0, ) + h(0, )y.
im KKEH im’Y s
AN
II
E(8. ) = Copr + — A (3.76)
an ITI mII ITI
AIII 2
HsAggy = 20 1y, ) f ( 22 B + mrs ooy,
- 2e1(y_){R(e, ) S+-LLl —in it ) £ E(eim)s—- Aar HOs) (3.77)
51 l_‘ im’ 2 A}\III D 4 MIII D 32 :

(3) II’ fVJ’ fV2’ the sine waves.

(A= A) (A =D, )46A
= T) = d
fVJ. CV+BV+ BV COS(W ) CV+B" +B,, cos (TT '-TV——) (3.53e)
SRR I(: W
in’ s2
= (Cv +BV) + BV cos(’"’ A?\v )
. 2
s/2 (A=A )+h(6, )y
_ ! m v im*“s2
3(a)y, =20 105, [(0y23,) 43y con(r EAptnTezlgy
)
2
s/2 2y 2y (A -N)+n(e, Dy -
s2 2 m im’Vs2.
+ 2c I(yﬂ) £ - (CV+BV)- B cos (‘n A?‘V )“bse
(3.78)
= 2¢ I(y81)[11+12 +13+Ih] (3.79)
I, and I, are very straightforward.
1l 3 : . s/2
- By AN cinlm 7‘m’7‘v)'*h(eim)ys;g)
» =D _T"'T oA,
s {0

- Fay ot =) - ()]
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I, is & form of the Fresnel integrel. Abramowitz et al. [3-07, 7.4.38)

e
provide a formula for expressing the integral in terms of the Fresnel sine
and cosine integrals which are tabuluted.
J AK, (7\ ?\v)) [ ’h(e -I
- cos
T2 = By\zmle, ) ( &, J°IN BN,

- stafr B N))S[J-ETG_: a]} (3.81)

]

S(z) = Fresnel sine integral = f sin -2— t° at (3.82)
°
2. 1,2
C(z) = Fresnel cosine integral = [ ccs 2 t° dt (3.-7}
0

J(s, Am)V:. = 2eI(y,, )By X

AT e m " h‘—-é:: m- r (6;—
[(14--%)«5 +\/m_.;€7- {cos(ﬂ—)‘m)—\’-))c[\/—(z-‘wl s] - sin(ﬂ)‘m\:\v))s 2&7(} s]}

2 ,
Cpy 42 AN (A= N) +h(6,) 5 A= N ]
V\ 8 m im m
-(l +'B—v) E-W {sin(ﬂ AWV —-—-r) -'in(T)} (3.84)
J’(a)II is of the same general form as J(s)VI, except that B.;,

110 'AII’ and A)‘II replace By, Cy, 7\,, and A7\,, respectively.
J(s)Va differs from J(s)vl in that Bv/a, 7\,+A>\,, and aa?\, re-

place By, )‘V’ and A\,, respectivaly.
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