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ABSTRACT

The 13.7 Meter Czerny-Turner Spectrograph at the McMath Solar 

Telescope is evaluated with regard to polarization and image forming 

properties« The ratio of the transmissivity of the spectrograph for 

incident light linear polarized parallel, to the transmissivity for 

light polarized perpendicular is determined as a function of wave

length. Values of this ratio vary from 0.3 to 20. The diffraction 1

grating is responsible. It is shown that spectrograph transmission 

as a function of polarization may cause large photometric and radio- 

metric errors. This fact is not unique to this particular instrument- 

Two mechanisms appear to contribute to the polarizance of the

grating. These are; 1. The Rayleigh or Wood's anomalies and 2. a

vector wave interaction introduced because groove dimension is nearly 

the same as the wavelength. Peak polarizance (A p) occurs at the 

Wood's anomalies and for A>groove depth it is found that the wavelength

of peak polarizance (A ) is given by -P
A p ® (0.7) d cos (9)

where d is the ruling separation, and 6 the grating angle.
\Photoelectric scans of the solar spectrum were made across sev

eral of the Wood's anomalies to obtain their profiles.



CHAPTER 1

THESIS INTRODUCTION

An ideal dispersive element in an optical system should map the 

intrinsic frequency spectrum of the incident electromagnetic radiation 

into a spatial representation without modifying the frequency» polariza

tion, energy distribution, or intensity. Unfortunately, such a disper

sive element does not exist. It was found that an optical diffraction 

grating is a strong polarizer for visible light. The fact that the 

transmissivity of a grating spectrograph depends on the degree and ori

entation of polarization in the incident light is not generally known.

Physicists and astronomers are among those who use diffraction 

grating spectrographs and monochromators. The function of an optical 

diffraction grating is to disperse the light incident upon it into var

ious wavelengths of the electromagnetic spectrum. It performs this 

:function ;by diffraction of light from a surface of periodic straight 

lines or grooves. The spacing between lines is typically 2 - 4 times 

the wavelength of the radiation to be analyzed.

Most of the gratings in use were manufactured with mechanical 

ruling.engines. Close tolerances required to produce a good grating 

are difficult to achieve in practice; consequently, significant devi

ations rfrom perfection arise through mechanical errors. These adversely
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affect the ability of the grating spectrograph to map the frequency 

spectrum of the incident radiation into the spatial domain.

This thesis is concerned with the evaluation of one such instru

ment. Measures demonstrate that.the spectrograph transmissivity depends 

on the degree and orientation of linear polarization of incident light.

As a result, if this grating were to be used for broadband photometry, 

this effect could be responsible for photometric errors of 10 to 15 

percent.

Image forming properties and polarizance of the 13.7 meter 

Czerny-Turner grating spectrograph at the McMath Solar Telescope, Kitt 

Peak National Observatory, were measured to evaluate the ability of the 

instrument to display a spectrum. The analysis is extended to include 

observations taken with several spectrographs using diffraction grating 

dispersive elements.

A: description of the ability of the spectrograph to perform the 

function of frequency mapping is given by the instrumental profile. The 

.instrumental pro file is a representation of the frequency-impulse re

sponse :of the spectrograph,. The observed profile is represented by a 

function obtained from convolution of the intrinsic profile with the im

pulse response. An imperfect Instrumental profile causes emission lines 

to appear broader than they actually are. Also for absorption features, 

the wings and lower portions of the profile are altered resulting in an 

under-estimation of the number of atoms contributing to the absorption 

phenomena. Actually, spectrographs with a "perfect" instrumental pro

file do not exist; however, the effect of the instrumental profile can 

be ignored if it is significantly narrower than features in the spectrum.
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The intrinsic energy distribution as a function of frequency of 

the incident radiation is modified by a real spectrograph. If the in

strument were equally sensitive at all wavelengths, the measured energy 

distribution with wavelength would give the actual distribution in inci

dent light. No such instrument exists. In most cases, comparative pho

tometry is performed by observing standard sources and by computing the 

difference in intensity measurements made in several different band 

passes. Incorrect photometric values will result if the degree or the 

orientation of the linearly polarized component of the incident radia

tion changes between the standard observation and the observation of the 

unknown.

The first diffraction gratings were produced by David Rittenhouse 

(1786)., an American astronomer. These, gratings were reinvented in 1819 

by Joseph Von Fraunhofer (1821, 1827). Early gratings were made by 

wrapping wire around two parallel rows of small pins and stretching the 

wires across an aperture. Later, reflection gratings were made by cut

ting the rulings in a speculum metal surface. Fraunhofer reported that 

diffraction gratings could be used to polarize completely the incident 

radiation.

While observing a continuum source, R. W. Wood (1902) found 

bands of missing continuum. He established that their appearance de

pends on the degree and orientation of the component of linearly polar

ized light incident on the grating. Lord Rayleigh in 1907 presented a 

theoretical discussion of these anomalies.
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For a mechanically ruled grating, the Instrumental profile has

two "side lobes" on the primary impulse response or "parent" line. In 

many grating spectrographs, these side "peaks" contribute to the shape 

of the instrumental profile. These "peaks" were first extensively stud

ied by Rowland (1902) and are referred to as the Rowland ghosts» Lyman 

(1903) observed that other ghosts also appear in the spectrum at large 

angular distances from the parent line. Improvement of the precision of 

mechanical positioning of the lines, on the grating has minimized the 

strength of the Rowland and Lyman ghosts. The polarizing properties of 

the grating have not come under the same scrutiny as have the ghosts; 

consequently, the polarizance of a grating remains a major unknown in - 

evaluating the performance of a grating spectrograph.,

Data from this investigation show that the greatest spectrograph 

polarizance is not necessarily associated with Wood's anomalies or with 

Rayleigh wavelengths. Instrumental profile, ghost positions, and ghost 

intensities are found to be consistent with classical grating theory.

. The following outlines briefly the contents of each section of 

the thesis. Chapter 2 describes the image forming properties of a grat

ing spectrograph. The Fourier transform method is utilized to derive 

the intensity distribution among the ghost lines. A simple geometrical 

treatment is used to derive the grating equation. Also included are 

brief descriptions of the ruling process and of the effects of ruling 

errors on instrumental profile. Chapter 3 summarizes the work others 

have done on the distribution of energy with grating angle. Chapter 4
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describes the McMath Solar Telescope, spectrograph, and computer system. 

For the purpose of this thesis minor modifications were made to exist

ing apparatus.

Chapter 5 presents the data taken for the analysis of the image- 

forming properties and data for the polarizance of the spectrograph. 

Included here are graphs of the polarizance as a function of grating 

angle, photoelectric scans of the solar spectrum over the Wood's anoma

lies, photoelectric tracings in the image plane for laser light input, 

photographic prints of the laser profile, and direct photographs of the 

grating in the illumination of the Rowland ghosts. Chapter 6 details

nine aspects of factors which affect the ability of gratings to display
.

a spectrum. Chapter 7 presents a summary and recommendations for future 

work.

/



CHAPTER 2

. IMAGE FORMATION

2.1 Geometrical 

Derivation of the relationship between grating angle, wave

length and diffraction order is given here. Image forming properties of 

the spectrograph are discussed and the intensity and position of the 

Rowland ghosts are given.

Figure 4 in chapter 4 shows a schematic view of a spectrograph. 

Mirror M-l accepts the diverging light from the entrance slit and colli

mates it to a plane wave. The entrance slit is at the focus of this 

collimator mirror. The plane waves from the collimator mirror strike 

the grating and are diffracted. The image forming mirror M-2 accepts 

the reflected plane waves of the selected wavelength and focuses the 

spectrum onto the image plane. The relationship between grating angle, 

wavelength and ruling period will now be derived. Figure 1 shows the 

cross section of a periodic structure. The separation of the rulings is 

d. The circles represent long rods perpendicular to the sheet. A plane 

wave, shown as AA, is incident on the structure at an angle i, and the 

wave diffracted toward the image forming mirror or observer is the plane 

wave A'A’, and has an angle (6) with the grating. It is seen that the : 

incident plane wave strikes element number 2 of the grating before it 

strikes number 3,. The interval is given by d sin (i). The diffracted



TO OBSERVER

Figure 1. Nomenclature used for geometrical derivation of the 
grating equation.-r Plane wavefront AA interacts with 
a plane periodic surface (1,2,3....), at an angle i. 
Plane wavefront A'A1 is diffracted toward the obser- 
er at angle 0,



plane wave is seen to radiate from element 2, prior to element 3. This 

interval is given by d sin (6). If radiation is to be observed coming 

from the grating, then the total path transversed by a wave front strik

ing element 3 must be equal to an integral number of wavelengths longer 

than the path of the wave front that strikes element number 2. There

fore:

2.1-1 nX = nX » d sin (0) + d sin (i)

where n is an integer, and X the observed wavelength. The constant n 

is referred to as the grating order, or the order of diffraction for 

the diffracted light. Figure 2 shows a schematic view of a reflection 

grating and the nomenclature used in this thesis. In many spectrographs 

the collimator and image forming optics remain stationary and the grat

ing is rotated to change wavelength. For these spectrographs, an equa

tion convenient for use is:

2.1-2 nX * 2 d sin(£.) cos (a)

where a® one half of the angle between the collimator and 

camera mirrors, as viewed from the grating, and

,3= the angle between the normal to the grating
• . •

surface and a line from the grating to a point

midway between the collimator and camera mirrors.

.These angles are shown in Figure 2. The specular reflection from the

grating is called -zero order. Many spectrographs are designed with the

anglea approximately zero. Equation 2:1 - 2 shows that the wavelength 

-depends on the-cosine of this angle, hence for small a , the approxima

tion cos a = 1 is made and such a spectrograph is said to be in Littrow,
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ZERO ORDER

DIFFRACTED
LIGHT

INCIDENT
LIGHT

NORMAL TO 
GRATING

nX d SIN 9 4- d SIN i 

nX » 2 d SIN# COS a

Figure 2. Reflection grating, showing the nomenclature used 
for the derivation of the grating equation and 
intensity distribution.— -Light is incident from 
the collimator mirror, and is diffracted onto the 
camera or image forming mirror. Specular reflec
tion of the light is zero order.



and the grating equation then simplifies to:

2 . 1 - 3  n A = 2 d sin (0).

Born and Wolf (1965) show that the intensity distribution in the 

diffraction pattern for light of wavelength x of a transmission grating 

whose rulings are s units wide and spaced d units apart (where d > s) is 

given by:

2.1-4  7 = 1  f siN ^ !p 1  1 5|V ^ ^

where ,

2.JL —  .5 p = sin q

The number p is the sine of the diffraction angle from the nor

mal , as given in Figure 3, The integer N is the total number of rulings. 

Most spectrograph gratings have N large and Ns >> d. Equation 2.1 - 4 

can be interpreted as follows. The term

2.1 r s i* &  srl 1

& ) • ’

is an envelope for the function

s!(j N ( )  dp2.1 - 7 /  si

\  N

2.

h) (£) Jf>

;the term 2.1 - 7 represents that part of the intensity distribution that 

•determined the profile of the smallest resolution element in the image 

plane. This function represents a series of narrow sine squared func

tions , replicated at ^  intervals along the p axis. The p axis is the
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sin (0) axis. The envelope function given in 2.1 - 7 modulates the 

peak intensity of each sine squared function and represents the effect

the p axis.

The resolving power of a grating can be estimated by assuming 

that the closest two narrow spectrum lines can appear and still be dis

tinguished as two lines is given by the separation between the peak of 

the line and its first Fraunhofer diffraction minimum. Examination of 

equation 2.1 - 4 shows that the first minimum occurs when

-length can be derived by examining equation 2.1 - 4. The principal max-

of a single slit. The first minimum in the envelope occurs at X/s along

or

The angular separation between the central maximum and the first

.Fraunhofer minimum is

-2.1 -  8 X
N d C Ss &•

For a given diffraction order, the angle 9" dependance on wave-

Ima that establish the diffraction orders occur at ^ >i - 4 4 V

or
• MX - d  s iu  O'

Differentiating, we get

hd X - d  eqy do-
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or

2 . 1 - 9  Afr = ----  .
d g-

This is the angular separation between two spectral lines differing in 

wavelength by AX. We can set equation 2.1 - 8 equal to equation 2.1- 9 

and get

2 . 1 - 1 0  ~ H  N

• XIf we now define the resolving power to be — ■ , equation 2,1-10 can beAX
used to make a quantitative evaluation of the resolution of gratings.

It is observed that if an emission line source irradiates the 

entrance slit of a grating spectrograph, ghosts, or false lines appear 

in the spectrum at the image plane. These ghosts are produced by peri

odic ruling errors at the surface of the grating. They were discovered 

by two investigators: H. A. Rowland (1902) and T. Lyman (1903). The

position in the spectrum for the Rowland ghosts is different from the 

position of the Lyman ghosts, but they are both the result of a period- 

ic ruling error. The Rowland ghosts appear to be side lobes, symmetri

cally positioned around and near a bright emission feature. These are 

associated with ruling errors, of a period considerably longer than the 

period of the fulings on the grating. ,

Rowland applied an analysis by C. S. Peirce (1879) to derive a 

relationship between the position of the ghosts and a periodic error oh 

the grating surface. H. G. Gale (1937) has given a comprehensive dis

cussion of Rowland's theory, and demonstrated how the ghost intensities
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can be controlled by varying the amplitude of the periodic error in the 

rulings. A more recent discussion of the ghosts and methods for reduc

ing their presence is given by G. W. Stroke (1960).

The Lyman ghosts appear at large angular separation from the 

contributing primary line, at intervals from 1/5 to 1/2 the distance 

of one order to the next. They are associated with ruling errors, of 

period near the period of the rulings on the grating. Further discus

sion of the origin and effects of the Lyman ghosts is given by C. Runge 

(1922), C. F. Meyer (1949) and G. W. Stroke (1967).

The mechanical method of manufacture of gratings will now be 

given as an aid to understanding the source of these periodic errors.

A more comprehensive discussion is found in H. D. Babcock and H. W. 

Babcock (1951).

A two micron thick aluminum coat is evaporated onto a thick, 

flat glass disk. This disk is the grating blank, and is placed face up 

on a ruling table. A carriage holding the diamond tool is positioned 

over the aluminized grating blank. The diamond is lowered to the sur

face of the blank and translated in a straight line. A single groove 

' is formed in this manner by forcing the tool to "plastic flow", or push 

aside the aluminum. It is a forming, hot a cutting process. Another 

groove is generated by lifting the carriage arm, shifting it over a 

distance d (the grating constant), lowering, and translating the tool 

again, across the aluminized surface. This process is repeated until 

the desired number of rulings are obtained.

A periodic error in the position of a ruling is traced to the 

mechanism that advances the carriage. For example if this mechanism



is driven by a screw that has a pitch of 2 millimeters, and it is mount

ed eccentrically even by an exceedingly small amount, a 600 line per 

millimeter grating will also possess a period of 2 millimeters. The 

side lobes, or Rowland ghosts appear around the bright emission line be

cause of the 2 millimeter period. As a consequence of this error, some 

parts of the grating are ruled with two spatial frequencies. The ampli

tude of this periodic error determines the distribution of intensity 

among the parent and ghost lines. In a real grating many different fre

quencies of the ruling engine are apparent.

2.2 Fourier Transform 

The theory of image formation in a grating spectrograph will be 

outlined. This material is discussed by Joseph W. Goodman (1968), and 

it is assumed that the reader is familiar with the methods of the 

Fourier Transform presented by R. N. Bracewell (1965).

Consider the optical system shown in Figure 3. Light from an 

object which has an amplitude distribution given by u^ (x-,y^) is passed

through a pupil which has a transmission distribution given by p(x ,y ).2 2
The object is imaged onto the screen producing an amplitude distribution

given by u ’ (x*,y'). The irradiance distribution at the object is given 3 3 3
by E^(x^,.y^) and at the image plane by E^x^y g ) .  The object is imaged 

with a transverse magnification of unity. The focal length of the lens 

is given by f,

J. W. Goodman (1968) shows that the irradiance distribution in 

the image plane is given by
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Figure 3,. The notation used to derive the distribution of
irradiance in the image plane of a grating spectro
graph.—  The object is the entrance slit, the pupil 
is the grating, and the image plane is a photograph
ic plate, or a photomultiplier and exit slit.
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for incoherent imaging. The irradiance distribution in the image plane 

for coherent imaging is given by

2.2-2 f u ,  ( x L ' y , ) *  P ( - # - ,  - - x r ) 1 = Ej' (%'' s'j )

This last equation shows that the irradiance distribution in the image 

plane is equal to the amplitude distribution at the object plane con

voluted with the properly scaled Fourier Transform of the pupil ampli

tude transmission function (pupil function), squared.

The coherent transfer function is given by

h  ( f , y >

and is related to the pupil transmission .

where we have let x = X d £, y “ X dn» and d «= 2f. The variables g2 2
and n are spacial frequencies in the x and y directions, respectively. 

The pupil transmission distribution and its transform are expressed by

Consider the application of these equations to a grating spec

trograph. The spectrograph images the entrance slit, through a grating 

at the pupil, onto the image plane. Let the entrance slit of the spec

trograph be (a) units wide and (b) units long, Then, the irradiance 

distribution in the object plane is given by

2.2 - 3 U s  ( % ■  > y > ) - reci (-§-) reef (-^-)
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/where we have set the slit width (a) in the x direction, and the slit

length (h) parallel to the y axis.
We shall assume that the extremities of the ruled area of the 

grating form the boundary or edges of the pupil. Let the rulings cover 

an area (c) units by (d) units, where the (c) dimension is measured

parallel to x . Let the reflection grating be approximated by a sinus-■ . ' ■ ■ -
oidal phase grating. The grating is ruled with the frequency fo (in

terval between facets is 1/fb). Let the parameter m represent the peak 

to peak excursion of the phase delay. We shall assume that all of the 

facets are equally illuminated with a plane wave and have equal reflec

tances. Consequently, the grating can be considered a phase grating, 

and the distribution p(x„, y^) is a pure imaginary.
J L J L

The transmittance function for the sinusoidal phase grating is 

given by (J. W. Goodman, 1968):

(Xx,, </>) = exp { j At-'w f 277-fa rect ( f̂~)

The transfer function is given b y "

H ( t t y  “  7° -

BA/3 ^  i.X') (zrr-fo (Atf ® r<?or

Goodman simplifies the calculation using an identity:

^  60

G-Xp |̂j s/v (7.TF-f<» - tEj, 3a ( j L7r<B'/<> (t-f AS’jJ
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where is a Bessel function of the first kind, order q. Hence,

since the functions are separable

This equation can be simplified using the identity:

2.2 - 4

The transform of the pupil plane is then:

2-2 - 5 K i x f  , -E B -

I--6 ?<$ (f) s/Wc[ - u T  j;wc (s{ \ r )

To understand the meaning of this last equation assume that fo (the 

frequency of the rulings) is much greater than 1/c. This is the same 

as assuming that the grating constant is much less than the size of 

the ruled area.
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The irradiance distribution in the image plane is found using 

equations 2.2 - 2, 2.2 - 3 and 2 . 2 - 5 :

The rulings on the grating are in the x direction, hence the 

distribution of irradiance in the spectrum is in the x direction. 

Equation 2.2 - 6 is separable in x and y, consequently this equation 

can be simplified if we wish to concentrate our attention on the dis

tribution of irradiance in the spectrum.

Equation 2.2 - 6 becomes

0 tZ.

2.2 - 7s £(%'} “ (T") ("-X3 A5]

We know that the size of the entrance slit (a) is less than the dimen

sion of the rulings (c) but greater than the spacing between rulings e
(d) o The rec(- ) term in equation 2*2 - 7 is much narrower than that■ • a . ■ ■ ■
part of the summation expression that contains the grating ruling fre

quency. Hences we can treat the rect as a delta function as far

as that part of the diffraction pattern is concerned.
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Equation 2.2 - 7 is now examined for monochromatic input to the 

spectrograph, and for observation of the image in a particular diffrac

tion order. We see that the distribution of irradiance in the image 

plane of the spectrograph is the "box" image of the slit, convoluted 

with.the diffraction pattern of the grating aperture or the aperture 

formed by the boundary of the rulings. It is seen that the image of 

the slit is surrounded by secondary images whose spacing is determined 

by the ruling frequency (for a given focal length and wavelength). The 

intensities of the primary image and its satellites are determined by 

the values of the function

It is of interest to note that whenever J2_ is a root of J  ̂ the zero
2 o

order fringe vanishes entirely. H. G. Gale (1937) ruled a series of 

gratings, purposely inserting different peak to peak phase delays into 

different gratings. His results demonstrate that the intensities of the 

satellite lines can be controlled by carefully adjusting the ruling 

engine. •

The distribution of energy with diffraction angle is dependent 

on the phase or Intensity profile across each individual diffracting 

element. In the derivation of equation 2.2 - 7 we have assumed that the 

profile of each diffracting element is a sinusoid in phase. For this 

case the intensity distribution is symmetrical about zero order. In an 

actual grating the groove profile is similar to a ramp function. This
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asymmetry results in the intensity envelope being shifted to one side of

the normal or zero order direction. Consequently greater energy is

thrown into a particular diffraction angle. Light reflecting from the 

grating at this angle has dispersion and hence particular wavelengths 

can be made to appear brighter, by altering the form of the groove. A 

grating ruled in such a manner is said to be blazed. Theoretically, the 

blaze angle is in the direction perpendicular to the sloping face of the 

facet.

The angle into which maximum energy is thrown by the grating 

corresponds to the direction of specular reflection from the inclined 

wall of the grating facet.

2.3 Position and Intensity of Rowland Ghosts 

G. W. Stroke (1967) has shown that for a simple harmonic error

of amplitude E, and period P, the symmetric ghosts of order N for a 

grating in a Littrpw geometry are found at

2 -:3 - <  ; 8 - f Z . i i r  *

where .

f ® focal length, 

n grating order (integer) , 

i = angle of incidence,

Ax = separation between the primary and the first 

ghost, measured in the image plane, and 

• A ■= observed wavelength.
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The ratio of the intensity of the first Rowland Ghost (whose 

position is given by equation 2.3 - 1) to the intensity of its parent 

line is given by (G. W. Stroke, 1967)

, V  - r, _  i r z y ? s *3 eW £* =» cm"",""  " lin 11

where
a

d = the spacing of the grating rulings,

e = the amplitude of the periodic error in the position,

I = intensity of the parent line, and o
Iq83 intensity of the ghost,



CHAPTER 3

ENERGY DISTRIBUTION WITH ANGLE

An ideal grating does not modify the spectral energy distribu

tion curve of the irradiating light, imperfections in the optical sys

tem alter this distribution curve as the light passes through the spec

trograph.. It is known that by altering the shape or profile of the 

groove, the grating concentrates more light into one particular diffrac

tion angle. Such a grating is called "blazed". From the point of view 

of detection of radiation it is found desirable to have gratings with

the greatest possible blaze. The"blaze" phenomenon is by far the
' • .1largest contributor to the alteration of the incident spectral energy

distribution. However, wavelength selective reflection from the spec

trograph mirrors, and grating polarization effects are also important.

R. W. Wood (1902, 1912, 1935) found at certain grating angles, 

bands of high or low intensity in the spectrum of a continuous source 

and discovered that the appearance of these bands depends on the state 

of polarization of the incident light. Lord Rayleigh (1907) published 

a theoretical discussion of the behavior of the energy with angle for 

the diffraction grating. His solution requires a series of singular 

points. These points are correlated with light leaving the grating at 

grazing, or 90 degrees from the normal.

The grating equation shows that a particular wavelength can be 

observed in several different orders. Let us observe light of

23



wavelength \ in diffraction order n. By rotating the grating, it is 

possible to find a particular wavelength X such that in a higher order 

this same wavelength is diffracting from the grating at an angle of 90 

degrees. This particular wavelength is called a Rayleigh wavelength. 

Nearly all optical diffraction gratings have several Rayleigh Wave

lengths for each diffraction order.

Rayleigh predicted that those points of anomalous intensity oc

cur for incident light polarized with the electric vector perpendicular 

to the rulings. However, C. H, Palmer (1952, 1956, 1961) observed that 

the anomalies also occur in light polarized parallel to the rulings. 

Recent discussion of "Woods anomalies" is given by J. E, Stewart and 

W. S. Callaway (1962),

Many theoretical discussions appear in the literature on the 

subject of the grating intensity distribution with angle. A few are 

listed here; U. Fano (1941), K. Artmann (1942), W. C. Meecham and 

C. W. Peters (1957), J. H. Rohrbaugh, et. al. (1958), V. Twersky (1960), 

and G. W. Stroke (1967). R. P. Madden and J. Strong (1958) have shown 

the need for seeking an electromagnetic rather than a scalar wave solu

tion for energy distribution in the diffracted light from a grating. 

Calculations performed by P. Bousquet (1963) on the basis of an electro

magnetic solution obtained by G. W. Stroke (1960), and as given in 

G, W. Stroke (1967), show that good agreement is obtained between theory 

and observation for the case of light incident with its electric vector 

parallel to the grooves. The distribution of energy with grating angle 

can be approximately obtained using numerical methods, and applying
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boundary conditions to the vector wave equations. However it cannot be 

computed as precisely as the position of the Rayleigh wavelengths.

derive an equation to predict.the wavelengths where the "Wood's anom

alies" are found

3 - 1  n A = d sin (8) 4- d sin (i)

The wavelength in the (n + k) order that is leaving the grating at 90 

degrees is given by

3 - 2  (n 4- k)A = d 4- d sin (i)R
combining equation 3 - 1  and 3 - 2, and solving explicitly for the 

Rayleigh wavelength in terms of d, n, k, and a  (the off-Littrow angle) 

one gets an awkward formula. This is derived in the appendix. J, E. 

Stewart and W. S. Galloway (1962) provide a convenient form:

As a "result of the spectrograph "not being in Litfcrow", it is seen that 

the Rayleigh wavelength is double for each value of n and k. That is, 

there are two Rayleigh wavelengths for each value of n and k. A com

puter program was written and used with the CDC 6400 Computer at Kitt 

Peak National Observatory to evaluate equation 3 - 3. These wavelengths 

were found to agree with those computed using the solution given in 

Appendix A. . .

The notation given in Figure 2 , Section 2.1, will be used to

V - h a w * / J
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Table 1 gives the Rayleigh wavelength pairs for wavelengths 

greater than 300 nm for the 13.7 meter spectrograph of the McMath Solar 

Telescope. Column 1 gives the value of n/kj column 2 gives the grating 

angle for those wavelengths derived using the positive sign in equation

3.2 - 3; column 3 gives the wavelength corresponding to that angle and 

the grating order n. Columns 4 and 5 give the grating angle and wave

length, derived using the negative sign in equation 3.2 - 3.

Wood observed that the profile of the anomaly was altered when 

the rulings were rubbed lightly with a cloth, and concluded that the 

anomaly is ‘effected by sharp points or burrs left on the grating by the 

cutting topl» J«. Strong (1936, 1943) made a study of the effect of 

evaporated films on the energy distribution in grating spectra, and 

demonstrated that the profile of the Wood anomalies is determined by a 

surface wave phenomenon.

The effect of evaporated films on energy distribution in grat

ing spectra is also discussed by C. H. Palmer (1952), and E» A, Yakovlev 

and E. M. Gerasimov (1961). The case of a grating immersed in another 

medium is discussed by E. Halthen and H. Neuhaus (1954). It was found, 

that the position of the Rayleigh wavelengths depends on the refractive 

index of the medium in which the grating is immersed. This result can 

be used to evaluate changes of the grating characteristics with age 

Cowan, Arakawa, Painter (1969).

Many individuals have measured, in the laboratory, the linear 

polarization properties of gratings. The most comprehensive study to
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Table 1. Rayleigh Wavelength Pairs of the 13.7 Meter Spectrograph

n/k 0^ X(nm) 62 X(nm)

1/1 19°48' 1,109.141 19o09e 1,074.816

1/2 11°43' 665.901 11°21' 644.498

1/3 8°21t 475.724 8°04' 460.281

1/4 6°30' 370.034 6*16' . 357.972

5°18' 302.764 5°07' 292.877

807.129

537.408

402.888

322.249

646.405

460.933

358.272

293.039

2/1 30°29? 830.775 29*31

2/2 19°48' 554.570 19*09

2/3 14°431 416.107 14*14

2/4 11*43' 332.951 11*21

3/1 37°26’ 663.879 36*17

3/2 25*47' 475.030 24*58

3/3 19*48’ 369.714 19*09

3/4 16*05' 302.592 15*34
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Table 1, Continued

n/k 91 A (run) 9 A (ran)2

4/1 42026' 552.723 41o10' 539.155

4/2 3Q029' 415.388 29°31' 403.566

4/3 23*58' 332.594 23*11' 322.584

5/1 46°16' 473.398 44*54' 462.480

5/2 34*17' 369.018 33*13' 358.928

5/3 27*281 302.226 26°36' 293.382

6/1 49*18’ 413.955 47*53' 404.926

•6/2 37*26' 331.939 36*17' 323.202

7/1 51*48' 367.756 50*19' 360.130

7/2 40*07' 301.617 38*55' 293.959
: : ■ . :

8/1 53053' 330.822 52*22' 324.269
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date on a variety of gratings is found in E. A. Yakovlev and E. M» 

Gerasimov (1961) and in E. A. Yakovlev (1965).

E. A. Yakovlev and Eb M. Gerasimov (1961) studies the reflec- 

tivity of 12 different gratings with 200 through 1200 grooves/millimeter 

and located the position of peak reflectance fpr light polarized per

pendicular and for light polarized parallel to the rulings. They mea

sured the ratio of the reflection coefficients for light polarized 

parallel to light polarized perpendicular, and found values between 0.5 

and 2.0 for a grating ruled with 300 grooves/mm. E. A. Yakovlev (1965) 

used a digital computer to derive theoretical distribution of intensities 

for several gratings. L. R. Ingersoll (1920) made a comprehensive study 

of the polarization of radiation by gratings, and warned spectroscopists 

to avoid the "Wood's anomalies". A. K. Pierce (1957) has shown that the 

illumination of the grating varies with the orientation of linearly po

larized light on the entrance slit of the spectrograph.

It appears that the energy distribution with wavelength can be 

determined theoretically for a limited set of gratings. In general it 

is necessary to measure the polarizing properties of each grating if one 

wishes to understand the effects of the spectrograph on his data.



CHAPTER 4

THE INSTRUMENT

The McMath Solar Telescope of the Kltt Peak National Observatory 

•(A. K. Pierce, 1964) operates at f/60» If gives an Image of the solar 

disk, 80 cm in diameter. The entrance slit of a vertical 13.7 meter 

Czerny-Turner spectrograph is located in the image plane of the tele

scope. The spectrograph output is designed to record the spectrum on 

photographic plates or photoelectrically. Insertion of additional 

mirrors in the light path enables the spectrograph to be operated in 

double pass at the photoelectric output. A sketch of the system is 

shown in Figure 4 as adopted from A. K. Pierce (1964). The solid line 

in the figure shows the light path through the instrument in single 

pass. Tilting the image forming mirror for the photoelectric output, 

through an angle of about 10 minutes of arc, causes the image of the 

entrance slit to focus on an intermediate slit and follow the light 

path shown by the dashed line. The spectrograph is normally used with 

10.0 micron entrance and exit slits. When used in double pass the size 

of the intermediate slit is 150 microns.

The grating is permanently mounted in the instrument and has. 

remained untouched, except for oiling the moving support ring, for the 

past five years. It was ruled at the Mt. Wilson Observatory by 

Dr. H. W. Babcock. Correspondence with Dr. Babcock regarding this

30
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Figure 4. The 13.7 meter spectrograph
at the McMath Solar Telescope 
shown in double pass.
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6 3 8 .nm / 496.nm

440.n

PTG.
P. E. 

COLLIMATOR

Figure 5. The groove profile of the grating used in the
13.7 meter spectrograph.—  Directions to the 
photographic mirror (PTG), the collimator, and 
the photoelectric mirror (P.E.) are shown.
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grating is included in the appendix. The grating has 610 grooves/mm. 

and a ruled area of 254 X 158 millimeters. A sketch of the groove pro

file in the approximate orientation of the grating as it is used in the 

fifth order green is given in Figure 5. It was ruled on a flat pyrex 

blank, coated with vacuum evaporated aluminum, 1 to 3 microns thick.

The groove depth, computed assuming no unruled spacing between grooves, 

is 421. nanometers.

A predisperser is used in front of the entrance slit of the 

spectrograph as a filter or "order sorter" for the grating. The light 

path through the predisperser and spectrograph is shown in the sketch 

ih Figure 6. The predisperser re-images a wide slit (2 millimeters) 

onto the entrance slit of the large spectrograph.. This predisperser 

is a one meter quartz prism spectrograph of the Ebert type (Fastie,

1952)„

The photoelectric data acquisition System is sophisticated 

and requires some description. This system was designed and built by 

Dr. J. W. Brault and R. S. Aikens (1968) and was used for recording 

the photoelectric data used in this thesis«

The image plane of the spectrograph (see Figure 4 of Section 4 

for reference) lies directly beneath an exit slit and photomultiplier. 

The photomultiplier current is converted to voltage by a solid state 

amplifier. The signal is sent to an analogue to digital converter.

The output of the A - D converter is sampled by the SDS 910 through a 

multiplexer unit, and the data stored into the location programmed.
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Crossection of 13.7 meter spectrograph and predisperser.



: 35
Scanning of the spectrum is performed by precision rotation of the

grating about an axis in the plane and parallel to the rulings. A 

computer program indirectly instructs a stepper motor to rotate a shaft} 

which is connected to the grating mount through a linkage.

To start the scan, the program sends a series of pulses of in

creasing frequency to the motor to give angular acceleration to the

grating. As soon as the angular velocity corresponding to the sampling
> . - . 

frequency is reached, the output of the A - D converter is sampled be

tween each step and stored in a location in the SDS 910, : The location 

is serially increased with each step. The scan is continued with con

stant angular velocity of the grating until 1024, 2048, or 4096 points 

have been sampled. The wavelength interval scanned is typically 5 nano

meters , The grating is then decelerated, stopped, accelerated in the 

reverse direction, and the data sampling process is repeated. The sam

pling frequency is around 400 Hz, and a number of back and forth scans 

are required to build up a good quality signal.

This mechanism was altered slightly to adapt it for the examina

tion of instrumental polarization, A device was placed over the entrance 

slit of the spectrograph to support two sheets of HNP'B (Polaroid, 1967) 

ultraviolet transmitting linear polarizer. Two small sections of the 

Polaroid were cut from one sheet, and mounted on a frame, so that their 

directions of minimum extinction were orthogonal. The support frame was 

mounted on a moving platform, positioned by a solenoid, to enable rapid 

shifting from one linear polarization to the other. The solenoid and 

frame assembly were mounted over the entrance slit of the spectrograph
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in such a manner that light passed was either polarized parallel or 

perpendicular to the entrance slit. The solenoid could be activated 

by a command in the computer program.

The computer program stores the reverse scan data in a differ

ent portion of the computer memory. Hence, it was possible to switch 

the polarizer solenoid frame between scans and have one data block be 

recorded for light parallel to the slit and the other block, be taken 

for light perpendicular to the slit. The polarizer solenoid frame will 

be referred to as the polabanger. At the completion of a scan, or in

tegration period, the data are written on magnetic tape. The tapes are 

transferred to Tucson for further processing of the data on a CDC 6400 

computer at the headquarters of the Kitt Peak National Observatory.

The polarization of the spectrograph was examined using three 

different light sources, the sun as imaged by the solar telescope; a 

400 watt quartz iodine lamp; and a Spectra-Physics Model 119, He-Ne 

laser.. Photoelectric tracings of the solar spectrum were made at the 

Rayleigh wavelengths. The polabanger was used to make several scan 

pairs of the solar spectrum, in both the parallel and perpendicular 

electric vector orientation. These data were recorded with the normal 

operation of the grating scan system (100 micron entrance and exit 

slits). This material is shown in Section 5-1. The 400 watt quartz 

iodine lamp was used at night to irradiate the entrance slit for mea

surement of the orthogonal linear polarization transmissivity of the 

spectrograph. The lamp was a General Electric V - line quartz iodine 

#DWZ-30, and was powered by a stabilized Harrison Lab #6268A power 

supply.
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The 300 micron entrance and exit slits were inserted and data 

at constant grating angles were taken. The grating was set to the de

sired angle, the order selected by the predisperser, and measurement 

begun. The intensity of the light on the photomultiplier was such that 

the integration time required for 0.45% accuracy was about 70 seconds 

(35 seconds for each of the two linear polarizations). After an inte

gration period was completed the grating was stepped to another angle, 

and the procedure repeated.

The polarization transmissivity was measured at about 500 dif

ferent points in six grating orders in single pass, and in two grating 

orders in double pass. This material is presented in Section 5.1. An 

important part of thisz procedure was. the measurement of the ratio of 

Ijl /Ij. coming from the quartz lamp. If the intensity of the light associ

ated with the electric vector parallel to the slit differs from that 

for the perpendicular, errors will result. A check for this was made, 

and a calibration obtained, for each new set-up with the lamp. The 

mirror covers of the spectrograph were closed and the light scattered 

off the mirror covers was examined. It is reasonable to assume that no 

linear polarization is introduced in the light scattered in this manner.

A measurement of the ratio of incident parallel to perpendicular linear 

polarized light was obtained. This ratio was used to correct the polar

ization transmissivity measures. A typical value of I ,j /l^ is 0.90.

The helium - neon gas laser line at 632.8 nanometers can be ob

served in eleven different grating orders for this spectrograph (includ

ing both sides of the grating, and zero order). A Spectra-Physics model
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119 laser (with Brewster Windows) was operated in the frequency stabi

lized (mode locked) condition. E. Englehard, et al. (1968) found this 

commercial laser to give constant wavelength, over several hours to 

within 0.005 picometers. The width of the instrumental profile of the 

spectrograph is typically around 2.0 picometers. Hence, the laser line 

width is about 1/400 of the instrumental line profile, and photoelectric 

tracings of the laser are assumed to represent the instrumental profile. 

The laser tube support box, was mounted so that the beam was passed di

rectly through the entrance slit of the spectrograph. For the observa

tion on the instrumental profile the E-vector of the incident laser 

light was oriented at approximately 45^ to the length of the slit. The 

polabanger was used to .resolve the components, before the entrance slit. 

Photoelectric tracings were made on the profile in light linearly, po

larized parallel and perpendicular to the entrance slit* This material 

is presented in Section 6.7. The laser was also used to observe the 

position and intensity of the Rowland ghosts of the grating. This data 

is given in Section 5.32, and discussed in Section 6.9.



CHAPTER 5

THE DATA

This section presents the data taken.for the evaluation of the

13.7 meter grating spectrograph. Graphs showing the polarization as a 

function of grating angle for diffraction orders two through six; photo

electric tracings of the solar spectrum made in the neighborhood of the 

Wood anomalies; photographs of the spectrum image of a mode locked He- 

Ne gas laser; photographs of the grating made in the light of the par

ent line and ghost lines, and photoelectric tracings of the laser line 

made in single pass are given here.

5.1 Polarization Transmissivity

Let I}| 53 the intensity measured at the output of the spectro

graph for light incident with its electric vector parallel to the en

trance slit.

I a s  the intensity measured at the output of the spectrograph 

for light incident with its electric vector perpendicular to the en

trance slit.

The data were reduced to equal intensities for I % and 1^ in

put on the spectrograph slit. The following pages present the ratio 

(In /Ix ) measured at the image plane as a function of grating angle 

and wavelength. The range of I^ /I^ was found to be large and the data 

were plotted on semi-log paper. Figures 7 and 8 shows the single pass
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data (1^ /li.) presented depending on grating angle, for the "blaze side" 

of the grating. Figure 7 presents data for the 2nd and 3rd orders;

Figure 8 gives data for the 4th, 5th and 6th orders. The data for the 

other side of zero order are shown included in a plot of (T||/I^) as a 

function of wavelength in Figure 9. Lines at the top of the graphs lo

cate the grating angle positions of the Rayleigh wavelengths. The nota

tion 3/1> means that a Rayleigh anomaly is predicted for this grating 

angle, when observations are made in the 3rd order. The one identifies 

the higher order wavelength that is diffracted at 90°. In this case it 

is the 3 + 1  or the 4th order. Both the grazing light and the observed 

light are of the same wavelength, as discussed in Section 3.1. All of 

the predicted Rayleigh wavelengths for the interval of grating angle 

shown are marked for every observed order. Since the 13.7 meter spectro

graph is not operated in Littrow the anomalies are seen to come in pairs, 

in accordance with equation 3.2 - 3 in Section 3..

The linear polarization transmissivity ratios were computed us

ing a slide rule from data that.were accurate to 3 significant figures. 

The grating angle is readily measured to the nearest 2 minutes of.arc.

In those cases where there was a large difference between l,t and 1^ , 

the integration time was adjusted so that the faintest intensity would 

be accurate to approximately 3 places.

5.2 Scans Near Anomalies

The solar spectrum was scanned in the areas around the positions

of the Wood’s anomalies. Although the solar spectrum is broken up by

narrow absorption features, the continuum is sufficiently level, so that
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(above) and perpendicular (below) polarized light. Grating
angle = 36° 17', n/k = 3/1
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(above) and perpendicular (below) polarized light. Grating
angle = 44° 54', n/k = 5/1
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the sun makes a good source for studying discontinuities in the trans

mission of the spectrograph with wavelength. The photoelectric tracings 

presented ih Figures 10 through 17, cover 8 Rayleigh wavelengths, as ob

served in single pass. The Rayleigh wavelengths designated as $  in 

Table 1 (Section 3.2) were observed. Each one was observed in light 

parallel and perpendicular to the entrance slit, hence about 16 graphs 

are shown. The scans were taken in rapid sequence, so that each scan 

pair of parallel and perpendicular are of the same region of the sun and 

at the same spectrograph adjustment.

5.3 Photographs of Rowland Ghosts 

Figures 18 through 24 show contact prints of the Rowland ghosts 

as observed at the photographic port of the vacuum spectrograph. The 

entrance slit of the spectrograph was illuminated by the He-Ne laser.

No attention was paid to the orientation of the linear polarized laser 

light with respect to the entrance slit. In all cases, except Figure 

20, a Mylar diffuser was employed to lengthen the illuminated slit. In 

the case of Figure 20, the Mylar was not used, and the grating was illu

minated by the central portion of the Fraunhofer diffraction pattern.

The. grating illumination uniformity was examined by eye, through 

a monocular prior to each photograph. The plates were taken with uni

form grating illumination. In most cases several exposures were taken 

to show both the bright and very faint features in the profile.

The plates from which these prints were made, were measured to 

determine the separation from the primary line to the brightest ghost. 

This separation is used to compute the period of the ruling error.



Figure 18. Zero order slit image in white 
light photographed at spectro
graph image plane.



Figure 19. Laser line and ghosts photographed in the 4th order 
blaze side.

Figure 20. Laser line,unwidened, photographed with a long
exposure, in the 3rd order blaze side.— Many faint 
ghosts are shown.
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Figure 21. Laser line and ghosts photographed in 
the 1st order, opposite blaze side.

Figure 22. Laser line and ghosts photographed in 
the 2nd order, opposite blaze side.
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I

Figure 23. Laser line and ghosts photographed 
in the 2nd order, blaze side.

Figure 24. Laser line and ghosts photographed 
in the 3rd order, blaze side.



5.4 Photoelectric Scans of Rowland Ghosts
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The instrumental profile response, measured photoelectrically, 

of the spectrograph, operating in single pass, as examined with the 

laser is shown in Figures 25 through 27 for grating orders - 1, 3 and 

4. The data are plotted showing the shape of the Rowland ghosts on 

either side of the primary line. The horizontal scale is interrupted 

as shown, and is identical for each graph. The vertical scale is 

: preserved.

The Rowland ghost positions, and intensities are discussed in 

Section 6.11. The shape of the profile is discussed in Section 6.12.

The amplitude of the periodic error is derived using the intensity of 

the Rowland ghosts.

5.5 Direct Photographs of the Grating 

Figures 28 through 34 show photographs taken of the 254 X 158 mm 

Babcock grating in the light of the He-Ne laser operating at 632.8 nm.

A camera was designed and built to stand over the photographic port 

the vacuum spectrograph. A lens 50 millimeters in diameter and of 75 cm 

focal length was used to image the grating at a lateral magnification of 

0.27 onto the film plane of a single lens reflex camera. The camera and 

spectrograph were adjusted so that the image plane of the spectrograph 

and the entrance pupil of the camera were nearly coincident. This is 

simple to do since the spectrograph is f/60. The image plane was mask

ed down to admit only the desired light to form the picture. For ex

ample, if a picture of the grating in the light of the fedward Rowland
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ghost is desired, the camera is centered over the ghost and the image 

plane masked down to admit only light from that ghost to the camera.

Figures 28 through 31 show the grating in the light of the blue 

ghost, primary, and red ghost for the 1st order on the side of the grat

ing opposite the blaze, and for the 2nd, 3rd, and 4th orders on the 

blaze side. The grating appears underfilled, particularly noticeable 

in the pictures taken in the light of the primary line. This is the 

result of illuminating the grating with the laser, without use of a 

diffusing screen over the entrance slit. The gaussian beam profile of 

the laser is seen projected onto, and underfilling the grating. The 

photoelectric tracings were made with a diffusing screen. The level of 

illumination on the film for the direct photographs of the grating was 

found to be unsatisfactory unless the laser beam was striking the grat

ing directly.

Figure .32 shows a picture of. the grating in the light of that 

portion of the ghost pattern two millimeters on either side of the 4th 

order primary line. . Figure 33 shows three photographs of the grating, 

taken in light at varying distances on the short wavelength side to the 

4th order primary line. The top photograph was taken including all 

light up to 4 millimeters from the primary line, the center photograph 

was taken in all light up to 6 millimeters, and the lower photograph 

was taken in light up to 8 millimeters from the primary. The strongest 

ghost is located 9 millimeters from the primary. Figure 34 is a photo

graph of the grating, taken through a narrow slit admitting light only
■ .

from the short wavelength side, 4th order, Rowland ghost.



a)60 sec exp b)l/2 sec exp c)60 sec exp

Figure 28. Monochromatic (He Ne laser input) Photographs of 
the grating in minus or non-blaze side 1st order.

a) In the light of the short-wave Rowland Ghost

b) In the light of the central or primary line

c) In the light of the long-wave Rowland Ghost

O'NJ



a)60 sec exp b)l sec exp c)60 sec exp

Figure 29. Monochromatic (He Ne laser input) Photographs of the 
grating in the plus or blaze side 2nd order.

a) In the light of the short-wave Rowland Ghost

b) In the light of the central or primary line

c) In the light of the long-wave Rowland Ghost

ou>



a)15 sec exp b)l sec exp c)15 sec exp

Figure 30 Monochromatic (He Ne laser input) Photographs of 
the grating in the plus or blaze side 3rd order.

a) In the light of the short-wave Rowland Ghost

b) In the light of the central or primary line

c) In the light of the long-wave Rowland Ghost

O'



a)5 sec exp b)l/2 sec exp c)5 sec exp

Figure 31. Monochromatic (He Ne laser input) Photographs of 
the grating in the plus or blaze side 4th order

a) In the light of the short-wave Rowland Ghost

b) In the light of the central or primary line

c) In the light of the long-wave Rowland Ghost

o\in



66

f ■ »*# tV*"’ l . f H i
11 MiV' i

a)15 sec exp b)15 sec exp

Figure 32. Photographs of the grating in the light 
of that portion of the ghost pattern two 
millimeters on either side of the 4th 
order primary line

a) Short-wave side

b) Long-wave side



a) b) c)

Figure 33. Photographs of the grating on the short wavelength side 4th order primary line.

a) Photographed in light from base of primary to 4 millimeters from 
primary. Four second exposure.

b) Photographed in light from base of primary to 6 millimeters from 
primary. Five second exposure.

c) Photographed in light from base of primary 8 millimeters from 
primary. Five second exposure.

Ox



Figure 34. Photograph of grating, taken 
through narrow slit admitting 
light only from the short wave
length side 4th order, Rowland 
Ghost
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• The photographs show those portions of the grating that •contri

bute to an image in the image plane. When examining the grating on line 

center it appears approximately uniformly illuminated. If the grating 

is observed in the light of one of the ghosts, it is those bright bands 

that appear on the grating that contribute to the formation of the ghost 

image of the entrance slit. This technique produces a picture of the 

grating that is a map of the grating errors.



CHAPTER 6

DISCUSSION OF THE DATA

6.1 Introduction 

Radiation, in passing through the spectrograph becomes polar

ized. Light, proceeding through the entrance and exit slits, reflect

ing from the mirrors, and interacting with the grating becomes partially 

linearly polarized. The photomultiplier or detector as oriented in the 

cold box can appear to be more sensitive to light linearly polarized 

in one direction. Therefore, any radiometric measure claiming to be 

precise must include a study of the polarization content of the light, 

and the polarizance of the Instrument.

R. V. Jones and J. C. S. Richards (1954) discuss the polar

izance introduced by narrow slits. They perform several experiments 

with slits scribed in thin aluminum films, and with thick slits. Their 

measures indicate that light of wavelength 1 micron is polarized less 

than 2% by passing through a steel slit 100 microns across, and 1000 

microns deep. They determined that narrow thick slits have a higher 

transmissivity for the parallel electric vector, than for the electric 

vector perpendicular to the slit. It was confirmed in the lab that the 

100 micron slits used to take the data for this thesis, introduced less 

than about 2% polarization. A, Sommerfeld (1954) gives a theoretical 

discussion of the problem.

70
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, The 13.7 meter spectrograph utilizes nearly normal reflections 

from the collimator and image-forming optics^. The mirrors in the spec

trograph were aluminized With great, care to avoid any residual polari- 

zance of the surface (J. Richardson 1969). When the spectrograph is 

operated in double pass, the light is passed through two reflections at 

45 degrees from an opaque aluminum film. These reflections Contribute 

to the polarization of the radiation as it passes, through the spectro

graph. In single pass, the light traverses normal to every reflecting 

surface, except the grating.

The cold box holding the photomultiplier detector was rotated 

oh its flange connecting it to the spectrograph, and polarization mea

surements indicated that the EMI 9558 photomultiplier was responsible 

for less than 2% error. The calibration procedure outlined in Section 

4 compensates for the polarization effects of the predisperser, slits, 

and photomultiplier. It is shown that the major contributor to the 

polarization dependent spectrograph transmissivity is the grating.

6.2 Transmissivity and the Rayleigh Points 

Polarization transmissivity of the spectrograph in the neigh

borhood of the Rayleigh points is discussed. Graphs of the linear po

larization transmissivity as a function of grating angle are shown in 

Section 5.2, Figure 7 and 8. Grating angles corresponding to the 

Rayleigh wavelengths are shown by the vertical lines at the top of each 

sheet. Profiles of several anomalies will l?e discussed with the nota

tion used to derive the wavelengths for these features (equations 3 - 3).
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Let n - the grating order in which one observes radiation of wave

length X ; n 4- k = the higher order that is at grazing for the wave

length X • Both n and k are integers.

An observation can be made regarding the relationship between 

the linear polarization transmission ratio an'd the anomaly. In the 

grating orders observed, (i.e., two through six), the n/(n+1) anom

alies appear to have I%> or a polarization transmission ratio great

er than, unity. Also it is seen that for the k - 2 anomalies, I„<1^ 

or a polarization transmission ratio less than unity. Additional data 

indicate that the k = 3 anomalies have Ilt ̂  , or the polarization

transmission ratio is greater than unity. The above information leads 

one to the conclusion:
n1) For k, an odd integer, the . /(n + k) anomalies are 

associated with I;, ̂  Ij, °

2) For k, an even integer, the n/(n 4- k) anomalies are 

associated with Ij, .

6.3 Photoelectric Solar Scan Near Wood's Anomalies

The solar spectrum was scanned photoelectrically, passing the 

grating through the Rayleigh wavelength, predicted by equation 3 - 3 .  

The appearance of the absorption spectrum continuum is found to depend 

on the particular Rayleigh wavelength and the orientation of Incident 

linearly polarized light. Unpolarized or "natural" light can be rep

resented as the sum of two orthogonal linear polarization forms assum

ing the radiation is Incoherent. The response of the spectrograph 

system to unpolarized light is the sum of the individual responses to
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. perpendicular and to parallel polarized radiation. The response to 

radiation whose degree of linear polarization lies between 0 and 1 can 

be obtained by the proper scaling, and resolving the electric vector 

direction into parallel and perpendicular to the slit.

Photoelectric scans of the solar spectrum in the neighborhood 

of the Rayleigh points are shown in Figures 10 through 17. The k = 1, 

k = 2 and k = 3 anomalies are grouped together in three sets, each set 

starts with the lowest n number. These figures show the contours of 

the continuum for values of 0"^ in Table 1 (Section 3,1). Scans taken 

at wavelengths have essentially the same features, as the scans for 

2 ' Close examination of these tracings show that for k ** 1, the 

anomalies are predominant in light polarized with its electric vector 

perpendicular to the rulings (i.e., 1^). It is interesting to note 

that for the n/k = 2/1 anomaly (at 807.nm): no feature for I „ is seen.

The data however are very noisy and perhaps a weak discontinuity is 

hidden. Features, possibly associated with the anomaly, are seen in 

1,1 for the tracings made across the n/k = 3/1, 4/1, and 5/1 points. 

(Figures 11, 12, and 13) It is seen that the k = 1 anomaly produces 

the greatest intensity change for light incident with its electric vector 

perpendicular to the rulings.

The anomalies associated with k = 2 cause spectacular depres

sions in the continuum, particularly noticeable in light polarized 

parallel to the entrance slit and rulings. Figures 14 and 15 show 

scans for the anomalies at n/k = 1/2 and at n/k =2/2. In both cases 

the value of I^ drops from 100% to less than 60% over a wavelength
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interval of 10.0 nanometers. The anomalies associated with k - 2 also 

appear to show very well for scans taken in light polarized perpendicu

lar to the grating rulings. These sharp changes in the transmissivity 

of the instrument would also be seen with unpblarized light.

Figures 16 and 17 show the solar spectrum scans taken in the 

vicinity of the Rayleigh wavelengths for n/k = 1/3 and n/k => 2/3. It 

appears that the anomaly does not show in the scans taken with A

curious feature is seen in the scan taken with the light polarized 

parallel; a "brightening" appears at the position predicted for the 

anomaly. This "brightening" appears to be at the "top" of a long slope 

in the continuum. The short wavelength end of the decreasing trans

missivity curve was not examined. This feature, obvious-in light po

larized parallel does not appear to be associated with any particular 

continuum change in the scan taken with the electric vector perpendicu

lar to the rulings and slit.

It has been demonstrated that the intensity distribution in the 

neighborhood of the Wood’s anomalies follows a pattern, depending on 

the value of k.

R. W. Wood (1902) first observed the anomalies in 1902, and re

ported that they appeared only for the case of the grating being illu

minated by light polarized with its electric vector perpendicular to 

the rulings. He also found that some anomalies appear to be bright 

bands in the spectrum. C. H. Palmer (1952) observed an anomaly in 

light polarized parallel to the rulings, and attributed it to an ef

fect involving their depth. ,
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C. H. Palmer states in his 1952 paper: "The parallel anomalies 

have been found only when using gratings with grooves much deeper than 

the wavelength, and they vanish when the wavelength becomes comparable 

to the groove depth.11 Figures 14 and 15 show a very strong anomaly in 

light polarized parallel to the rulings, and at wavelengths of 644 and 

537 nanometers. Figure 5 shows that the groove depth is approximately 

470 nm. Unfortunately no data were taken of the n/k = 3/2 anomaly at 

459.2 nm, or the n/k = 4/2 anomaly at 401.5 nm. However, it is believ

ed that profiles of these anomalies will resemble the n/k =' 1/2 and 

n/k = 2/2 anomalies. For this particular grating* it appears that the 

parallel anomalies do not follow the rule established by C. H. Palmer. 

However our ruling depth was computed assuming that the grating has no 

unruled space between the facets. The depth of 470. nm is an upper 

bound. If the rulings are much shallower than this, then the data are 

insufficient to verify the hypothesis of Palmer.

6.4 Wavelengths for Wood's Anomalies 

Wavelengths of the Rayleigh Points predicted by equation 3 - 3  

were found to agree with those measures obtained for the Wood’s anom

alies using the photoelectric tracings. Observed positions of the in

tensity discontinuities are shown in Table 2. The observed wavelength 

was determined to be the point of steepest slope of the scans. Columns 

1 and 2 give the order and wavelength, as computed using equation 3 - 3  

in Section 3.1 Column 3 lists the measured wavelengths derived from

the solar spectrum scan data of Figures 10 through 17. Agreement to
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Table 2. The predicted wavelength for the Rayleigh point.compared 
with the observed wavelength.= Both are expressed in 
nanometers.

Number
n/k

Predicted
Wavelength
Nanometers

■Observed 
Wavelength 
Nanometers .

1/2 v 644.5 644.6 + .1

1/3 460.3 460.02 + .05

2/1 807.1 807.4 + .1

2/2 537.4 537.50 ±  .05

2/3 402.9 402.73 ±  .05

3/1 646.4 646.26 ±  .05

4/1 539.2 ,539.14 + .05

5/1 462.5 462.70 + .05

5/2 358.9 359.04 + .05
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within 0.3 nanometers is apparent between those wavelength values deter

mined from the equation for Rayleigh points and the empirical values.

J . Strong (1936) found that the appearance of the Wood's anom

alies was influenced by a dielectric coating evaporated on the grating. 

C. H, Palmer (1952) performed a series of experiments designed to study 

the effects of very thin dielectric films evaporated over the rulings.

He observed that dielectric coats sixty nanometers thick altered the 

appearance of the anomaly but not its position in the spectrum. A film 

thickness between one and one^half wavelengths was required before the 

position of the anomaly shifted.

The agreement between the predicted and observed Rayleigh wave

lengths indicate that there is no significant coating of aluminum oxide 

or other contaminating materials e.g.,oils, smoke, on the grating. Most 

likely there is a very thin transparent film on the grating, However 

since there are no records available on the profile of the anomalies at 

an earlier date, it is impossible to say if the grating has degraded.

6.5 The Peak Polarizance 

Examination of Figure 8, which presents the single pass polari

zation data as a function of grating angle, shows a general trend in the 

ratio I j|/Iĵ  from lower values at low grating angles, to a generally 

higher value at.larger grating angles. This trend is particularly no

ticeable if the presence of the Rayleigh wavelengths are ignored. It 

was believed that this trend might be related to the groove width and 

observing wavelength. The width of the gracing facets as viewed from
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the photoelectric port is given to sufficient accuracy by

6.5 - 1 d cos

where d is the grating constant, and &  is the grating angle, as defined 

in Section 2.1. The polarization data, plotted as a function of 

% ! (d cos ), are shown in Figure 35, for orders 2 and 3, and in Figure 

36, for orders 4,.5, and 6. The columns in Table 3, give the grat

ing order, the value of %/(d cos(#-)) associated with the non- 

Rayleigh wavelength polarization peak, the wavelength for the peak, 

and the value of Ij//I^ » Entries in the table are made for each of 

the five observed.orders of the grating. .

A similar, general increase in the values of I / I ^  is notice

able in the data of E. A. Yakovlev and F. M, Gerasimov (1961). The 

increase appears to be unrelated to the Rayleigh wavelengths. However, 

not enough details are provided regarding their experiment to reduce 

their data to graphs resembling Figures 35 and 36.

It is of interest to note that the peak value of V ( d  cos ̂ ) 

is nearly the same for the 3rd, 4th and 5th orders. On the basis of 

this information grating angles were derived predicting the location 

of polarization peaks in the 2nd and 6th orders. Data taken in the 

2nd order showed no polarization peak at the predicted point, and 6th 

order data showed only a broad feature centered at the wrong point.

Upon inspection of Figure 22 in Section 4.1 (showing the grating groove 

profile) one might suggest that the non-Rayleigh wavelength related 

polarization occurs only for those grating angles where the diffract

ed light has a wavelength between one and two times the grating ruling
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Figure 35. The linear polarization transmission ratio is shown for 
diffraction orders 2 and 3 as a function of X/(dcosO).
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Figure 36. The linear polarization transmission ratio is shown for diffraction orders 4, 5, and 

6 as a function of X/(dcos6).
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Table 3. The large peak polarizations apparently unrelated to the 
Mood * s Anomalies.

Order Peak Value 
X/(dcos(8))

X(run) 8 in/ij.

2     NONEi. NONE— ---

3 0.670 770. 45° 6.2

4 0.680 660. 53°40’ 22.

5 0.690 568. 6 0 V .4 .

6 0.56 470. 60° 1.4



depth. However, several gratings of different ruling depths should be

tested before this conclusion can be generalized.

At the wavelength predicted for the peak value of I „ /l^, in 

2nd order, the polarizance of the analyser (HNP’B Polaroid) is poor

(H. M. Dyck, 1969). Consequently a peak value of I / I ^  may appear

in the 2nd order and not have been detected. This should be investi

gated further. ,

6.6 Effect of. Polarization on Photometry .

The transmission of a grating spectrograph is dependent on the 

degree and orientation of the linear polarized light that is incident 

on the spectrograph slit. Ignoring this fact can lead to incorrect 

photometric measures. Figures 7 and 8 show the linear polarization 

transmission ratio as a function of grating angle, for the grating in 

the 13.7 meter spectrograph of the McMath Solar Telescope. The data 

of E, A. Yakovlev and F. M. Gerasimov (1961) confirm that this effect 

is not unique to this particular grating. The polarizance varies from 

grating to grating, and the data reported here may not necessarily be 

applied to other spectrographs.

The photometric errors at the spectrograph image plane, intro

duced by a linear polarization component of the light incident on the 

spectrograph entrance slit, can be generalized to include all spectro

graphs. The polarization of the light on the entrance slit of a spec

trograph may be ins trumentally induced, or intrinsic at the object being 

viewed.
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The potential error is greatest in the case where the spectro

graph remains fixed and the slit is illuminated by light that has been 

reflected from several mirrors. If one performs photometry by measur

ing the intensity in several bandpasses for one set up of the spectro

graph feed mirrors, and then alters the position of these mirrors to 

view another source, the comparative photometric measures are unreliable, 

unless the system has been calibrated.

The magnitude of the photometric error- can be estimated, and 

from a calibration, the measures can be corrected. The maximum error is 

computed below. Let be the intensity measured in bandpass

X ̂  £ be the intensity measured in bandpass and T ^ ,  be the linear 

polarization transmissivity at 

T ̂  ̂  is defined by

'T -

X||â  is the intensity measured in bandpass "X for light polarized 

parallel to the entrance slit; and Ij. is the intensity measured in 

bandpass for light polarized perpendicular to the entrance slit.

Let P equal the degree of linear polarization of the light incident on 

the slit. The maximum effect will be total extinction of P of the light 

or

E ~ 100 p ( /  -  - ^ L-  ) , Taz < o
T m  /
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& ■ is the maximum percentage photometric error. If 53 the spec

trograph has identical polarization transmissivity at the two wave

lengths Al and A 2, and £ ^ 0. If goes to zero, the maximum

error P ensues. For situations where 2 1' can use the formula

T aj

The value of £ was computed for values of P and the ratio T %  2/ ^  i” 

These data are shown in Figure 37. The curves represent constant val

ues of P, the degree of linear polarization in the incident light. The 

graph is plotted for spectrograph polarization transmissivity as a 

function of the maximum percentage intensity error in wavelength.

Examination of Figure 8 shows that vlaues of T ^ /  T ^  ̂  = 10 are 

common. If ten percent of the incident light were polarized, the maxi

mum photometric error that occurs is nine percent.. Grating spectro

graphs, if they are used for precision colorimetry, must be calibrated 

for transmission as a function of the linear polarization.

6.7 Effects on Astronomical Data 

It is of Interest to pursue the effects of the polarization 

transmissivity and the Rayleigh discontinuities on astronomical data 

recorded with grating spectrographs. Two primary functions of astro

nomical spectrographs are affected. These functions are:

1) The spectrum is recorded on a photometrically 

calibrated photographic plate, for the purpose of 

examining the slope of the energy distribution curve.
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Figure 37. The maximum percentage intensity error as a function of the 

wavclength-polarization transmission ratio is shown calcu
lated at two wavelengths from the data in figures 7 and 8.—  
The intensity error is shown for 5 different incident polar
ization percentages.
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2) The spectrum is recorded with photoelectric 

scanners, or a series of stationary slots, with 

several photomultipliers, each examining a different 

wavelength region. . . '

The photographic emulsion has a lower photometric precision 

than does the photoelectric system; however, plates taken in the neigh

borhood of the Rayleigh point should show a detectable intensity 

anomaly. This anomaly would affect the slope of the continuum line 

as given on a microdensitometer trace of the photographic spectrum 

image. The slope of the continuum line as also affected by the general

change in polarization transmissivity, particularly if the light inci-
■ , • - ' ' -

dent on the spectrograph slit is partially polarized.

Photoelectric errors may be very serious, since such measures 

are presumed to be of the highest precision. For example, a star may 

be observed to have an unusual, color for. its spectral type, when in 

fact the grating spectrograph polarization transmissivity may be rer- 

sponsible for altering the intensity distribution. The color of a star 

is corrected for the presence of the earth's atmosphere using standard 

extinction coefficients; no such corrections are currently being made 

for polarization effects'.

Photometric and colorimetric data will remain unaffected if 

there is no instrumentally induced polarization, if the source is not 

inherently polarized, and if the light is not polarized by passing 

through the interstellar medium. If radiation is not polarized when
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it reaches the telescope, if instruraentally induced polarization re

mains constant in position angle and magnitude at the spectrograph 

entrance slit (i.e., not dependent on position in the sky), and if 

standard stars are observed with this optical geometry, then the 

photometric data will be correct. If the magnitude or position angle 

of the linear polarization are dependent on the position in the sky, 

then both the photographic and photoelectric data should be closely 

examined for errors.

€. L. Hyder (1966) observed that an intensity variation of 

the solar coronal lines was an instrumental effect, produced by a 

change in the degree and orientation of the polarized coronal light 

on the entrance slit of the spectrograph.

High dispersion spectrographs are very large, and massive.

To take full advantage of the theoretical resolving power of a grating, 

a camera of long focal length is required. It is inconvenient to handle 

such an instrument on the telescope, and to move it through the sky. 

Hence, astronomers use a fixed installation (I. S. Bowen 1962). A 

series of mirrors are placed in the optical path of the telescope to 

produce an image at a fixed focus. That is, a focus whose position is 

independent of the orientation of the telescope. The image formed by 

the telescope is said to be in the coude room. For an equatorial mount 

of conventional type a minimum of five reflections is required to bring 

the image to a fixed focus and have access to the entire sky. These 

reflections introduce linear polarization to the radiation observed in
■ t-the Coude room.



' The 84 inch telescope coude arrangement at Kitt Peak National 

Observatory will be used as an example. The degree of linear polariza

tion is dependent on declination. Orientation of the electric vector 

relative to the entrance slit depends on the hour angle of the telescope. 

It was calculated using the Fresnel Equations that at a wavelength of 

550, nanometers, and with the telescope pointing at the equator, the 

degree of polarization of the light incident on the slit is .09. When 

the telescope is pointing at the pole, 14% of the light is linearly 

polarized. . '

Many large telescopes currently under construction are designed 

to use photoelectric scanners or an electronographic image intensifier 

. in the image plane of a coude spectrograph. Both the photoelectric 

scanner and the electronographic image tube are capable of measuring 

light intensity to a precision of 1%. Consequently, in order to retain 

that precision, the polarization transmissivity of the spectrograph and 

the polarizance of the telescope must be determined.

Many small grating spectrographs are used with a narrow entrance 

slit. An interesting consequence of the results given here on the polari

zation transmissivity of a grating and those measures obtained by R. V. 

Jones and J. C. Richards (1954) on the polarizance of narrow slits is 

now discussed. Their data show that unpolarized light of wavelength 1 

micron incident on a steel slit 20 microns in width becomes polarized 

30% on passing through the slit.

It is apparent, then, that for a grating spectrograph similar 

to the one examined in this thesis, operating with narrow slits, the
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transmissivity with wavelength will be dependent on the width of the 

slits. The measures of Jones and Richards show that the polarization 

as a function of slit width is a steep curve. Consequently the degree 

of polarization of the light striking the grating is strongly dependent 

on a precise measure of the slit width. An observer should be particu

larly alert when working in the infrared. Light of 10 microns may be 

passed through a slit 200 microns wide while performing high resolu

tion grating spectroscopy. Unintentionally, then, the observer may have 

altered the spectral transmissivity of the instrument, A good practice 

is to maintain a Slit width of at least 100 times the observed wavelength.

6.8 Polarization on Reflection

A calculation of the amount of linear polarization introduced 

by reflections from aluminized mirrors was made by Dr. W. C. Livingston 

from the Fresnel Equations. Figure 38 shows a plot of linear polariza

tion (percent) and retardation (degree) as a function of the angle of 

incidence. The retardation referred to is the phase difference between 

the parallel and perpendicular component of polarized light. This graph 

appears with the kind permission of Dr. W. C. Livingston. It is of 

interest to note that one reflection at 45 degrees will introduce 6% 

linear polarization to the light.

6.9 Double Pass Polarization

It is of interest to see if the double pass polarization data 

are consistent with the single pass data. The values for the linear 

polarization ratio measured for single pass, in grating orders 4 and 5, 

were squared and plotted, along with the double pass data for these same
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orders. The data are shown in Figures 39 and 40, plotted as a function 

of grating angle. Agreement shown by the curves verifies that double 

pass intensities are the square of the single pass intensities. The 

deviation from the curve, noticeable for the 5th order data, is probably 

due to the double pass system being out of alignment.

Reflectivity for light incident with its electric vector parallel 

or perpendicular onto a metal surface depends on the wavelength of the 

incident radiation. The double pass photoelectric system uses two re

flections at 45 degrees. One might anticipate that the single pass and 

double pass polarization transmissivity ratio data might deviate as wave

length changes. Calculations using the Fresnel Equations, show that this 

deviation is about two percent over the interval 400 to 600 nra. The two 

reflections at 45 degrees introduce a calculated degree of polarization 

of seven percent at 550 nm. Such effects are not apparent on these 

graphs. The effect, of an additional seven percent would not be obvious 

on the log ordinate. .

The data shown in Figures 39 and 40 demonstrate that the intensi

ties derived for a double pass of the grating are the square of the 

single pass intensity. It is necessary, however, for the grating to be 

properly illuminated in both passes for all observed wavelengths.

6.10 Instrumental Profile in Polarized Light 

Figure 41 shows photoelectric scans of the laser line for the 

two orthogonal linear polarizations. The heavy line is the profile for 

the electric vector perpendicular to the entrance slit. The dashed line 

is the profile for the electric vector parallel to the slit. The two
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profiles were lined up by visual inspection. They were taken with 100 

micron entrance and exit slits, in the 4th order at 632.8 nm. It ap

pears that the Instrumental profile is wider for light that is incident 

polarized with the electric vector perpendicular to the slit and grat

ing rulings, than for light with its electric vector perpendicular.

There is a very slight difference, and it would have little or no 

effect on the data for relatively broad spectrum lines.

A, K. Pierce (1957) has shown that the irradiance on the grat

ing varies with the orientation of linearly polarized light on the en

trance slit of the spectrograph. Visual inspection shows that the dis

tribution of irradiance over the grating when illuminated by a continuum 

source varies considerably in going from X|j to 1^. This effect is seen 

at the image plane as a change in the apodization of the pupil or grat

ing transmission function. Consequently, a change in the profile be

tween the two polarizations is to be expected.

6.11 Rowland Ghost Intensities and Position

The formulas given in Section 2.3, for the Rowland ghost intensi

ties and position relative to the primary line were checked using both 

the photographic and photoelectric data as given in Section 5. Table 4 

summarizes measurements of the position and intensity of the Rowland 

ghosts. The intensity ratios were taken from the photoelectric data, 

and were computed using the area under the curves rather than the peak 

values. The separation to the first Rowland ghost was determined for 

the photoelectric data by multiplying the separation as found by count

ing steps of the stepper motor by the constant 1.9013 X 10 millimeter/
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Table 4. Primary to first ghost separation, for the Rowland ghost
Pg refers to a measure made with a photographic plate,
Pe refers to a measure made with a photoelectric scan.

-

Method Order Cos i (AX)n
in Millimeters

Pg • -3 0.8153 7.06

Pg "2 .9226 6.28

Pe
' "2 : .9226 6,27

Pg ■ -i .9814 5.93

Pe -i .9814 5.89

Pe 4-3 . 8153 7.01

Pg 4-4 .6360 9,38

Pe 4-4 .6360 9.22
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stepo The separation to the first Rowland ghost was determined for the

photographic data by measuring the plate on the Grant Scanning Compara

tor . It was very difficult to measure the ghost position for the 1st 

and 2nd order plates because of the extreme intensity difference be

tween the ghost and parent line. These measures are subject to larger 

errors than are the measures in other orders.

Equation 2.3 - ls giving the separation between the parent line 

and the 1st Rowland ghost line can be rewritten;

COS U )  . * * A 'f

The data given in Table 4 were plotted, ^  as a function of

eos(i) and are shown in Figure 42. The slope of the line was calcu

lated to be 183/nm, and used with = 632.8 X 10**̂  meter and f s 13.7 

meters to determine that the period of the error was 970 grooves or 

1.59 mm. It is of interest to see if this figure is consistent with 

the information contained in the photographs of the grating in the 

light of the Rowland ghosts. The.grating width is 158 mm and is shown 

in Figures 28 through 34, printed at a magnification of 0.190, or a 

width on the print of 3 cm. The period of the error is 1.59 mm or 

about .01 of the grating width. Hence, as shown in the photographs, 

those portions of the grating contributing to the error, should reveal 

themselves as bright lines separated by 0.3 mm. Holding a millimeter 

scale up to the prints shows that a spacial frequency of 0.3 milli

meters is quite common. Note that this frequency appears independent 

of the grating order.
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If the spatial frequency of 0.3 millimeters is responsible for 

ghost errors, then photographs of the grating in light near the base of 

the primary line should not show the 0.3 mm frequency. Figure 32 in 

Section 5.3 shows a print of a photograph of the grating in the light 

of that portion of the ghost pattern two millimeters on either side of 

the 4th order primary line. There is no 0.3 mm frequency apparent.

The above material demonstrates experimentally, the frequency 

mapping properties of a grating. It is well known that the distribution 

of radiation in the image plane of a grating spectrograph is the Fourier- 

Transform of the grating ruling pattern with scaling factors of focal 

length and wavelength. Monochromatic, coherent light incident on the 

slit simplifies the analysis of the image plane radiation distribution. 

The fact that between the primary and first Rowland ghost, a spatial 

frequency of (^ L ) ™ 11"* is not observed, is because the laws of diffract 

tion prohibit this frequency from contributing to an image.

Observe that the separation between the bright portions of the 

grating is considerably greater for the grating photographed in the 

light 2 millimeters on either side of the primary line. As we move the 

aperture (entrance pupil of camera) closer to the primary line those 

portions of the grating that contribute to the formation of an image 

move further apart. As soon as this separation becomes as large as the 

grating we are moving onto the side of the profile of the primary line.

The intensity of the ghosts can be reduced by masking off those- 

portions of the grating that appear bright in the photographs taken in
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the light of the ghosts. However, masking the grating decreases the 

size of the pupil and hence increases the instrumental profile. A mask 

should not be placed so as to divide the grating into two separate areas. 

The grating looks considerably different on the short wave side of the 

primary line than it does on.the long wave side. This.is responsible 

for producing the noticeable assymetry at the base of the profile. Both 

the photographs in the spectrograph image plane and the photoelectric 

tracings show this.

The equation giving the ratio of the intensity of the first 

Rowland ghost to its parent line was used to derive the amplitude of the 

periodic error in the position of the grooves on the grating. Let Ig 

equal the intensity of the ghost and the intensity of the parent line. 

Figure 43 shows the ratio Iq /Iq as a function of the spectrograph grat

ing order squared. The intensity ratios were determined by measuring the 

area under the profiles of the parent and ghost lines shown in Figures 25 

through 27. The value calculated by dividing the area of the parent line 

into the area of the ghost was used for the intensity ratio. The error 

in each measure of the ratio is indicated by the vertical bars. The 

Rowland ghosts for first order are extremely faint; hence, the first or

der intensity ratio has the largest estimated error. The slope of the 

line is + 1.92 X 10~\ The value £, the amplitude of the periodic error, 

is 0.73 nanometers.

This grating was ruled under careful interferometric control. 

Grating constant of 1638. nm is approximately an even integer (3) of the
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yellow mercury line at 546.1 nm. It is interesting to note that the 

amplitude of the periodic error is 0.0013 of a fringe at this wavelength. 

G. R. Harrison and G. W. Stroke (1955) reported making a grating with 

6= 1.7 nanometers.

A general conclusion can be made that, the frequency mapping 

abilities of this grating are excellent, considering it is mechanically 

ruled.

6.12 Slit Width and Instrumental Profile

Figures 44 and 45 show photoelectric scans made in the 3rd order 

of the He-Ne gas laser line. This series of tracings was made to show 

the effect on the line profile caused by reducing the entrance and exit 

slits. Figure 44 shows the forward scan for 60 micron slits, entrance 

and exit. Figure 45 shows the forward scan for 20 micron slits, en

trance and exit. The slit length was approximately 2 mm. The electric 

vector of the incident laser light was located at approximately 45 de

grees to the entrance slit.

The full profile width at the one-half intensity point is 2.6 

picometers for the 50/60 micron slits, and is 1.7 picometets for the 

20/20 slit. These data show that for slits of 100 microns the instru

mental profile is strongly dependent on the entrance and exit slit 

widths.

The instrumental profile as shows in these two tracings can be 

interpreted in terms of resolving power of the spectrograph. The 

Rayleigh criterion will be used. This states that two spectrum lines
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Figure 44. Photoelectric scan of the laser line in the 3rd order taken 

with a 50 micron entrance slit and a 60 micron exit slit is 
presented.
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are just resolved if the maximum of one of the lines falls 

Fraunhofer diffraction pattern minimum of the other line.

2.1 - 11 shows.that the resolving power is given by,

i r  " n  ' N

where

n 33 the diffraction order of the grating 

N the total number of diffracting elements.or rulings 

on the grating.

The grating used in the 13,7 meter vacuum spectrograph 

has 155,000 rulings. In the 3rd order the theoretical resolution 

is ' .

465,000.

At 632.8 nanometers, this resolution corresponds to

A X  %  1.4 X 10 ^  meters * 1.4 picometers

For the Rayleigh criterion, the intensity of the light at the center 

of the region separating the two lines is approximately 0.8. Hence 

the interval from the profile center to the point where it drops to 

0.4 of its full intensity is a measure of the spectrograph resolving 

power on the Rayleigh criterion. This interval is equal to 1.4 pico

meters for the 50/60 micron slits and is equal.to 1.0 picometers for 

the 20/20 slits. It has been shown that the resolving power of this

at the 

Equation



spectrograph is very high and approximately equal to the theoretical 

maximum.



CHAPTER 7

SUMMARY AND RECOMMENDATIONS

7.1 Summary

The polarizance and Image forming properties of the 13.7 meter 

Czerny Turner Spectrograph at the McMath Solar Telescope were measured. 

It was found that the transmissivity of the spectrograph as a function 

of wavelength for linearly polarized light incident with its electric 

vector parallel to the entrance slit is very different from that trans

missivity as a function of wavelength obtained for the light incident 

with its electric vector perpendicular to the entrance slit. The re

flection grating dispersive element is the major contributor. A ratio 

of the light intensity measured in the image plane for the electric 

vector parallel to the entrance slit, to that intensity found for light 

incident perpendicular was measured as a function of wavelength for 5 

different grating diffraction orders. Values of this ratio varied be

tween. 0.3 and 20 for the spectrograph operating in single pass. The 

ratio changed by a factor of nearly 100. The peak value of I 9t /IA « 20 

can be interpreted to mean that if unpolarized light were incident on 

the entrance slit, the radiation as observed in the image plane would 

be 90% linearly polarized.

The particular grating used for these measurements is not used 

for broadband photometry. However, astronomers and physicists interpret

107
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broadband or superposed order intensity measures made with other grat

ings to be representative of physical phenomena. Unless care is used 

to insure that the incident radiation is unpolarized or a calibration 

made for the instrument, errors may be present in the photometric and 

radiometric measures.

Photoelectric scans of the solar spectrum were made at those 

wavelengths predicted by Lord Rayleigh to show the effects of the Wood's 

anomalies. Sixteen scans are shown for eight different anomalies. The 

sunlight was resolved into the two orthogonal linear polarizations (par

allel and perpendicular to the entrance slit) prior to passing through 

the slit. The Rayleigh wavelength was found to agree with the wave

length observed for the steepest part of the anomaly, to within 0.5 

nanometers.

The profile of the anomaly is related to the order difference 

between the observed and grazing diffraction orders. There appears to 

be a relationship between the order difference and whether the value of 

I ill /I a . is greater than, or less than one. The rule is:, (In for

odd number order difference, and 1 for even number order

difference.

The Wood anomalies generally lie outside or on the edge of the 

blaze of a grating, and consequently do not affect much of the data tak

en with a grating spectrograph. However, every grating instrument de

signed should have the positions of the Wood’s Anomalies determined for 

it, so that the user can avoid them.
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The peak polarizance is not necessarily associated with the 

Wood’s anomalies. Light observed at wavelengths greater than the rul

ing depth has its maximum polarizance at wavelengths given by

\  ~ 0 , 1  d  W

where d is the separation of the rulings on the grating, and ^  is the

grating angle.

The polarization transmission ratio I^/I^ was measured as a 

function of grating angle for the 4th and 5th diffraction orders of the 

grating, with the spectrograph operating in double pass. The data were 

compared with the single pass measures and within a few percent it was 

verified that the double pass intensity measures are the square of the 

single pass measures.

The instrumental profile was examined by irradiating the en

trance slit with light of wavelength 632.8 nm. from a mode locked (fre

quency stabilized) Spectra-Physics Model 119 He-Ne gas laser. The pro

file appears to have a slightly different shape When the spectrograph 

input is polarized perpendicular, than when polarized parallel to the 

entrance slit. The profile with I„ is shown narrower than the profile 

with Ij. The difference is insignificant for spectroscopists.

Rowland ghost intensities and positions were determined for 

this grating. The period of the error of the rulings was determined 

to be 970 grooves, and the amplitude of the periodic error is 0.73 

nanometers.
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7=2 Recommendations 

Further research should be performed to determine If other grat

ings have a polarlzance that changes with wavelength as much as a factor 

of 100. Measures should be extended Into the Infrared on the McMath 

Solar Telescope, Babcock grating, to see If the suggestion made in this 

thesis, t h a t 555 .7 d cos% for groove depth, consistently gives the 

wavelength of the peak polarlzance. Polarization data should be taken 

on other gratings ruled in different metals, e.g.,gold, silver, to de

termine if the peak polarlzance is related to a property of the reflect

ing substrate or to the groove form. Efforts should be made by grating 

fabricators to minimize the polarlzance of the grating.

Astronomers and Physicists who use grating spectrographs for 

photometry and radlometry should calibrate their instrument for trans

missivity as a function of. polarization, measure the polarization of the 

light striking the spectrograph entrance slit and if necessary, adjust 

their experimentally determined values. The positions of the Wood’s 

anomalies should be computed and those wavelengths and diffraction 

orders should be avoided.

The equation that gives the Rayleigh wavelengths (3 - 3) shows

that the angle of the anomalies is independent of the number of rulings 
*

on the grating, and depends, only on the diffraction orders and the 

off - Littrow angle o<. Consequently by designing the grating and spec

trographs properly the Wood’s anomalies can be avoided.



APPENDIX A

DERIVATION OF THE WAVELENGTHS 
FOR WOOD'S ANOMALIES

The nomenclature given in Figure 1 is used here. We are ob- 

serving light from a grating, of wavelength "X, at angle P-, and in 
order n. The grating rulings are spaced d apart. The light from 

the collimator is incident on the grating at angle 1. At some 

higher order, given by n k, light of this wavelength will be leaving 

the grating at grazing. m \ )  *

The grating equation becomes, for these two conditions:

1) n 53 d sin (i) + d sin ($)

2) (n + k)Xa d sin (i) 4- d 
From equation SI z

3) sin CD - A l M i C f L
Equation (1), can be rewritten, in terms of the "Littrow

angle ̂ , to give •
4 )  -  J g i t s ( i )  ci site ( 6 )  CtirsC&d.') 4- cl C m C C )  J / X l s t )

since s i v  (.&) -  4- ZU.)

Ill



Equation (3) is now pictured in terms of a triangle
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From the figure we see that

5) cos (i) = . (n -f J  ('h-Ws) A|

Equation (5) is now Substituted into equation (4) to get:

6) tx X s (Vi k ) X "• «s/ ^ (>1 4- k) x •" <£] ceo&eQ

-h siw (m ) f 2 J  Cvx-t' ̂ jpsQ
Vu

Equation (6) is rearranged to give

7) 0  " X  ^  'h Ca? *” <d -0 'h ̂ <53 (i<X))
V n .  -+ j/fJ {-(3l"f-k)VA " 2J (vi-tk)x}

If we let

A 53 (n H- k)

B ® 2d (n + k)

G ® k 4- k cos (2cc) + n cos (2q)

D ^ d (14- cos (2a))



Equation (7) becomes equal to
‘A.8) Q  ̂  X D ̂  /Uas) ( #.<*) ( ~ 0X^

By rewriting equation (8), squaring both sides9 it can be re

duced to an expression for/\as the solution to a quadratic equation<>

9) X 2*" { c % +  R - f D 1 -  o

If we let

X = C2 -1- A sin2 (26< )

Y 52 B sin2 <2t* ) ~ 2 CD 

Equation (9) can be simplified.

Equation (9) can be solved for X  to give

10) x  * ~.t - y  r - ‘|,* p—

Rayleigh wavelengths are computed using equation (10).



APPENDIX B

CORRESPONDENCE

The letter on the following page concerns the manufacture 

of the 254 X 158 millimeter grating that is mounted in the 13.7 

meter vertical "vacuum" spectrograph of the McMath Solar Telescope.
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M O U N T  W I L S O N  A N D  P A L O M A R  O B S E R V A T O R I E S
C A R N E G IE  I N S T I T U T I O N  O F  W A S H I N G T O N  
C A L I F O R N IA  I N S T I T U T E  O F  T E C H N O L O G Y

813 SANTA BARBARA STREET  
PASADENA. CALIFORNIA 9 1106

July 18,. 1969

Mr, James B. Breckinridge
Kitt Peak National Observatory ' .
Post Office Box 4130
Tucson, Arizona 85717 •

Dear Mr. Breckinridge:

I am writing in response to your letter of July 17 in which you inquire 
about Mount Wilson diffraction grating No. 187 B .I.C . that was sold to KPNO 
in 1963.

The grating was ruled here at the Mount Wilson Observatory under 
interferometric control. Unfortunately, our records as to the properties of 
the grating are not very detailed, but my notes do indicate that it had good 
resolving power and a good, uniform glaze. No electron-micrographs were 
made of the ruling. " ..

The included angle between the two faces of the ruling diamond was 
105°. 1 cannot vouch with complete confidence for the groove angle, but the 
records suggest that the steep wall of the groove made an angle of 58° with 
the horizontal while the shallow wall of the groove made an angle of 17° with 
the horizontal.

No metal was removed and the aim was to provide a series of grooves 
giving a perfect saw-tooth cross-section with no burrs or feathered edges. 
This of course comes about through plastic flow of the metal. From the 
dimensions of the groove (610/mm) you can derive the depth of the ruling.
My understanding is that the opticians generally aimed at providing an 
aluminum film of thickness approaching 2 to  3 microns.

Sincerely

H, W, Babcock 
Director

HWB/sd



APPENDIX C

DETAILED GHOST SCAN

Figure 46 shows a photoelectric trace (intensity as a function 

of position) of the redward Rowland ghost for the 632.8 nm He-Ne laser 

line in the fourth order. The primary line is about 1.5 centimeters to 

the left of the graph shown. The intensity peak of the primary is .1500 

times the intensity peak of this ghost. Most of the small peaks at the 

bottom of the ghost are real and are produced by higher order resonances 

of the primary periodic error.
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Figure 46. Photoelectric scan of the 4th order Rowland ghost, long 
wavelength side of the primary line, for laser input, is 
given.
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