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PREFACETO THE EIGHTH EDITION

fiNo single tool has contributed more to the progress of
modern physics than tthe diffra

MKS Instruments is proud to build upon the heritage of technical
excellence that began when Bausch & Lombestablished what became the
Richardson Grating Laboratory and produced its first high -quality master
grating in the late 1940s. A high-fidelity replicati on process was
subsequently developed to make duplicates of the tediously generated
master gratings. This replication process became the key to converting
diffraction gratings from academic curiosities to commercially -available
optical components, which in turn enabled gratings to supplant prisms as
the optical dispersing element of choice in modern laboratory
instrumentation. The advantage of replica gratings lies not only in their
greater availability and lower cost, but in making possible the provi sion of
exact duplicates whenever needed.

Sinceits introduction in 1970, the Diffraction Grating Handbook has
been a primary source of information of a general nature regarding
diffraction gratings. In 1982, Dr. Michael Hutley of the National Physical
Laboratory published Diffraction Gratings , a monograph that addresses
in more detail the nature and uses of gratings, as well as their
manufacture. In 1997, Dr. Erwin Loewen, the emeritus director of the
Bausch & Lomb grating laboratory who wrote the original Handbook,
wr ot e wi th Dr . Evgeny Popov (now
Electromagnétique) a very thorough and complete monograph entitled
Diffraction Gratings and Applications . Readers of thisHandbook who
seek additional insight into the many aspects of diffraction grating
behavior, manufacture and use are encouraged to turn to these two
excellent books.

Christopher Palmer
Rochester, New York USA
March 2020

chris.palmer@mksinst.com

1G. R. Harrison, AThe production of diffraction grat
J. Opt. Soc. Am.39, 413426 (1949).
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1. SPECTROSCOPY ANDOGRATINGS

Ailt 1 s dif f anothel singla devicgtbat hag brotight
more important experimental information to every field of
science than the diffraction grating. The physicist, the
astronomer, the chemist, the biologist, the metallurgist, all use it
as a routine tool of unsurpassed accuracy and precision, as a
detector of atomic species to determine the characteristics of
heavenly bodies and the presence of atmospheres in the planets,
to study the structures of molecules and atoms, and to obtain a
thousand and one items of information without which modern
science would be greatly han

% J. Strong, AThe Johns Hopkins UWnOpuer sl

Soc. Am.50, 11481152 (1960), quoting G. R. Harrison.

1.0. INTRODUCTION

Optical spectroscopy is the study of electromagnetic spectra i the
wavelength composition of light T due to atomic and molecular
interactions. For many years, spectroscopy has been important in the
study of physics, and it is now equally important in astro nomical,
biological, chemical, metallurgical and other analytical investigations.
The first experimental tests of quantum mechanics involved verifying
predictions regarding the spectrum of hydrogen wit h grating spectrome-
ters. In astrophysics, diffraction grating s provide clues to the compost
tion of and processes in stars and planetary atnospheres, as well as offer
clues to the large-scale motions of objects in the universe. In chemistry,
toxicology and forensic science, gratingbased instruments are used to
determine the presence and concentration of chemical species in
samples. In telecommunications, gratings are being used to increase the
capacity of fiber-optic networks using wavelength division multiplexing
(WDM). Gratings have also found many uses intuning and spectrally
shaping laser light, as well as in chirped pulse amplification applications.

The diffraction grating is of con siderable importance in spectroscopy,
due to its ability to separate (disperse) polychromatic light into its
constituent monochromatic components. In recent years, the spectro
scopic quality of diffraction gratings has greatly improved, and
Richardson Gratings has beena leader in this development.

13




The extremely high accuracy required of a modern diffraction grating
dictates that the mechanical dimensions of diamond tools, ruling engines,
and optical recording hardware, as well as their environmental condi-
tions, be controlled to the very limit of that which is physically possible.
A lower degree of accuracy results in gratings that are ornamental but
have little technical or scientific value. The challenge to produce
precision diffraction gratings has attracted the attention of some of the
world's most capable scientists and technicians. Only a few have met
with any appreciable degree of success, each liited by the technology
available.

1.1. THE DIFFRACTION GRATING

A diffraction grating is a collection of reflecting (or transmitting)
elements separated by a distance comparable to he wavelength of light
under study. It may be thought of as a collection of diffracting elements,
such as a pattern of transparent slits (or apertures) in an opaque screen,
or a collection of reflecting grooves on a substrate. In either case, the
fundamental physical characteristic of a diffraction grating is the spatial
modulation of the refractive index. Upon diffraction, an electromag netic
wave incident on a grating will have its electric field ampli tude, or phase,
or both, modified in a predictable manner, due to the (often but not
always periodic) variation in refractive index in the region n ear the
surface of the grating.2 Diffraction from or through a grating generates
one or more discrete sets of diffracted waves, created via constructive
interference.

A reflection grating consists of a grating superimposed on a
reflective surface, whereas atransmis sion grating consists of a grating
superimposed on a transparent surface.

A master grating (also called anoriginal grating ) is a grating whose
surface-relief pattern is created i f r o m s, ®ither tbg meéchanical
ruling (see Chapter 3) or holographic recording (see Chapter 4). A
replica grating is one whose surfacerelief pattern is generated by casting
or molding the relief pattern of another grating (see Chapter 5).

2 M. Born and E. Wolf, Principles of Optics, 7" expanded ed., Cambridge University Press
(Cambridge, England: 1999).
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1.2. ABRIEF HISTORY OF GRATING DEVELOPMENT

The first diffraction grating was made by an American astronomer,
David Rittenhouse, in 1785, who reported constructing a half-inch wide
grating with fifty -three apertures.® He did not develop this prototype
further, and there is no evidence that he tried to use it for serious
scientific experiments.

In 1821, most likely unaware of Ri t t e nh o u,sJosem vowo r k
Fraunhofer began his work on diffraction gratings ,* who saw the value
that grating dispersion could have for the new science of spedroscopy.
Fraunhofer's persistence resulted in gratings of sufficient quality to
enable him to measure the absorption lines of the solar spectrum, now
generally referred to as Fraunhofer lines. He also derived the equations
that govern the dispersive behavior of gratings. Fraunhofer was in-
terested only in making gratings for his own experiments, and upon his
death his equipment disappeared.

By 1850, F.A. Nobert, a Prussian irstrument maker, began to supply
scientists with gratings superior to Fraunhofer's. About 1870, the scene
of grating development returned to America, where L.M. Rutherfurd, a
New York lawyer with an avid interest in astronomy, became interested in
gratings. In just a few years, Rutherfurd learned to rule reflection
gratings in speculum metal that were far superior to any that Nobert had
made. Rutherfurd developed gratings that surpassed even the most
powerful prisms. He made very few gratings, though, and their uses were
limited.

Rutherfurd's part -time dedication, im pressive as it was, could not
match the tremendous strides made by H.A. Rowland, professor of
physics at the Johns Hopkins University. Rowland's 1882 work
established the grating as the primary optical element of spectroscopic
technology.> Rowland constructed sophisticated ruling engines and

3p. Ri tt enhamnuastei, o i Exxfpl an oTrans. Anaet. Phi. Sace2p 374D n, ©
(1786) ; AAn optical probl em, proposed by Mr.
Trans. Amer. Phil. Soc. 2, 201-206 (1786).

4. F r a u KunzerfBericht vorfiden Resultaten neuerer Versuche Uber die Gesetze des
Lichtes, und die Theorie derselben, Ann. D. Phys. 74, 337-378 (1823).
SH. A Rowl and, fPreliminary notice of results

theory of grati ngs Phib Mag.oSpgpli t3a 469-4741 (1§82);ste 4., ©
Rowland, fOn Mr. Glazebrook's Paper on the aberration of concave grating® Philos. Mag.

16, 210 (1883); G. R. Harri son and E. G. Loewen, AR
Appl. Opt. 15, 17441747 (1976).
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invented the concave grating, a device of pectacular value to modern
spedroscopists. He continued to rule gratings until his death in 1901.

After Rowland's great success, many people set out to rule diffraction
gratings. The few who were successful sharpened the scientific demand
for gratings. As the advantages of gratings over gisms and inter-
ferometers for spectroscopic work became more apparent, the demand
for diffraction gratings far exceeded the supply.

1.3. HISTORY OF RICHARDSON GRATINGS

In 1947, the Bausch & Lomb Optical Company decided to make
precision gratings available commercially. In 1950, through the encour-
agement of Prof. George R. Harrison of MIT, David Richardson and
Robert Wiley of Bausch & Lomb succeededin producing their first high -
quality ruled master grating. This grating was ruled on a rebuilt engine
that had its origins in the University of Chicago laboratory of Pro f. Albert
A. Michelson, the first American to be awarded a Nobel Prize in Physics
(in 1907) for fAhis optical precisiorn
metrological investigations carried out with their aid .®8 A high-fidelity
replication process was subequently developed, which was crucial to
making replic as, duplicates of the painstakingly -ruled master gratings.

Over four decades, Bausch & Lomb created hundreds of unique
master gratings, covering of very wide range of sizesgroove spadngs and
groove profiles. In particular, the con trol of groove shape (or blazing) has
increased spectral efficiency dramatically since the early days of grating
manufacture. Interferometric and servo control systems made it possible
to break through the accuracy barrier previously set by the mechanical
constraints inherent in the ruling engines. 7

In 1985, Milton Roy Company acquired Bausch & Lomb's gratings
and spectrometer operations, which it sold in 1995 to Life Sciences
International plc as part of Spectronic Instruments, Inc . At this time, the
gratings operations took the name Richardson Grating Laboratory. In
1997, Spectronic Instruments was acquired by Thermo Electron
Corporation (now Thermo Fisher Scientific), and a few years later the
gratings operation was renamed Thermo RGL for a time before being

6iThe Nobel Pg i %0 1 ,n0 Prhotselcpri ze. org.

TG, R. Harri son and G. W. Stroke, Al nterf g
continuous c arJrOpaSpe Am.4byld2121€1955).
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transferred t o sTBubsdamoSpekttaBhydics. m r2@4,
Spectra-Physics was acquired by Newport Corporation.

Newport was acquired by MKS Instruments, Inc. , a global provider of
instruments, subsystems and process control solutions that measure,
monitor, deliver, analyze, power and control critical parameters of
advanced manufacturing processes to improve process pgormance and
productivity. MKS® products are derived fr
pressure measurement and control, flow measurement and control, gas
and vapor delivery, gas composition analysis, residual gas analysis, leak
detection, control technology, ozone generation and delivery, power,
reactive gas generation, vacuum technology, lasers, photonics, sub
micron positioning, vibration control, optics, and laser -based
manufacturing solutions. MKS also provide services relating to the
maintenance and repair of our products, installation services and
training. Its primary served markets include semiconductor, industrial
technologies, life and health sciences, research and defense.

During these changes, Richardson Gratings has continued to uphold
the traditions of precision and quality established by Bausch & Lomb over
seventy years ago.

1.4. DIFFRACTION GRATINGS FROM RICHARDSON
GRATINGS

MK S Richardson Gratings occupies two manufacturing f acilities in
Rochester, New York, USA. These facilities contain the ruling engines
and the holographic recording chambers, which are used for making
master gratings, as well asthe replication and assodated testing and
inspection facilities for manufacturing replicated gratings in commercial
guantities. In order to reduce risk, we qualify the manufacture and
testing of the gratings we produce for our OEM (original equipment
manufacturer) customers in both facilities.

To achieve the high spectral resolution characteristic of high -quality
gratings, a precision of better than 1 nm in the spacing of the grooves
must be maintained. For ruled gratings, such high precision requires
extraordinary control over tem perature fluctuation and vi bration in the
ruling engine environments. This control has been established by the
construction of specially-designed ruling cells that provide environments
in which temperature stability is maintained at + 0.01 °C for weeks at a
time, as well as vibration isolation that suppresses ruling engine
displacement to less than 0.025 pum. The ruling cells can maintain

17




reliable control over the important environmen tal factors for periods of
severalweeks, the time required to rule large, finely -spaced gratings.

In addition to burnishing gratings with a diamond tool, an optical
interference pattern can be used to produce holographic gratings The
creation of master holographic gratings requires a very high degree of
stability of the recording optical system to obtain the best contrast and
fringe structure, which in turn provides t he correct groove pattern and
groove profile. MKS produces holographic gratings in its dedicated
recording facilit ies, in whose controlled environment thermal gradi ents
and air currents are minimized and fine particulates are filtered from the
air.  These master holographic gratings are replicated in a process
identical to that for ruled master gratings.

18




2. THE PROPERTIESOF DIFFRACTION
GRATINGS

2.1. THE GRATING EQUATION

When monochromatic light is incident on a grating sur face, it is
diffracte d into discrete directions. We can picture each grating groove as
being a very small, slit-shaped source of diffracted light. The light
diffracted by each groove combines to form a set of diffracted wavefront s.
The usefulness of a grating depends on lhe fact that there exists a unique
set of discrete angles along which, for a given spacingl between grooves,
the diffracted light from each facet is in phase with the light diffracted
from any other facet, leading to constructive interference.

Diffractio n by a grating can be visualized from the geonetry in Figure
2-1, which shows a light ray of wavelength/ incident at an angle a and
diffracted by a grating (of groove spacing d, also called the pitch) along
at set of angles {bn}. These angles are measured from the grating
normal, which is shown asthe dashed line perpendicular to the grating
surface at its center. The sign cowention for these angles depends on
whether the light is diffracted on the same side or the opposite side of the
grating as the incident light. In dia gram (a), which shows a reflection
grating , the anglesa > 0 and b1 > 0 (since they are measured counter
clockwise from the grating normal) while the angles 6y < 0 and b; 1< 0
(since they are measured clockwise from the grating normal). Diagram
(b) shows the case for atransmission grating . In both cases, the sign
conventions are such that, for them =0 order, by =1 a.

By convention, angles of incidence and diffraction are measuredfrom
the grating normal to the beam. This is shown by arrows in the diagrams.
In both diagrams, the sign convention for angles is shown by the plus and
minus symbols located on either side of the grating normal. For either
reflection or transmission gratings, the algebraic signs of two angles dif-
fer if they are measured from opposite sides of the grating normal. Other
sign conventions exist, so care must be taken in calculations to ensure
that results are self-consistent.

Another illustration of grating diffraction, using wavefronts (surfaces
of constant phase), is shown in Figure 2-2. The geometrical path dif-
ference between light from adjacent grooves is seen to bel sina + d sinb.
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grating normal
(a) .
2

reflected light

|
|
incident light |
|

diffracted light

diffracted light

(b) grating normal
+ 11—

incident light I

+ | —

Figure 2-1. Diffraction by a plane grating. A beam of monochromatic light of wavelength

/ is incident on a grating and diffracted along several discrete paths. The triangular
grooves come out of the page; the rays lie in the plane of the page. The sign convention for
the angles a and bis shown by the + andi signs on either side of the grating normal. (a) A
reflection grating : the incident and diffracted rays lie on the same side of the grating. (b) A
transmission grating : the diffracted rays lie on the opposite side of the grating from the
incident ray .
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[Since b < 0, the term d sinb is negative.] The principle of constructive
interference dictates that only when this difference equals the
wavelength / of the light, or some integral multiple thereof, will the light
from adjacent grooves be in phase (leading to corstructive inter ference).
At all other angles, the Huygens wavelets originating from the groove
facetswill interfere d estructively .

grating

normal
ray 2

ray 1 \

Y ¢ P
dsin f "_‘m';' dsina

Figure 2-2. Geometry of diffraction, showing planar wave fronts. Two parallel rays,
labeled 1 and 2, are incident on the grating one groove spacingd apart and are in phase
with each other at wavefront A. Upon diffraction, the principle of constructive interference
implies that these rays are in phase at diffracted wavefront B if the difference in their path
lengths, dsina + dsins, is an integral number of wavelengths; this in turn leads to the
grating equation. [Huygens wavelets not shown.]

These relationships are expressed by thegrating equation
m/ =d (sina + sinb), (2-1)

which governs the angular locations of the principal intensity maxima
when light of wavelength / is diffracted from a grating of groove spacing
d. Here m is the diffraction order (or spectral order),which is an integer.
For a particular wavelength /, all values of m for which |m//d| < 2
correspond to propagating (rather than evanescent) diffraction orders.
The special casem = 0 leads to the law of reflection b=1 a.

It is sometimes convenient to write the grating equation as

Gm/ =sina+ sinb, (2-2)
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where G = 1/d is the groove frequency or groove density, more com-
monly called "grooves per millimeter".

Eqg. (2-1) and its equivalent Eqg. (2-2) are the common forms of the
grating equation, but their validity is restricted to cases in which the
incident and diffracted rays lie in a plane which is perpendicular to the
grooves (at the center of the gmating). Most grating systems fall within
this category, which is called classical (or in-plane) diffraction . If the
incident light beam is not perpendicular to the grooves, though, the
grating equation must be modified:

Gm/ = cose(sina + sin b). (2-3)

Here e is the angle between the incident light path and the plane
perpendicular to the grooves at the grating center (the plane of the page
in Figure 2-2). If the incident light lies in this plane, e= 0 and Eq. (2-3)
reducesto the more familiar Eq. (2-2). In geometries for which el 0, the
diffracted spectra lie on a cone rather than in a plane, so such cases are
termed conical diffraction .

For a grating of groove spacing d, there is a purely mathematical
relation ship between the wavdength and the angles of incidence and
diffraction. In a given spectral order m, the different wavelengths of
polychromatic wavefronts incident at angle a are separated in argle:

ml) = sin'lge";—/- sina . (2-4)
When m = 0, the grating acts as a mirror, and the wavedengths are not
separated (b=1 afor all /); this is called specular reflection or simply the
zero order.

A special but common case is that in which the light is diffracted back
toward the direction from which it came ( i.e., a = b); this is called the
Littrow configuration , for which the grating equation becomes

m/ = 2d sina, in Littrow. (2-5)

In many applic ations a constant-deviation monochromator mount is
used, in which the wavelength / is changed by rotating the grating about
the axis coincident with its central ruling, with the directions of incident
and diffracted light re maining unchanged. The deviation angle 2K
between the incidence and diffraction directions (also called the angular
deviation ) is

2K = a1 b= constant, (2-6)
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while the scan angle 7, which varies with / and is measured from the
grating normal to the bisector of the beams, is

2f=a+b. (2-7)

Note that 7 changes with / (as do a and b). In this case, the grating
equation can be expressed in terms of £ and the half deviation angle K as

m/ = 2d cosK sinf. (2-8)

Here K is called the half deviation angle because the angle between the
incident and diffracted beams is 2K. This version of the grating equation
is useful for monochromator mounts (see Chapter 7). Eg.(2-8) shows
that the wavelength diffracted by a grating in a monochromator mount is
directly proportional to the sine of the scan angle f through which the
grating rotates, which is the basis for monochromator drives in which a
sine bar rotates the grating to scan wavelengths (see Figure 23).

axis of grating rotation
(out of page)

grating

Figure 2-3. A sine bar mechanism for wavelength scanning. As the screw is extended
linearly by the distance x shown, the grating rotates through an angle 7 in such a way that
sinf is proportional to x.

For the constant-deviation monochromator mount, th e incidence and
diffraction angles can be expressed simply in terms of the scan anglef
and the half-deviation angle K via

a(l) = f(/) +K (2-9)

and
b(/)=f(/)T K, (2-10)

where we show explicitly that a, b and f depend on the wavelength/.
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2.2. DIFF RACTION ORDERS

Generally, several integers m will satisfy the grating equation i we
call each of these values diffraction order .

2.2.1. Existence of diffraction orders

For a particular groove spacing d, wavelength / and incidence angle
a, the grating equation (2-1) is generally satisfied by more than one
diffraction angle b. In fact, subject to restrictions discussed below, there
will be several disrete angles at which the condition for constructive
interfer ence is satisfied. The physical significance of this is that the
constructive reinforcement of wavelets diffracted by successive grooves
merely requires that each ray be retarded (or advanced) in phase with
every other; this phase difference must therefore correspond to a real
distance (path difference) which equals an integral multiple of the
wavelength. This happens, for example, when the path difference is one
wavelength, in which case we speak of the positive first diffraction order
(m = 1) or the negative first diffraction order ( m =1 1), depending on
whether the rays are advanced or retarded as we move from groove to
groove. Similarly, the second order (m = 2) and negative second order (m
= 1 2) are those for which the path difference between rays diffracted
from adjacent grooves equals two wavelengths.

The grating equation reveals that only those spectral orders for which
I[m//d] < 2 can exist; otherwise, |sina + sinb| > 2, which is physically
meaningless. This restriction prevents light of wavelength / from being
diffracted in more than a finite number of orders. Specular reflection , for
which m = 0, is always possible; hat is, the zero order always exists (it
simply requires b=1 a). In most cases, the grating equation allows light
of wavelength / to be diffracted into both negative and positive orders as
well. Explicitly, spectra of all or ders m exist for which

12d<m/ <2d, maninteger. (2-112)

For //d << 1, a large number of diffracted orders will exist.

As seen from Eg. (21), the distinction between negative and positive
spectral orders is that

b>1a for positive orders (m > 0),
b<i a fornegative orders (m <0), and (2-12)

b=1a for specular reflection (m = 0).
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This sign convention requires that m > 0 if the diffracted ray lies to the
left (the counter-clockwise side) of the zero order (m = 0), and m < O if
the diffracted ray lies to the right (the clockwise side) of the zero order.
This convention is shown graphically in Figure 2-4.

grating normal

+|— m =0

positive negative
orders orders
S0 m<0

Figure 2-4. Sign convention for the spectral order m. In this example a is positive.

2.2.2. Overlapping of diffracted spectra

The most troublesome aspect of multiple order behavior is that suc-
cessive spectra overlap, as shown in Figure 5. It is evident from the
grating equation that light of wavelength / diffracted by a grating along
direction b will be accompanied by integral fractions //2, //3, etc.; that
is, for any grating instrument configuration, the light of wavelength /
diffracted in the m = 1 order will coincide with the light of wave length //2
diffracted in the m = 2 order, etc. In thi s example, the red light (600 nm)
in the first spectral order will overlap the ultraviolet light (300 nm) in the
second order. A ddector sensitive at both wavelengths would see both
simultaneously. This superposition of waveengths, which would lead to
ambiguous spectroscopic data, is inherent in the grating equation itself
and must be prevented by suitable filtering (called order sorting ), since
the detector cannot generally distinguish between light of differ ent
wavelengths incident on it (within its range of sensitiv ity). [See also
Section 2.7 below.]
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grating

normal
m=0 incident
\ \ light

m=+2 300 200 100
nm nm nm
N N\

600 400 200

m = +1 nm nm nm

AN

Figure 2-5. Overlapping of spectral orders. The light for wavelengths 100, 200 and 300
nm in the 2nd order is diffracted in the same direction as the light for wavelengths 200, 400
and 600 nm in the 1storder. In this diagram, light is incident from the right, so a<0.

2.3. DISPERSION

The primary purpose of a diffraction grating is to dis perse light
spatially by wavelength. A beam of white light incident on a grating will
be separated into its component wavelengths upon diffraction from the
grating, with each wavelength diffracted along a different direction.
Dispersion is a measure of the separaion (either angular or spatial)
between diffracted light of dif ferent wavelengths. Angular dispersion
expresses the spetral range per unit angle, and linear resolution ex-
presses the spectral range per unit length.

2.3.1. Angular dispersion

The angular spread Db of a spectrum of order m between the
wavelength / and / + D/ can be obtained by differentiating the grating
equation, assuming the incidence angle a to be constant. The changeD in
diffraction angle per unit wave length is therefore

D= %:Lzmsecb = Gm sech, (2-13)

where b is given by Eq. (2-4). The quantity D is called the angular
dispersion. As the groove frequency G = 1/d increases, the angular
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dispersion increases (meaning that the angular separation béween wave-
lengths increases for a given orderm).

In Eq. (2-13), it is important to realize that the quantity m/d is not a
ratio which may be chosen independently of other parameters;
substitution of the grating equation into Eq. (2-13) yields the following
general equation for the angular dispersion:

_db _sina+sinb

= —= (2-14)
d/ / cosb

For a given wavelength, this shows that the angular dispeision may be
considered to be solely a function of the angles of incidence and
diffraction. This becomes even more clear when we corsider the Littrow
configuration (a = b), in which case Eq.(2-14) reduces to

D= ab = Etanb , in Littrow. (2-15)

da/

When | 4| increases from 10° to 63° in Littrow use, the angular dispersion
can be seen from Eq.(2-15)to increase by a factor of ten, regardless of the
spectral order or wavelength under consideration. Once the diffraction
angle b has been determined, the choice must be made whether a fine
pitch grating (small d) should be used in a low diffraction order, or a
coarse-pitch grating (large d) such as an echelle grating (see Section 12.5)
should be used in a high order. [The fine-pitched grating, though, will
provide a larger free spectral range; see Section 2.7 below.]

2.3.2. Linear dispersion

For a given diffracted wavelength / in order m (which corresponds to
an angle of diffraction b), the linear dispersion of a grating system is the
product of the angular dispersion D and the effective focal length r'( 6) of
the system:

rop=r db__mi =m—”secb = Gmr' sech. (2-16)
d/ dcosb d

The quantity r' D6 = Dl is the change in postion along the spectrum (a
real distance, rather than a wavelength). We have written r'( b) for the
focal length to show explicitly that it may depend on the diffraction angle
b (which, in turn, depends on /).

The reciprocal linear dispersion , formerly called the plate factor P,
is more often considered; it is simply the reciprocal of r' D,
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_ dcosb
mri

P (2-17)
usually measured in nm/mm (where d is expressed in nm and r' is
expressed in mm). The quantity P is a measure of the change in
wavelength (in nm) corresponding to a change in locaion along the
spectrum (in mm). [It should be noted that the terminology plate factor
is used by some authors to represent the quarity 1/sin ~, where F is the
angle the spectrum makes with the line perpendicular to the diffracted
rays (see Figure 26); in order to avoid confu sion, we call the quantity
1/sin F the obliquity factor .] When the image plane for a particular
wavelength is not perpendicular to the diffracted rays (i.e., when F |
90°), P must be multiplied by the obliquity factor to obtain the correct

reciprocal linear dispersion in the image plane.

diffracted ray

plane of spectral image

Figure 2-6. The obliquity angle ~. The spectral image lecorded need not lie in the plane
perpendicular to the diffracted ray (i.e., FI 9 0A) .

2.4. RESOLVING POWER , SPECTRAL RESOLUTION , AND
SPECTRAL BANDPASS

2.4.1. Resolving power

The resolving power R of a grating is a measure of its ability to sepa-
rate adjacent spectral lines of avelmge wavelength /. It is usually
expressed as the dinensionless quantity

/
R=——, 2-18
o (2-18)
Here D/ is the limit of resolution , the difference in wavdength between
two lines of equal intensity that can be distinguished (that is, the peaks of

two wavelengths /1 and /> for which the separation | /17 /2| < D/ will be
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ambiguous). Often the Rayleigh criterion is used to determine D/ T that
is, the intensity maxima of two neighboring wavelengths are resolvable
(i.e., identifiable as distinct spectral lines) if the intensity maximum of
one wavelength coincides with the intensity minimum of the other
wavelength 8

The theoretical resolving power of a planar diffraction grating is
given in elementary optics textbooks as

R=mN, (2-19)

where m is the diffraction order and N is the total number of grooves
illuminated on the surface of the grating. For negative orders (m < 0),
the absolute value ofRis considered.
A more meaningful expression for R is derived below. The grating
equation can be used to replacem in Eq. (2-19):
R= Nd(sma +sin b) . (2-20)
/
If the groove spacing d is uniform over the surface of the grating, and if
the grating substrate is planar, the quantity Nd is simply the ruled width
W of the grating, so
R= W(sma +sin b) . (2-21)
/
As expressed by Eqg.(2-21), Ris not dependent explicitly on the spectral
order or the number of grooves; theseparameters are contained within
the ruled width and the angles of incidence and diffraction. Since

| sina+sinb| <2, (2-22)
the maximum attainable resolving power is

Rmax = ¥ , (2-23)
regardless of the order m or number of grooves N under illumination.

This maximum condition corresponds to the grazing Littrow
configuration, i.e.,|al & 90A (grazi agb(iitmw). dence
It is useful to consider the resolving power as being determined by

the maximum phase retardation of the extreme rays diffracted from the

8 D. W. Ball, The Basics of Spectroscopy SPIE Press (2001), ch. 8.
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grating.® Measuring the difference in optical path lengths between the
rays diffracted from opposite sides of the grating provides the maximum
phase retardation; dividing this quantity by the wavelength / of the
diffracted light gives the resolving power R.

The degree to which the theoretical resolving power is attained
depends not only on the anglesa and b, but also on the optical quality of
the grating surface, the uniformity of the groove spacing, the quality of
the associated opticsin the system, and the width of the slits (or detector
elements). Any departure of the diffracted wavefront greater than //10
from a plane (for a plane grating) or from a sphere (for a spherical
grating) will result in a loss of resolving power due to aberrations at the
image plane. The grating groove spacing must be kept constant towithin
about one percent of the wavelength at which theoretical performance is
desired. Experimental details, such as slit width, air currents, and vibra -
tions can seriously inter fere with obtaining optimal results.

The practical resolving power of a diffraction grating is limited by the
spectral width of the spectral lines emitted by the source. For this reason,
systems with revolving powers greater than R = 500,000 are not usually
required except for the study of spectral line shapes, Zeeman effectsand
line shifts, and are not needed for sepaating indi vidual spectral lines.

A convenient test of resolving power is to examine the isotopic
structure of the mercury emission line at / = 546.1 nm (see Section 11.4).
Another test for resolving power is to examine the line profile generated
in a spectrograph or scanning spectrometer when a single mode laser is
used as the light source. Thefull width at half maximum intensity
(FWHM) can be used as the criterion for D/. Unfortunately, resolving
power measurements are the convoluted result of all optical elements in
the system, including the locations and dimensions of the entrance and
exit slits and the auxiliary lenses and mirrors, as well as the quality of
these elements. Their effects on resolving power measurements are
necessarily superim posed on those of the grating.

2.4.2. Spectral resolution

While resolving power can be considered a chaacteristic of the
grating and the angles at which it is used, the ability to resolve two
wavelengths /1 and /o=/1 + D/ generally depends not only on the

9 N. Abramson, APrinciple of JOpgt.dect AmMAE B27-6291{1889)g e , O
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grating but on the dimensions and locations of the entrance and exit slits
(or detector elements), the aberrations in the images, and the magnifi-
cation of the images. The minimum wavdength dif ference D/ (also called
the limit of resolution , spectral resolution or simply resolution) between
two wavelengths that can be resolved unanbiguously can be determined
by convoluting the image of the entrance aperture (at the image plane)
with the exit aperture (or detector element). This measure of the ability
of a grating system to resolve nearby wavelengths is arguably more
relevant than is resolving power, since it considers the imaging effects of
the system. While resolving power is a dimensionless quantity,
resolution has spectral units (usually nanometers).

2.4.3. Spectral Bandpass

The (spectral) bandpass B of a spedroscopic system is the range of
wavelengths of the light th at passes through the exit slit (or falls onto a
detector element). It is often defined as the difference in wavelengths
between the points of half-maximum intensity on either side of an
intensity maximum. Bandpass is a property of the spectroscopic systm,
not of the diffraction grating itself.

For a system in which the width of the image of the entrance slit is
roughly equal to the width of the exit slit, an estimate for bandpass is the
product of the exit slit width w' and the reciprocal linear dispersion P:

Baw P. (2-24)

An instrument with smaller bandpass can resolve wavelengths that are
closer together than an instrument with a larger bandpass. The spectral
bandpassof an instrument can be reduced by decreasing the width of the
exit slit (down to a certain limit; see Chapter 8), but usually at the

expense of decreasing light intensity as well.

See Section 8.3 for additional comments on instrumental bandpass.
2.4.4. Resolving power vs. resolution

In the liter ature, the terms resolving power and resolution are some
times interchanged. While the word power has a very speific meaning
(energy per unit time), the phrase resolving power does not involve
power in this way; as suggested by Hutley, though, we may think of
resolving powesoh¥edability to re

OMm. c. Hutley, Diffraction Gratings , Academic Press (New York, New York: 1982)p. 29.
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The comments above regarding resolving power and resoldion
pertain to planar classical gratings used in collimated light (plane waves).
The situation is complicated for gratings on concave substrates or with
groove patterns consisting of unequally spaced lines, which restrict the
usefulness of the previously ddined simple formulas, though they may
still yield useful approximations. Even in these cases, though, the
concept of maximum retardatio n is still a useful measure of the resolving
power, and the convolution of the image and the exit slit is still a useful
measure of resolution.

2.5. FOCAL LENGTHAND f/NUMBER

For gratings (or grating systems) that image as well as diffract light,
or disperse light that is not collimated, a focal length may be defined. If
the beam diffracted from a grating of a given wavelength / and order m
converges to a focus, then the distance between this focus and the grating
center is the focal length r'(/). [If the diffracted light is collimated, and
then focused by a mirror or lens, the focal length is that of the refocusing
mirror or | ens and not the distance to the grating.] If the diffracted light
is diverging, the focal length may still be defined, although by convention
we take it to be negative (indicating that there is a virtual im age behind
the grating). Similarly, the inciden t light may di verge toward the grating
(so we define the incidence or enrance slit distance r(/) > 0) or it may
converge toward a facus behind the grating (for which r(/) < 0). Usually
gratings are used in configurations for which r does not depend on
wavelength (though the focal length r' usually depends on/).

In Figure 2-7, a typical concaw grating configuration is shown; the
monochromatic incident light (of wavelength /) diverges from a point
source at A and is diffracted toward B. Points A and B are distances and
r', respectively, from the grating center O. In this figure, both r and r' are
positive.

Calling the width (or diameter) of the grating (in the dis persion
plane) W allows the input and out put a / (alsonchlledr fecal
ratios ) to be defined:

N r . _rit/
al peRr = W' INO oyredr = # . (2-25)
Usually the input &/ number is matche

leaving the entrance optics (e.g., an entrance slit or fiber) to use as much
of the grating surface for diffraction as possible. This increases the
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amount of diffracted energy while not overfilling the grating (which
would generally contribute to instrumental stray light; see Chapter 10).

source point
incident light _A

——- . .
. . image point
diffracted light gep
Figure 2-7 . Geometry for focal di st.aGNdsehegratingd f o

normal (perpendicular to the grating at its center, O), W is the width of the grating (its
dimension perpendicular to the groove direction, which is out of the page), and A and B are
the source and image points, respectively.

For oblique (non-normal) incidence or diffraction, Egs. (2-25) are of-
ten modified by replacing W with the pro jected width of the grating:

. r ri(/)
al = = —&/no 2-26
rI-&IFQT W cosa OUTPUT W COSb ( )

These equations account for the reduced width of the grating as seen by
the entrance and exit slits; moving toward oblique angles (i.e., increasing
|a| or | b]) decreases the prdected width and therefore increases the
d/ number .

The focal length is an important parameter in the design and
specification of grating spectrometers, since it governs the overall size of
the optical system (unless folding mirrors are used). The ratio between
the input and output focal lengths determines the projected width of the
entrance slit that must be matched to the exit slit width or detector

el ement size. T h eortént, asut ia pemerallyi tree tratl s o
spectral aberrations decrease as a
increasing the input &/ number resul't

solid angle as seen from the entrance slit; this will reduce the amount of

light energy the grating collects and consequently reduce the intensity of

the diffracted beams. This trade-off prohibits the formulation of a simple
rule for choosing the input and ou
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design procedures have been developed to minimize aberrations while
maximizi ng collected energy. See Chaptes 7 and 8 for a discussion of the
imaging properties and Chapter 9 for a description of the efficiency
characteristics of grating systems.

2.6. ANAMORPHIC M AGNIFICATION

For a given wavelength/, we may corsider the ratio of the width of a
collimated diffracted beam to that of a colli mated incident beam to be a
measure of the effective magnification of the grating (see Figure 2-8).
From this figure we see that this ratio is

b _cosb

: (2-27)
a Ccosa

Since a and b depend on / through the grating equation (2-1), this
magnification will vary with wavelength. The ratio b/a is called the
anamorphic mag nification ; for a given wavdength /, it depends only on
the angular configurati on in which the grating is used.

grating
normal

o )
\ | b

grating
surface

A~ e A~y

Figure 2-8. Anamorphic magnification . The ratio b/a of the beam widths equals the
anamorphic magnification; from t he grating equation (2-1) we seethat this ratio will not
equal unity unless m = 0 (specular reflection) or a = b (the Littrow configuration).

The magnification of an object not located at infinity (so that the
incident rays are not collimated) is discussed in Chapter 8.
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2.7. FREE SPECTRAL RANGE

For a given set of incidence angle a and diffraction angle b, the
grating equation is satisfied for a different wavelength / for each integral
diffraction order m. Thus, light of several wavelengths (each in a
different order) will be diffracted along the same direction: light of
wavelength / in order m is diffracted along the same direction as light of
wavelength //2 in order 2 m, etc.

The range of wavelengths in a given spectral order for which
superposition of light from adjacent orders does not occur is called the
free spectral range F, . It can be calculated directly from its definition:

in order m, the wavelength of light that diffracts along the direction of /
in order m+1is/ + D/, where

m+1
m

[/ +Dl =

/, (2-28)
from which

F, =D/ = (2-29)

/
-
The concept of free spectral range applies to all gratings caable of
operation in more than one diffraction order, but it is particularly
important i n the case of echelles, because they operate in high orders
with correspond ingly short free spectral ranges.

Free spectral range and order sorting are intimately related, since
grating systems with greater free spectral ranges may have less need for
filters (or cross-dispersers) that absorb or diffract light from over lapping
spectral orders. This is one reason why firstorder applications are
widely popular.

2.8. ENERGY DISTRIBU TION (GRATING EFFICIENCY )

The distribution of light energy of a given wavdength diffracted by a
grating into the various spectral order s depends on many paameters: the
power and polarization of the inci dent light, the angles of incidence and
diffr action, the (complex) index of refraction of the materials at the
surface of the grating, the groove spacing and the groove profile. A
complete treatment of grating efficiency requires the vector formulation
of electromagnetic theory (i.e., Maxwell's equations) applied to
corrugated surfaces which has been studied in detail over the past few
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decades. While the theory does not yield conclusions easily, certain rules
of thumb can be useful in making approximate predictions.

The simplest and most widely used rule of thumb regarding grating
efficiency (for reflection gratings) is the blaze condition

m/ = 2dsings, (2-30)
where gs (often called the blaze angle of the grating) is the angle between
the face of the groove and the plane of the grating (see Figure 29).

When the blaze condition is satisfied, the incident and diffracted rays
follow the law of reflection when viewed from the facet; that is, we have

ai g=>bi g. (2-31)

GN

I
|
Os |

FN

o)

Figure 2-9. Blaze condition. The angles of incidence a and diffraction b are shown in
relation to the facet angle gs for the blaze condition. GN is the grating normal and FN is
the facet normal. When the facet normal bisects the angle between the incdent and
diffracted rays, the blaze condition (Eq. (2-30)) is satisfied.

Because of this relationship, it is often said that when a grating is usedat
the blaze condition, the facets act as tiny mirrors. This is not strictly true;
since the dimensions of the facet are often on the order of the wavelength
itself, ray optics does not provide an adequate physical model.
Nonetheless, thisis a useful way to remember the conditions under which
a grating can be used to enhance efficiency.

Eqg. (2-30) generally leads to the highest efficiency when the following
condition is also satisfied:

2K=ai b=0, (2-32)
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where 2K was defined above as the angle beveen the incident and
diffracted beams (see Eg. (2-6)). Egs. (2-30) and (2-32) collectively
define the Littrow blaze condition . When Eq. (2-32) is not satisfied (i.e.,
a , band therefore the grating is not used in the Littrow configuration),
efficiency is generally seen to decrease as one moves further off Littrow
(i.e., as¥2K¥iincreases).

For a given blaze angle gs, the Littrow blaze condition provides the

blaze wavelength /s, the wavelength for which the efficiency is maximal
when the grating is used in the Littrow configuration:

/s = ﬁsinqs, in Littrow. (2-33)
m

Many grating catalogs specify the first -order Littrow blaze wavelength
for each grating:

/s =2dsings, in Littrow (m = 1). (2-34)

Unless a diffraction order is specified, quoted values of /s are generally
assumed to be for the first diffraction order, in Littrow.

The blaze wavelength/s in order m will decrease as the offLittrow
angle ai gsincreases from zero, according to the relation

/s = E sings cos(ai gs). (2-35)
m

Computer programs are commercially available that accurately
predict grating efficiency for a wide variety of groove profiles over wide
spectral ranges.

The topic of grating efficiency is addressed more fully in Chapter 9.

2.9. SCATTERED LIGHT AND STRAY LIGHT

All light that reaches the detector of a grating-based instrument from
anywhere other than the grating, by any means other than diffraction as
governed by Eq. (21), for any spectral order other than the primary
diffraction order of use, is called instrumental stray light (or more
commonly, simply stray light ). All components in an optical system
contribute to stray light, as will any baffles, apertures, and partially
reflecting surfaces. Unwanted light originating from an illuminated
grating itself is often called scattered light or grating scatter .
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Instrumental stray light can introduce inaccuracies in the output of
an absorption spectrometer used for chemical analysis. These
i nstruments usual |l y e mpspeotyum)dightfsautte t e
and a monochromator to isolate a narrow spectral range from the white
light spectrum; however, some of the light at other wavelengths will
generally reach the detector, which will tend to make an absorbance
reading too low (i.e., the sample will seem to be slightly more
transmissive than it would in the absence of stray light). In most
commercial benchtop spectrometers, such errors are on the order of 0.1
to 1 percent (and can be much lower with proper instrument design) but
in certain circumstances (e.g., in Raman spectroscopy), instrumental
stray light can lead to significant errors. Grating scatter and instrumental
stray light are addressed in more detail in Chapter 10.

2.10. SIGNAL -TO-NOISE RATIO (SNR)

The signal-to-noise ratio (SNR) is the ratio of diffracted energy to
unwanted light energy.” While we might be tempted to conclude that in -
creasing diffraction efficiency will in crease SNR, stray light usually plays
the limiting role in the achievable SNR for a grating system.

Instruments using r eplicated gratings from ruled master gratings can
have quite high SNRs. Instruments using holographic gratings
sometimes have even higher SNRs, since they have no ghost due to
periodic errors in groove location and lower interorder stray light.
Improvements in master ruling technology and coatings has improved
the quality of replicated grating from ruled masters so that they may now
be used in applications requiring extremely high SNRs, such as Raman
spectroscopy.

As SNR is a property of the optical instrument, not of the grating
only, there exist no clear rules of thumb regarding what type of grating
will provide higher SNR. See Chapter 12 for a discussion of the sources of
unwanted optical energy at the detector in a grating system.

* This statement ignores electrical and other non-optical contributions to the noise in the
instrument.

AGhosts are false spectral lines due to irregularities in the groove pattern; see Chapter 11
for more detail.
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3. RULED GRATINGS

3.0. INTRODUCTION

The first diffraction grat ings made for commercial use were
mechanically ruled, manufactured by burnishing grooves individ ually
with a diamond tool against a thin coating of evaporated metal applied to
a plane or concave surface. Replicas of auch ruled grat ings are used in
many types of lasers, spectroscopic instrumentation and fiber-optic
telecommunications equipment .

3.1. RULING ENGINES

The most vital component in the production of ruled diffraction grat -
ings is the apparatus, called aruling engine , on which master gratings are
ruled. MKS has four ruling engines in operation, each produdng a
substantial number of high-quality master gratings every year. Each of
these engines produces gratings with very low Rowland ghosts, high
resolving power, and high efficiency uniformity .

Selected diamonds, whose crystal axis is oriented for optimum
behavior, are used to shape the grating grooves The ruling diamonds are
carefully shaped by skilled diamond toolmakers to produce the exact
groove profile required for each grating. The carriage that moves the
diamond back and forth during ruling must maintain its position to
better than a few nanometers for ruling times that may last from one day
to severalweeks.

The mechanisms for advancing the grating carriages on all MKS
ruling are designedto make it possible to rule gratings with a wide choice
of groove frequencies. The Diffraction Grating Catalog published by
MKS the range of groovefrequencies available.

3.1.1. The Michelson engine

In 1947 Bausch & Lomb acquired its first ruling engine from the
Univer sity of Chicago; this engine was originally designed by Michelson
in the 1910s and rebuilt by Gale. It underwent further refinement, which
greatly improved its performance, and has produced a continuous supply
of high-quality gratings of up to 200 x 250 mm ruled area.

The Michelson engine originally used an interferometer system to
plot the error curve of the lead screw, from which an appropriate me-
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chanical correction cam was deaived. In 1990, this system was
superseded by the addition of a digital computer servo control system
based on a laser interierometer. The Michelson engine is unusual in that
it covers the widest range of groovefrequencies of any ruling engine: it
can rule gratings as coarse as32 grooves per millimeter (g/mm) and as
fine as 5,400 g/mm.

3.1.2. The Mann engine

The secondruling engine installed at MKS has been produdng grat-
ings since 1953, was originally built by the David W. Mann Co. of Lincoln,
Massachusetts. Bausch & Lomb equipped it with an interferometric
control system following the technig ue of Harrison of MIT. 11 The Mann
engine can rule areas up to 110 x 110 mm, with virtwally no detectable
ghosts and nearly theoretical resolving power.

While the lead screws of the ruling engines are lapped to the highest
precision attainable, there are always residual erors in both threads and
bearings that must be compensated to produce the highest quality
gratings. The Mann engine is equipped with an automatic interferometer
servo system that continually adjusts the grating carriage to the correct
position as each groove is ruled. In effect, the servo system siralates a
perfect screw.

3.1.3. The MIT 'B' engine

The third ruling engine at MKS was built by Harrison and moved to
Rochester in 1968. It has the capady to rule plane gratings to the
greatest precision ever achieved; these gratings may be up to 20 mm
wide, with grooves (between 20 and 1500 per millimeter) up to 320 mm
long. It uses a double interferometer control system, based on a
frequency-stabilized laser, to monitor not only table position but to
correct residual yaw errors as well. This engine produces gratings with
nearly theoretical resolving powers, virtually eliminating Rowland ghosts
and minimizing stray light. It has also ruled almost perfect echelle grat-
ings, the most demanding application of a ruling engine.

1. R. Harrison and J. E. Archer, fdAlnterfer
control of r J.10ptn $pc. Am. 41, 496 £195d); G. R. Harrison and G. W.
Stroke, fAlnterferometric control of grJaSoé ng

Opt. Am. 45, 112 (1955); G . R. Harrison, N. Sturgi s, S. C |
of large diffraction grating wi t h i nt er f er d.f@ettSod. Am.47 ,db (1959.] 0,
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Figure 3-1. MI T 6 B 6 This rglingheagine, built by Professor George Harrison of the
Massachusetts Institute of Technology and now in operation at MKS, is shown with its
cover removed.

3.1.4. The MIT 'C' engine

The fourth MKS ruling engine was also built by Harrison in the 1960s
and transferred in the 1970s to the Association of Universities for
Research in Astronomy (AURA) in Tucson, Arizona, where it was
installed to support the Kitt Peak National Observatory. At that time the
original control system was upgraded to a solidstate system using
integrated circuit technology. In 1995 the engine was acquired by and

moved to Richardson Gratings. A laser-based control system was

developed that uses two interferometers for translation and yaw
correction. The 0Cd engine has

can rule gratings with a groove length of 460 mm; this engine has ruled
gratings up to 400 mm x 600 mm with good wavefront and efficiency

characteristics, comparable tothoseof 6 B6 engine rulings
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3.2. THE RULING PROCESS

Master gratings are ruled on carefully selected wellannealed
substrates of severaldifferent materials. The choice is generally between
BK-7 optical glass, special grades of fused silica, or a special grade of

Schott ZERODUR® . The optical surfaces of these substrates are polished
to closer than //10 for green light (about 50 nm), the n coated with a
reflective film (usually aluminum or gold).

Compensating for changes in temperature and atmospheric pressure
is especially important in the environment around a ruling engine. Room
temperature must be held constant to within 0.01 °C for small ruling
engines (and to within 0.005 °C for larger engines). Since the
interferometric control of the ruling process uses monochromatic light,
whose wavelength is sensitive to the changes of the refractive index of air
with pressure fluctuations, atmospheric pressure must be compensated
for by the system. A change in pressure of 2.5mm of mercury (300 Pa)
results in a corresponding change in wavelength ofone part per million. 12
This change is negligible if the optical path of the interferometer i s near
zero but becomes significant as the optical path increases during the
ruling. If this effect is not compensated, the carriage control system of
the ruling engine will react to this change in wavelength, causing a
variation in groove spacing.

The ruling engine must also be isolated from those vibrations that are
easily transmitted to the diamond. This may be done by suspending the
engine mount from springs that isolate vi brations between frequencies
from 2 or 3 Hz (which are of no concern) to about 60 Hz, above which vi-
bration amplitudes are usually too small to have a noticeable effect on
ruled master grating quality .13

The actual ruling of a master grating is a long, slow and painstaking
process. The setup of the engine, prior to the start of the ruling, requires
great skill and patience. The critical align ment requires the use of a high
power interfer ence microscope,or an electron microscope for more finely
spaced grooves.

After each microscopic examination, the diamond is readjusted until
the operator is satisfied that the groove shape is appropriate for the

124, w. Babcock, AControl of a rul i nAppl.Optdi ne
415420 (1962).

3G, R. Harri son, AiProduction of di f fratc,§d on
Opt. Soc. Am.39, 413-426 (1949).
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particular grating being ruled. This painstaking adjustment, although

time consuming, results in very "bright" gratings with nearly all the

diffracted light energy concentrated in a specific angular range of the
spectrum. This ability to concentrate the light selectively at a certain part
of the spectrum is what distin guishes blazed diffraction gratings from all
others.

Finished master gratings are carefully tested to be cetain that they
have met specifications completely. The wide variety of tests run to
evaluate all the important properties include spectral resolution,
efficiency, Rowland ghost intensity, and surface accuacy. Wavefront
interferometry is used when appropriate. If a grating meets all specifica-
tions, it is then used as a master for the production of our replica
gratings.

Figure 3-2. Atomic force micrograph of a ruled grating.  This grating was ruled with 400
g/mm (groove spacing of 2.5 um). The horizontal and vertical scales are not the same.

3.3. VARIED LINE -SPACE (VLS) GRATINGS

For over a century, great effort has been expended in keeping the
spacing between successive grooves uniform as a master grating is ruled.
In an 1893 paper, Cornu realized that variations in the groove spacing
modified the cur vature of the diffracted wavefronts.14 While periodic and
random variations were understood to produce stray light, a uniform
variation in groove spacing across the grating surface was recgnized by
Cornu to change the location of the focus of the spectrum, which need not
be considered a defect if properly taken into account. He determined that

14 M. A. Cornu, fvérifications numériques relatives aux propriétés focales des réseaux
diffringents plans, 6omptes Rendus Acad. Scil117, 1032-1039 (1893).
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a planar classical grating, which by itself would have no focusing
properties if used in collimated incident light, would focus the diffracted
light if ruled with a systematic 'error' in its groove spac ing. He was able
to verify this by ruling three gratings whose groove posiions were
specified to vary as each groove was ruled. Such gratingsin which the
pattern of straight parallel grooves has a variable yet weldefined
(though not periodic) spacing between successive grooves, are now called
varied line -space (VLS) gratings. VLS gratings have not found use in
commercial instruments but are occasionally used in spectroscopic
systems for synchrotron light sources.
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4. HOLOGRAPHIC GRATINGS

4.0. INTRODUCTION

Since the late 1960s, a method distinct from mechanical ruling has
also been used to manufacture diffraction gratings.’®> This method
involves the photographic recording of a stationary interference fringe
field. Such interference grat ings, more commonly known as holographic
gratings , have several chaacteristics that distinguish them from ruled
gratings.

In 1901 Aimé Cotton produced experimental holographic gratings,6
fifty years before the concepts of holography were develbped by Gabor. A
few decades later, Michelson corsidered the interferometric gen eration of
diffraction gratings obvious, but recognized that an intense
monochromatic light source and a photosensitive material of sufficiently
fine granularity did not then exist. 17 In the mid-1960s, ion lasers and
photoresists became available; the former provides a strong
monochromatic line and the latter is photoactive at the molecular level,
rather than at the crystalline level (such asphotographic film).

4.1. PRINCIPLE OF M ANUFACTURE

4.1.1. Formation of an interference pat tern

When two sets of coherent equally polarized monochromatic optical
plane waves of equal intensity intersect each other, a standng wave pat-
tern will be formed in th e region of intersection if both sets of waves are
of the same wavelength/ (see Figure 4-1)." The combined intensity dis -

15p. Rudolph and G. Schmahl, i \Réntgénsinseneund z ur
Be ugungs gdmschae Wiss. dech. 78, 225 (1967); G. Sc hma
made diffraction gratings for the visible, UV and soft x-r ay r eJg Speatrgsa@ Soc.

Japan 23, 3-11 (1973 ; A. Labeyrie and Jc.perférhamcaeah d ,
hol ographically made®ptdomnfun.a 6¢96®.n gr ati ngs, O
16A. cCotton, fAResaux obtenus par | aSeapdeonSoagr a

Fran. Phys. 70-73 (1901).

17 A. A. Michelson, Studies in Optics (U. Chicago, 1927;reprinted by Dover Publications,
1995).

* Most descriptions of holographic grating recording stipulate coherent beams, but such
gratings may also be made wusing incoherent |
relating to the formation of photographi ¢ records, 6 UK Patent no.
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tribution forms a set of straight equally -spaced fringes (bright and dark
lines). Thus, a photographic plate would record a fringe pattern, since
the regions of zero field intensity would leave the film unexposed while
the regions of maximum intensity would leave the film maximally
exposed. Regions between these dremes, for which the combined
intensity is neither maxi mal nor zero, would leave the film partially
exposed. The conbined intensity varies sinusoidally with position as the
inter ference pattern is scanned along a line. If the beams are not of equal
intensity, the minimum intensity will no longer be zero, thereb y
decreasing the cortrast between the fringes. As a consequence, all
portions of the photo graphic plate will be exposed to some deyree.

The centers of adjacent fringes (that is, adjacent lines of maximum
intensity) are separated by a distanced, where

d=_!
2sing

(4-1)

and gis the half the angle between the beams. A small angle between the
beams will produce a widely spaced fringe patern (large d), whereas a
larger angle will produce a fine fringe pattern. The lower limit for d is
/12, so for visible recording light, t housands of fringes per millimeter
may be formed.

4.1.2. Formation of the grooves

Master holographic diffraction gratings are recorded in photoresist, a
material whose inter molecular bonds are either strengthened or weak-
ened by exposure to light. Commercially available photoresists are more
sensitive to some wavelengths than others; the recordng laser line must
be matched to the type of photoresist used. The proper combnation of
an intense laser line and a phdoresist that is highly sensitive to this
wavelength will reduce exposure time.

Photoresist gratings are chemically developed after exposure to re-
veal the fringe pattern. A photoresist may be positive or negative, though
the latter is rarely used. During chemical development, the portions of a
substrate cowvered in positive photoresist that have been exposed to light
are dissolved, while for negative photoresist the unexposed pottions are
dissolved. Upon immersion in the chemical developer, a surface relief
pattern is formed: for positive pho toresist, valleys are formed where the
bright fringes were, and ridges where the dark fringes were. At this stage
a master holographic grating has been produced; its grooves are
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sinusoidal ridges. This grating may be coated and replicated like master
ruled gratings.

substrate \

Figure 4-1. Formation of interference fringes. Two collimated beams of wavelength /

form an interfer ence pattern composed of straight equally spaced planes of intensity
maxima (shown as the horizontal lines). A sinusoidally varying interference pattern is

found at the surface of a substrate placed perpendicular to these planes.

Lindau has developed simple theoretical models for the groove
profile generated by making master gratings holographically and shown
that even the application of a thin metallic coating to the holographically -
produced groove profile can alter that profile. 18

4.2. CLASSIFICATION OF HOLOGRAPHIC GRATINGS

4.2.1. Single -beam interference

An interference pattern can be geneated from a single collimated
monochromatic coherent light beam if it is made to reflect back upon
itself. A standing wave pattern will be formed, with intensity maxima
forming planes parallel to the wavefronts. The intersection of this
interference pattern with a photoresist -covered substrate will yield on its
surface a pattern of grooves, whose spaing d depends on the angle g
between the substrate surface and the planes of maximum intensity (see
Figure 4-2)19% the relation between d and g is identical to Eq. (4-1),
though it must be emphasized that the recording geometry behind the

18g . Lindau, AThe groove profil eOpf Actar2a,tl37d n

1381 (1982).

o

9N, K. Sheridon, fPr odu cApdl Bhys. lett 120316:328(1P68h 0 | 0 g
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single-beam holographic grating (or Sheridon grating ) is different from
that of the double-beam geonetry for which Eq. (4-1) was derived.

The groove depth h for a Sheridon grating is dictated by the
separation between suessive planes of maximum intensity (nodal
planes); explicitly,

h= 202, (4-2)

where /o is the wavelength of the recording light and n the refractive
index of the photoresist. This severely limits the range of available blaze
wavelengths, typically to those beween 200 and 250 nm.

mirror substrate

Figure 4-2. Sheridon recording method . A collimated beam of light, incident from the
right, is retroreflected by a plane mirror, which forms a stand ing wave pattern whose
intensity maxima are shown. A transparent substrate, inclined at an angle gto the fringes,
will have its surfaces exposed to a sinsoidally varying intensity pattern.

4.2.2. Double -beam interference

The double-beam interference pattern shown in Figure 4-1 is a series
of straight parallel fringe planes, whose intensity maxima (or minima) are
equally spaced throughout the region of interference. Placing a substrate
covered in photoresist in this region will form a groove pattern defined by
the inter section of the surface of the substrate with the fringe planes. If
the substrate is planar, the grooves will be straight, parallel and equally
spaced, though their spacing will depend on the angle baween the
substrate surface and the fringe planes. If the sulstrate is concave, the
grooves will be curved and unequally spaced, forming a series of circles of
differ ent radii and spacings. Regardless of the shape of the substrate, the
intensity maxima are equally spaced planes, so the graing recorded will
be a classical equivalent holographic grating (more often called simply a
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classical grating). This name recognizes that the growe pattern (on a
planar surface) is identical to that of a planar classical ruled grating.
Thus, all holographic gratings formed by the intersection of two sets of
plane waves are called classical equialents, even if their substrates are
not planar (and therefore their groove patterns are not straight equally
spaced parallel lines).

If two sets of spherical wavefronts are used instead, as in Figure 43,
a first gener ation holographic grating is recorded. The surfaces of maxk
mum intensity are now confocal hyperboloids (if both sets of wavefronts
are convergng, or if both are diverging) or ellip soids (if one set is con
verging and the other diverging). This interference pattern can be
obtained by focusing the recording laser light through pinholes (to
simulate point sources). Even on a planar sutstrate, the fringe pattern
will be a collection of unequally spaced curves. Such a groove pattern will
alter the curvature of the diffracted wavefronts, regardless of the sub
strate shape, thereby providing focusing. Modification of the curvature
and spacing of the grooves can be used to reduce aberrations in the
spectral images; as there are three degrees of freedom in such a recording
geometry, three aberrations can be reduced (see Chapter 6).

B

substrate

A

Figure 4-3. First-generation recording method . Laser light focused through pinholes at A
and B forms two sets of spherical wavefronts, which diverge toward the grating substrate.
The standing waveregion is shaded; the intensity maxima are confocal hyperboloids.

The addition of auxiliary concave mirrors or lenses into the recording
beams can render the recording wavefronts toroidal (that is, their
curvature in two perpendicular direc tions will generally differ). The
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grating thus recorded is a second generation holographic grating .2° The
additional degrees of freedom in the recording geometry (e.g. the
location, orientation and radii of the auxiliar y mirrors) provide for the
reduction of additional aberrations above the three provided by first
generation holographic gratings.2

The wuse of aspheric recording wavefronts can be further
accomplished by using aberration-reduced gratings in the recording
system; the first set of gratings is designed and recorded to produce the
appropriate recording wavefronts to make the second grating.22 Another
technique is to illuminate the substrate with light from one real source,
and reflect the light that passes through the substrate by a mirror behind
it, so that it interferes with itself to create a stationary fringe pattern. 23
Depending on the angles involved, the curvature of the mirror and the
curvature of the front and back faces of the substrate, a number of
additional degrees of freedom may be used to reduce highorder
aberrations. [Even more degrees of freedom are available if a lens is
placed in the recording system thus described?4]

4.3. THE HOLOGRAPHIC RECORDING PROCESS

Holographic gratings are recorded by placing a light-sensitive surface
in an interferometer. The generation of a holographic grating of
spectroscopic quality requires a stable optical bench and laser as well as
high-quality optical components (mirrors, collimating optics, etc.).
Ambient light must be eliminated so that fringe contrast is maximal.
Thermal gradients and air currents, which change the local index of
refraction in the beams of the interferometer, must be avoided. MKS

20 ¢, Pal mer ,f sefiohchigeeonreyr ad i on h ol o glrGpp Soc.cAm.d\é,at i n
11751188 (1989) ; T. Nami oka and M. Koi ke, fi
hol ogr aphi ApplgOpa 34i 21802186 (1995).

21Mm. Duban, AHol ographi c waistphh ear b ecr rgaApmtiOptwiz§yse sp,rpi

4263-4273 (1987).

22, A. Sokolova, fAConcave diffraction gdatin
Opt. Technol. 66, 1084-1 0 8 8 (1999); E. -generatidhodifmadtionv a ,
gr at iJn@ps Technol. 68, 584-589 (2001).

22E. A. Sokolova, fAGeometric theory of two
gr at iPRmog.SPIB3540 , 113324 (1998); E. Sokolova, B. Kruizinga, T. Valkenburg and

J. Schaarsberg, ARecording of terpropagatmgebeatns f f r
using meni s& Mal Optl 49 nN1R0S-1947 (2002).

24 E . Sokol ova, B. Kruizinga and | . Gol ubenko
inatwo-st ep process using s ©pttEngad3]26132682c(2004k.r e n t
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records master holographic gratings in a clean room ecially-designed to
meet these requirements.

During the recording process, the components of the optical system
must be of nearly diffraction -limited quality, and mir rors, pinholes and
spatial filters must be adjusted as carefully as possible. Any olect in the
optical system receiving laser illumination may scatter this light toward
the grating, which will contribute to stray light. Proper masking and
baffling during recording are essential to the successful generation of a
holographic grating, as is single-mode operation of the laser throughout
the duration of the exposure.

The substrate on which the master holographic grating is to be
produced must be coated with a highly uniform, virtually defect -free
coating of photoresist. Compared with photographic film, photoresists
are somewhat insensitive to light during exposure, due to the molecular
nature of their interaction with light. As a result, typical exposures may
take from minutes to hours, during which time an ex tremely stable fringe
pattern (and, therefore, optical system) is required. After exposure, the
substrate is immersed in a developing agent, which forms a surface relief
fringe pattern; coating the substrate with metal then produces a master
holographic diffrac tion grating.

0.077 pm/div
>

1.0 prm/div

1.0 pm/div

Figure 4-4. Atomic force micrograph of a holographic grating. A sinusoidal holographic
grating with 1000 g/mm (1 um groove spacing) is shown. The horizontal and vertical scales
are not the same.
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4.4, DIFFERENCES BETWEEN RULED AND
H OLOGRAPHIC GRATINGS

Due to the distinctions between the fabrication processes for ruled
and holographic gratings, each type of grating has advantages and
disadvantages relative to the other, some of which are described bé&w.

4.4.1. Differences in grating efficiency

The efficiency curves of ruled and holographic gratings generally
differ considerably, though this is a direct result of the differences in
groove profiles and not strictly due to method of making the master
grating. For example, holographic gratings made using the Sheridon
method described in Section 4.2.1 above have nearly triangular groove
profiles, and therefore have efficiency curves that look more like those of
ruled gratings than those of sinusoidal-groove holographic gratings.

There exist no clear rules of thumb for describing the differences in
efficiency curves between ruled and holographic gratings; the best way to
gain insight into these differences is to look at representative efficiency
curves of each grating type. Chapter 9 in this Handbook contains a
number of efficiency curves; the paper?® by Loewen et al. on which this
chapter is based contains even moreefficiency curves, and the book
Diffraction Gratings and Applications 26 by Loewen and Popov has an
extensive collection of efficiency curves and commentary regarding the
efficiency behavior of plane reflection gratings, transmission gratings,
echelle gratings and concave gratings.

4.4.2. Differences in scattered light

Since holographic gratings do not involve burnishing grooves into a
thin layer of metal, the surface irregularities on its grooves differ from
those of mechanically ruled gratings. Moreover, errors of ruling, which
are a manifestation of the fact that ruled gratings have one groove formed
after another, are nonexistent in interferometric gratings, for which all
grooves are formed simultaneously. Holographic gratings, if properly
made, can be entirely free of both small periodic and random groove

25 E. G. Loewen, M. Neviére and D. Maystre, "Grating efficiency theory as it applies to
blazed and holographic gratings," Appl. Opt. 16, 27112721 (1977).

26 E. G. Loewenand E. Popov, Diffraction Gratings and Applications , Marcel Dekker, Inc.
(1997).
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placement errors found on even the best mechanically ruled gratings.
Holographi ¢ gratings may offer advantages to spectroscopic sytems in
which light scattered from the grating surface is performance-limiting,
such as in the study of the Raman spectra of solid samples, though proper
instrumental design is essential to ensure that the performance of the
optical system is not limited by other sources of stray light.

While holographic gratings generally exhibit lower scattered light
than early ruled gratings, modern control systems and improved master
coatings have led to ruled masiers whose replicas exhibit scattered light
as low as that of replicas of holographic masters. Some commercially
available Raman spectrometers now use ruled gratings, since their
scattered light properties are suitable even for such a demanding
application .

4.4.3. Differences and limitations in the groove pro file

The groove profile has a siqificant effect on the light inten sity
diffracted from the grating (see Chapter 9). While ruled gratings may
have triangular or trapezoidal groove profiles, holographic gratings
usually have sinusoidal (or nearly sinusoidal) groove profiles (see Figure
4-5). A ruled grating and a holographic grating, identical in every way
except in groove profile, will have demonstrably differ ent efficiencies
(diffraction int ensities) for a given wavelength and spectral order.
Moreover, ruled gratings are more easily blazed (by choosing the proper
shape of the burnishing diamond) than are holographic gratings, which
are usually blazed by ion bombardment (ion etching). Differences in the
intensity diffracted into the order in which the grating is to be used
implies differences in the in tensities in all other orders as well; excessive
energy in other orders usually makes the suppression of stray light more
difficult.

The distribution of groove profile char acteristics across the surface of
a grating may also differ between ruled and holographic gratings. For a
ruled concave grating, the facet angles are not aligneddentically, and the
effective blaze wavelength variesfrom one side of the grating to the other.
A holographic grating, on the other hand, usually demonstrates much less
variation in effi ciency characteristics across its surface. Gratings have
been ruled by changing the facet angle at different places on he substrate
during ruling. These so-called "multipartite” gratings, in which the ruling
is interrupted and the diamond reoriented at different places across the
width of the grating, demonstrate enhanced efficiency but do not provide
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the resolving power expected from an uninterrupted ruling (since each
section of grooves may be out of phase with the others)’

N\ _—\_—\ "

(b)

Figure 4-5. Ideal groove profiles for ruled and holographic g ratings. (a) Triangular
grooves, representing the profile of a typical mechanically ruled grating. (b) Sinusoidal
grooves, representing the profile of atypical holographic grating. *

4.4.4. Range of obtainable groove frequen cies

The number of grooves per millimeter for ruled and holographic
gratings can vary over a very wide range Gratings of both types can be
made with very coarse groove patternsi as low as 30 g/mm for ruled
gratings and as low as 1 g/mm for holographic gratings. As an upper
limit, both holographic and ruled gratings have been produced with
groove densities up to 10,000 grooves per millimeter.

4.4.5. Differences in the groove patterns

Classical ruled plane gratings, which constitute the vast majority of
ruled gratings, have straight equally-spaced grooves. Clasical ruled
concave gratings have urequally spaced grooves that form circular arcs
on the grating surface, but this groove pattern, when projected onto the
plane tangent to the grating at its center, is still a set of graight equally
spaced lines. [It is the projected groove patern that governs imaging. 28]
Even ruled varied line-space (VLS) gratings (see Chapter 3) do not

27 M. C. Hutley and W. R. Hunter, "Variation of blaze of concave diffraction gratings,"
Appl. Opt. 20 , 245-250 (1981).

* Holographic gratings may also be made with quasi-triangular grooves (using the Sheridon
method and by ion etching) as well as other grooves profiles (e.g., circular bumps,
trapezoids); different groove profile provide different efficiency characteristics.

28 C. palmer and W. R. McKinney, "Imaging theory of plane-symmetric varied line -space
grating systems," Opt. Eng. 33, 820-829 (1994).
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contain curved grooves, except on curved substrates. The abeation
reduction possible with ru led gratings is therefore limited to that possible
with straight grooves, though this limitation is due to the me chanical mo-
tions possible with present-day ruling engines rather than with the
burnishing process itself.

Holographic gratings, on the other hand, need not have straight
grooves. Groove curature can be modified to reduce aberrations in the
spectrum, thereby improving the throughput and spectral resolution of
imaging spedrometers. A common spectrometer mount is the flat -field
spectrogra ph, in which the spectrum is imaged onto a flat detector array
and several wavelengths are monitored simultaneously. Holographic
gratings can significantly improve the imaging of such a grating system,
whereas classical uled gratings are not suitable for forming well -focused
planar spectra without auxiliary optics.

4.4.6. Differences in the substrate shapes

The interference pattern used to record holographic gratings is not
dependent on the substrate shape or dimension, so gratings can be
recorded interferometrically on s
than they can be mechanically ruled on these substrates. Consguently,
holographic concave gratings lend themselves more naturally to systems
with short focal len gths. Holographic gratings of unusual curvature can
be recorded easily; of course, there may still remain technical problems
assocated with the repli cation and testing of such gratings.

The substrate shape affects both the grating efficiency characteistics
its imaging performance.

9 Grating efficiency depends on the groove profile as well as the angle
at which the light is incident and diffracted; for a concave grating,
both the groove profile and the local angles vary with position on the
grating surface. This leads to the efficiency curve being the sum of
the various efficiency curves for small regions of the grating, each
with its own groove profile and incidence and diffraction angles.

1 Grating imaging depends on the directions of the diffracted rays over
the surface of the grating, which in turn are governed by the local
groove spacing and curvature (.e., the groove pattern ) as well as the
local incidence angle. For a conventional plane grating used in
collimated light, t he groove pattern is the same everywhere on the
grating surface, as is the incidence angle, so all diffracted rayg are
parallel. For a grating on a concave substrate, though, the groove
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pattern is generally position-dependent, as is the local incidence
angle, so the diffracted rays are not parallel i thus the grating has
focal (imaging) properties as well as dispersive properties.

4.4.7. Differences in the size of the master substrate

While ruled master gratings can generally be as large as 320 x 420
mm, holographic master gratings are rarely this large, due to the
requirement that the recording apparatus contain very large, high -quality
lenses or mirrors, and well as due to the decrease in optical power farther
from the center of the master grating substrate.

4.4.8. Differences in generation time for master grat ings

A ruled master grating is formed by burnishing each groove individ -
ually; to do so, the ruling diamond may tra vel a very large distance to rule
one grating. For example, a square grating of dimensions 100 x 100 mm
with 1000 grooves per millimeter will require the dia mond to move 10
km (over six miles), which may take several weeks to rule.

In the fabrication of a master holographic grating, on the other hand,
the grooves are createdsimultaneously. Exposure times vary from a few
minutes to tens of minutes, depending on the intensity of the laser light
used and the spectral response (sensitivity) of the photoresist at this
wavelength. Even counting preparation and development time,
holographic master gratings are produced much more quickly than ruled
master gratings. Of course, an extremely stable and clean optical
recording environment is necessary to record precision holographic
gratings. For plane gratings, high-grade collimating optics are required,
which can be a limitation for larger gratings.
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5. REPLICATED GRATINGS

5.0. INTRODUCTION

Decades of research and development have contributed to the
process for manufacuring replicated diffraction gratings ( replicas) of
spectroscopic quality. This process is capable of producing thousands of
duplicates of master gratings which equal the quality and performance of
the master gratings themselves. The replication process has reduced the
price of a typical diffraction grating by a factor of one hundred or more,
compared with the cost of acquiring a master grating, as well as greatly
increasing their commercial availability.

5.1. THE REPLICATION PROCESS

The process for making replica gratings results in a grating whose
grooves are formed in a very thin layer of resin that adheres strongly to
the surface of the sulstrate material. The optical surface of a reflection
replica is usually coated with aluminum (Al), but gold (Au) or silver (Ag)
is recommended for greater diffracted energy in certain spectral regions.
Transmission gratings have no reflective coating.

Most commercially -available surfacerelief gratings are made using a
casting process, which faithfully reproduces the three-dimension nature
of the grating surface. It is for this reason that photographic replication
techniques are not generally sufficient.2®

The casting process for the production of a replicated diffraction
grating is a series of sequential steps:

1. Submaster selection. The replication process starts with the
selection of a suitable submaster grating that has the desired
specifications (groove frequency, blaze angle, size, etc.). [A
submaster grating is a grating replicated from a master, or from
another submaster, but is itself used not as a final optical product but
as a mold for the replication of product gratings; for this reason, it is
not strictly required that a submaster grating meet all of the
performance specifications of the product grating (eg., it need not
have a suitably reflective coating).]

29 E. G.Loewen and E. Popov,Diffraction Gratings and Applications , Marcel Dekker, Inc.
(1997),p. 577.
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2. Application of parting agent . A parting agent is applied to the
surface of the submaster grating. The parting agent serves no optical
purpose and should have no deleterious optical effects but aids n the
separation of the delicate submaster and product grating surfaces.
Since the replicated optical surface is intended to match that of the
submaster as closely as possible, the parting agent must be very thin
and conformal to the surface of the submager.30

3. Application of transfer coating . After the parting agent is applied, a
reflective coating (usually aluminum) is applied to the surface of the
submaster. This coating will form the optical surface of the product
grating upon separation. To obtain an optical quality coating, this
step is performed in a vacuum deposition chamber. [Since this
coating is applied to the submaster, but transfers to the product
grating upon separation, it is called a transfer coating .] Typical
transfer coating thicknesses are about one micron.

4. Cementing A substrate is then cemented with a layer of resin to the
grooved surface of the master grating; this layer can vary in
thickness, but it is usually tens of microns thick. It is the resin that
holds the groove profile and replicates it from the submaster to the
product; the transfer coating is much too thin for this purpose. The
isandwi cho for med by t he substr a
together is shown in Figure 5-1.

Since the resin is in the liquid state when it is applied to the
submaster, it must harden sufficiently to ensure that it can maintain

the groove profile faithfully when the product grating is separated

from the submaster. This hardening, or curing, is usually
accomplished by a mom-temperature cure period (lasting from hours

to days) or by heating the resin to accelerate the curing, though
gratings can also be replicated using a U\fcurable resin.31

5. Separation. After the resin is fully cured, the groove profile is
faithfully repli cated in the resin when the submaster and product are
separated. The parting agent serves as the weak interface and allows
the separation to take place between the submaster coating and the

30 £ G. Loewen, Replication of Mirrors and Diffraction Gratings , SPIE Tutorial T10
(1983).

3lg, D. Fantone, AReplicating optscah sipd.hadgs
Opt. 22, 764 (1983); R.  J . M. Zwi ers and G. C. M. Dort an
fast high-precision replication process using UV-c ur ab | e dppa Opt. 24, A488-
4488 (1985).
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transfer metallic coating. The groove profile on the product is the
inverse of the groove profile on the submaster; if this profile is not
symmetric with respect to this inversion, the efficiency characteristics
of the product grating will generally differ from those of the
submaster grating. In such cases, an additbnal replication must be
done to invert the inverted profile, resulting in a profile identical to

that of the original submaster. However, for certain types of gratings,
inversion of the groove increases effciency significantly.

product substrate product resin layer

transfer coating

’\/\/\/\/\7 parting agent

submaster metallic
coating

submaster substrate submaster resin layer

Figure 5-1. The e p | i c stainanw.i Bhe Substrates, the resin layers, the metallic
coatings, and the parting agentare shown.

At this stage, if a transmission grating is desired, the transfer coating
is removed from the product, leaving the groove structure intact in
the transparent resin.

6. Inspection. After separation, both the submaster and the product
gratings are inspected for surface or substrate damage. The product
grating may also be tested for key performance characteristics €.g.,
efficiency, wavefront flathess (or curvature), scattered light,
alignment of the grooves to a substrate edge) depending on
requirements.

The product grating formed by this replication process may be used
as an optical component, or it may serve as a mold (replication tool) by
being considered a submaster. In this way, a single master grating can
make several submasters, each of which can make several more
submasters, etc., to form a replication tree (see Figure 52).

The replication tree shown in Figure 5-2 illustrates two important
features of replication: extension horizontally (within a generation) and
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vertically (to subsequent generations). Replication within a generation is
accomplished by the successive replication of a single grating (much asa
parent can have many children). Replication to additional generations is
accomplished by forming a replica (child), which itself forms a replica
(grandchild), etc. Thus replication can extend both within generations
(X-1, X2, X-3, X-4 , , &l of which are replicated directly from the
master) and to subsequent generations (X1, X-1-3, X-1-3-1, X-1-3-1-4 , , é
each of which is replicated from the submaster before it) to create a large
number of replicas from a single master grating.

As an example, conside a master grating X from which five first-
generation replicas are made (X-1 through X-5). Each of these is used as
a submaster to form five replicas: X-1 forms X-1-1 through X-1-5, X-2
forms X-2-1 through X-2-5, and so on. This forms twenty-five second
generation replicas. If each of these replicas is itself replicated five
times, we arrive at 125 third -generation replica s (X-1-1-1, X-1-1-2 , é,
through X-5-5-5). This example illustrates that a large number of
replicas can be made from a single master gating, assuming a
conservative number of replicas and a reasonable number of generations.

X master grating

| | >
X-1 X-2 X-3 first
generation
W W replicas
I W I > second generation replicas
X-1-3

X-1-3-1 third generation replicas

Figure 5-2. A replication tree. Master X is replicated to create several firstgeneration
replicas (X-1, X-2 , é) , which themsel ves aenerationagplicaisc at €
(X-1-1, edc) ,

The number N of replicas of a particular generation that can be made
from a single master can be estimated using the following formula,

N=R9Y, (5-1)
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where R is the number of replications per generation and g is the number
of generations. Reasonable values oR are 5 to 10 (though values well
above 20 are not unheard of), and g generally ranges from 3 to 9.
Conservatively, then, for R = 5 and g = 3, we have N = 125 third-
generation replicas; at the other end of the ranges we haveR =10 and g =
9 so that N = 1,000,000,000 ninth -generation replicas. Of course, one
billion replicas of a single grating have never been required, but even if it
were, Eg. (51) assumes that each replica in every generdon (except the
last generation) is replicated R times, whereas in practice most gratings
cannot be replicated too many times before being damaged or otherwise
rendered unusable. That is, some branches of the replication tree are
truncated prematurely as a result of manufacturing defects, i.e., because
the manufacturing yield is less than 100%. Consequently, Eq. (51) must
be taken as anunreasonable upper limit, which becomes unrealistically

high as either R or g increases beyond small numbers. In practice, N is
often in the thousands when required, and can be even higher ifextra
care is taken to ensure that the submasters in the replication tree are not
damaged.

5.2. REPLICA GRATINGS VS. MASTER GRATINGS

There are two fundamental differences between maste gratings and
replica gratings: how they are made and what they are made of.

Manufacturing process . Replica gratings are made by the replication
process outlined in Section 5.1 abovei they are resin castings of master
gratings. The master gratings themselves, though, are not castings: their
grooves are created either by burnishing (in the case of ruled gratings) or
by optical exposure and chemical development (in the case of holographic
gratings).

Composition. Replica gratings are composed of a medllic coating on
a resin layer, which itself rests on a substrate (usually glass). Master
gratings also usually have glasssubstrates but have no resin (the grooves
of a ruled master are contained entirely within a metallic layer on the
substrate, and those of a holographic master are contained entirely within
a layer of photoresist or similar photosensitive material).

The differences in manufacturing processes for master gratings and
replica gratings naturally provide an advantage in both production ti me
and unit cost to replica gratings, thereby explaining their popularity, but
the replication process itself must be designed and carried out to ensure
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that the performance characteristics of the replicated grating match those
of the master grating. Exhaustive experimentation has shown how to
eliminate loss of resolution between master and replica i this is done by
ensuring that the surface figure of the replica matches that of the master,
and that the grooves are not displaced or distorted as a result of
replication. The efficiency of a replica matches that of its master when
the groove profile is reproduced faithfully. Other characteristics, such as
scattered light, are generally matched as well, provided care is taken
during the transfer coating step to ensure a dense metallic layer. [Even if
the layer were not dense enough, so that its surface roughness caused
increased scattered light from the replica when compared with the
master, this would be diffuse scatter; scatter in the dispersion plane, due
to irregularities in the groove spacing, would be faithfully replicated by
the resin and does not depend significantly on the quality of the coating.]
Circumstances in which a master grating is shown to be superior to a
replicated grating are quite rare and can often be attributed to flaws or
errors in the particular replication process used, not to the fact that the
grating was replicated.

In one respect, replicated gratings can provide an advantage over
master gratings: those cases where the ideal grove profile is not
obtainable in a master grating, but the inverse profile is obtainable.
Echelle gratings, for example, are ruled so that their grooves exhibit a
sharp trough but a relatively less sharp peak. By replicating, the groove
profile is invert ed, leaving a first-generation replica with a sharp peak.
The efficiency of the replica will be considerably higher than the efficiency
of the master grating. In such cases, only oddgeneration replicas are
used as products, since the evergeneration replicas have the same
groove profile (and therefore the same efficiency characteristics) as the
master itself.”

The most prominent hazard to a grating during the replication
process, either master or replica, is scratching, since the grating surface
consists of a thin metal coating on a resin layer. Scratches involve
damage to the groove profile, which generally leads to increased stray
light, though in some applications this may be tolerable. Scratches
faithfully replicate from master to submaster to p roduct, and cannot be

* By convention, a master grating is designated as the zeroth (0) generation, so the seconé,
fourth - and subsequent evengeneration submasters from the master will have the same
groove profile, and the first-, third - and subsequent oddgeneration submasters will have
inverted groove profiles.
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repaired, since the grating surface is not a polished surface, and an
overcoating will not repair the damaged grooves.

Another hazard during replication is surface contamination from fin -
gerprints; should this hap pen, a grating can sometimes (but not always)
be cleaned or recoated to restore it to its original condition. [In use,
accidentally evaporated contaminants, typical of vacuum spectrometry
pumping systems, can be especially harmful when baked on the surface of
the grating with ultraviolet radi ation.]

5.3. STABILITY OF REPLICATED GRATINGS

Temperature. There is no evdence of deteioration or change in
standard replica gratings with age or when exposed to thermal variations
from the boiling point of ni trogen (77 K =1 196 °C) to 110 °C and above
In addition to choosing the appropriate resin, the cure cycle can be
modified to result in a grating whose grooves will not distort under high
temperature.

Gratings replicated onto substrates made of low thermal expansion
materials behave as the substrate dictates: the resin and aluminum,
which have much higher thermal expansion coefficients, are present in
very thin layers compared with the substrate thickness and therefore do
not expand and contract appreciably with temperature changes since they
are fixed rigidly to the substrate.

Relative Humidity . Standard replicas generally do not show signs of
degradation in normal use in high relative humidity environments, but
some applications (e.g., fiber-optic telecommunications) require
extended exposure to very high humidity environments. Coatings and
epoxies that resist the effects of water vapor are necessary for these
applications.

Instead of a special resin, the metallic coating on a reflection grating
made with standard resin is often sufficient to protect the underlying
resin from the effects of water vapor. A transmission grating that
requires protection from environmental water vapor can be so protected
by applying a dielectric coating (e.g., SiO) to its grooved surface32

Temperature and  Relative  Humidity . Fiber  optic
telecommunications applications often require diffraction gratings that

32 E. G. Loewen and E. Popov Diffraction Gratings and Applications , Marcel Dekker, Inc.
(1997), p. 582.
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meet harsh environmental standards, parti cularly those in the Telcordia
document GR-122 1 , iGeneric Reliability As
Passive Optical Component so. Spec
specially-designed proprietary replication techniques, have been
developed to produce replicated gratings that can meet this demanding
requirement with no degradation in performance.

High Vacuum . Even the highest vawum, such as that of outer space,
has no efect on replica gratings. Concerns regarding outgassing from the
resin are addressed by recognizing that theresin is fully cured. However,
some outgassing may occur in high vacuum, which may be a problem for
gratings used in synchrotron beamlines; in certain cases,ruled master
gratings are used instead.

Energy Density of the Beam. For applications in which the energy
density at the surface of the grating is very high (as in some pulsed laser
applications), enough of the energy incident on the grating surface may
be absorbedto cause damage to the surface. In these cases, it may be
necessary to make the transfer coat thicker than normal, or to apply a
second metallic layer (an overcoat) to increase the opacity of the metal
film(s) sufficiently to protect the underlying resin from exposure to the
light and to permit the thermal energy absorbed from the pulse to be
dissipated without damaging the groove profile. Using a metal rather
than glass substrate is also helpful in that it permits the thermal energy to
be dissipated; in some cases, a watercooled metal substrate is used for
additional benefit. 33

Pulsed lasers often require optical components with high damage
thresholds, due to the short pulse duration and high energy of the pulsed
beam. For gratings used in the infrared, gold is generally used as the
reflective coating (since it is more reflective than aluminum in the near
IR).

A continuous-wave laser operating at/ = 10.6 mm was reported by
Huguley and Loomis34 to generate damage to the surface of replicated
grating at about 150 kW/cm 2 or above.

Gill and Newnam3® undertook a detailed experimental study of laser-
induced damage of a set of master gratings and a set ofreplicated

3BF. M. Anthony, fAHigh heat | oagt Engp 84i 818320 an
(1995).

34c. A. Huguley and J. S. Loomil&nmmiOwtiadl amig
in Damage in Laser Materials , A. J. Glass and A. H. Guenther, eds. Nat. Bur. Stand.
(U.S.) Spec. Publ.435 (1975).
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gratings using 30-ps pulses at/ = 1.06 mm. They reported that the
damage threshold for the holographic gratings they tested was a factor of
1.5 to 5 times higher than for the ruled gratings they tested. Differences
in the damage threshold for S- vs. P-polarized light were also observed:
the threshold for S-polarized light was 1.5 to 6 times higher than for P-
polarized light, though how this correlates to grating efficiency in these

polarization states is not clear. The (holographic) master gratings tested
exhibited lower damage thresholds than did the replicated gratings.

Some of the experimental results reported by Gill and Newnam are
reproduced in Table 5-1.

Increasing the thickness of the reflective layer can, in certain
circumstances, geatly increase the damage threshold of a replicated
grating used in pulsed beams, presumably by reducing the maximum
temperature which the metallic coating reaches during illumination. 36

Damage Threshold (J/cm 2) at / = 1.06 um
P polarization S polarization
Au coating Al coating Au coating Al coating
1800 g/mm
holographic #1 2.6 0.3 1.2 0.1
1800 g/mm
holographic #2 1.0 0.3 0.8 0.1
600 g/mm ruled 1.1 0.2 0.4 0.1
300 g/mm ruled 0.5 0.3 0.1 0.1

Table 5-1. Damage thresholds reported by Gill and Newnam . For these gratings, the
difference in damage threshold measurements between Au and Al coatings, between Pand
S-polarization, and between the 1800 g/mm holographic gratings and 300 and 600 g/mm
ruled gratings are evident.

Increasing the thickness of the reflective layer can, in certain
circumstances, greatly increase the damage threshold of a replicated

Bp. H. Gi || and B. EpuNeendamadg®i sbsdcesdof
in Damage in Laser Materials, H. E. Bennett, A. H. Guenther, D. Milam and B. E.
Newnam, eds.,Nat. Bur. Stand. (U.S.) Spec. Publ. 727 (1986), pp. 154161

6 R, W. C. Hansen, AfReplica grating radi a
mo n o ¢ hr o ReviSgirinsttum. 67 (9), 1-5 (1996).
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grating used in pulsed beams, presumably by reducing the maximum
temperature which the metallic coating reaches during illumination. 37

Experimental damage thresholds for continuous wave (cw) beams,
reported by Loewen and Popo\8, are given in Table 52.

Coating defects can play a critical role in the incidence of laser
damage, as reported by Steiger and Braussé? who studied optical
components illuminat ed by a pulsed Nd:YAG laser operating at/ = 1.06
nm.

Damage Threshold

Grating type (power density)

Standard replica grating

40 to 80 W/cm 2
on glass substrate

Standard replica grating

€.100 W/cm 2
on copper substrate

Standard replica grating

150 to 250 W/cm?2
on water-cooled copper substrate

Table 5-2. Damage thresholds for continuous wave (cw) beams.

Coating defects can play a critical role in the incidence of laser
damage, as reported by Steiger and Brausse, who studiedoptical
components illuminated by a pulsed Nd:YAG laser operating at / = 1.06
mm.

5.4. DUAL -BLAZE GRATINGS

Using the replication process described above, replicagratings made
from two different master gratings may be combined to make asingle
grating.

Two (or more) gratings with different groove spacings may be
combined in this way. Sincethe dispersion from each groove pattern will
differ, though, the spectra will generally be imaged separately. An optical

37 R W C. Hansen, AReplica grating radi a

mo n o ¢ hr o ReviSgirinsttum. 67 (9), 1-5 (1996).

38 E. G. Loewenand E. Popov, Diffraction Gratings and Applications , Marcel Dekker, Inc.
(1997), p. 485.

39B.SteigerandH. Brausse, il nteraction of | ®oce r
SPIE 2428 , 559-567 (1995).
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component of this nature would serve as two distinct gratings whose
positions and orientations are fixed relative to each other.

Gratings with the same groove spacing, however,may be combined in
this way to form a component that behaves like a single grating, but with
an efficiency curve formed by the weighted average of the efficiencies of
the sections (weighted by the illuminated areas of each section). Such
dual-blaze gratings can provide efficiency curves that are not achievable
with conventionally produced gratings, due to limitations in the available
groove profiles. The relative areas of the two sections can be chosen to
tailor the efficiency behavior of the entire grating.

Dual-blaze gratings are made by carefuly replicating submasters
from two different gratings together to produce a dual-blaze submaster,
which itself is replicated using conventional means. Gratings made in
this way have exhibited wavefront distortions of //4 or less, and exhibit
efficiency characteristics that cannot be obtained from single ruled

gratings, in that their efficiency curves have lower and broader peaks (see
Figure 5-3).

efficiency (%)

o

200 300 400 500 600 700

wavelength (nm)

Figure 5-3. Efficiency curve of a dual-blaze grating . Two ruled gratings G1 and G2, of the
same groove spacing but blazed at 250 nm and 450 nm, and combined to form a dualblaze

grating G. Equal areas of each of the two gratng are illuminated to create a grating with
the solid efficiency curve.
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6. PLANE GRATINGS AND THEIR
MOUNTS

6.1. GRATING MOUNT TERMINOLOGY

The auxiliary collimating and focusing optics that modify the
wavefronts incident on and diffracted by a grating, as well as the angular
configuration in which it is used, is often called its mount. Grating
mounts are a class of spectrometer, a term that usually refers to any
spectroscopic instrument, regardless of whether it scans wavéengths
individually or en tire spectra simultaneously, or whether it employs a
prism or grating. For this discussion we consider grating spectrometers
only.

A monochromator is a spectromeer that images a single wavelength
or wavelength band at a time onto an exit slit; the spectrum is scanned by
the relative motion of the entrance and/or exit optics (usually slits) with
respect to the grating. A spectrograph is a spedrometer that images a
range of wavelengths simultaneously, either onto photographic film or a
series of detector ekments, or through seweral exit slits (sometimes called
a polychromator ). The defining characteristic of a spectrograph is that
an entire section of the spectrum is recorded at once.

6.2. PLANE GRATING M ONOCHROMATOR M OUNTS

A plane grating is one whose surface is flat. Plane gratings are
normally used in collimated incident light, which is dispersed by
wavelength but is not focused. Plane grating mounts generally require
auxiliary optics, such as lenses or mirrors, to collect and focus the energy.
Some simplified plane grating mounts illuminate the grating with
converging light, though the focal properties of the system will then
depend on wavelength. For simplicity, only plane reflection grating
mounts are discussed below, though each mount may have a
transmission grating analogue.
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6.2.1. The Czerny -Turner monochroma tor 40

This design involves a classical plane grating illuminated by colli-
mated light. The incident light is usually diverging from a source or slit,
and collimated by a concave mirror (the collimator ), and the diffracted
light is focused by a second corave mirror (the camera); see Figure 61.
Ideally, since the grating is planar and classical, and used in colimated
incident light, no aberrations should be introduced into the diffracted
wavefronts.  In practice, since spherical mirrors are often used,
aberrations are contri buted by their use off-axis.!

. collimator
entrance slit

exit slit
camera

Figure 6-1. The CzernyTurner mount . The plane grating provides dispersion and the
concave mirrors provide focusing.

Like all monochromator mounts, the wavelengths are imaged
individually. The spectrum is scanned by rotating the grating; this moves
the grating normal relative to the inci dent and diffracted beams, which
(by Eq. (2-1)) changes the wavelength diffracted toward the second
mirror . Since the light incident on and diffracted by the grating is
collimated, the spedrum remains at focus at the exit slit for each wave-
length, since only the grating can introduce wavelength-dependent
focusing properties.

490A sShafer, L. Megil and L. DrTowrpred rmasp e ditOpad
J. Opt. Soc. Am.54, 879-888 (1964); J. M. Simon, M. A. Gil and A. N. Fanti no, f
Turner monochromator: astigmatism in the cl a

Appl. Opt. 25, 37153720 (1986); K. M. Rosfjord, R. A. Villalaz and T. K. Gaylord,
fi C o n s-haadwitth scanning of the Czerny-Turner monochromat o r Appl. Opt. 39, 568-
572 (2000).

41R. F. James and R. S. Sternberg The Design of Optical Spectrometers, Chapman and
Hall (London: 1969).
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Aberrations ™ caused by the auxiliary mirrors include astigmatism and
spherical aberration (each of which is contributed additively by the
mirrors); as with all concave mirror ge ometries, astigmatism increases as
the angle of reflection increases. Coma, though gearally present, can be
eliminated at one wavelength through proper choice of the angles of re-
flection at the mirrors; due to the anamorphic (wavelength -dependent)
tangential magnification of the grating, the im ages of the other
wavelengths experiencehigher-order coma (which becomes troublesome
only in special systems).

6.2.2. The Ebert monoch romator 42

This design is a special case of a Czernyfurner mount in which a
single relatively large concave mirror serves as both the collmator and
the camera (Figure 6-2). Its use is limited, since stray light and aber-
rations are difficult to control T the latter effect being a consequence of
the relatively few degrees of freedom in design (compared with a Czerny
Turner monochromator). This can be seen by recognizing that the Ebert
monochromator is a special case of the CzernyTurner monochromator in
which both concave mirror radii are the same, and for which their centers
of curvature coincide. However, an advantage that the Ebert mount
provides is the avoidance of relative misalignment of the two mirrors.

entrance slit

i -

grating
|
. -

exit slit mirror

Figure 6-2. The Ebert mount. A single concave mirror replaces the two concave mirrors
found in Czerny-Turner mounts.

" See Chapter 7 for a discussion of aberrations.

42 4. Epert, Wied. Ann. 38, 489 (1889); H. Kayser, Handbuch der Spectroscopie (1900),
vol. 1.
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Fastie improved upon the Ebert design by replacing the straight
entrance and exit slits with curved slits, which yields higher spectral
resolution. 43

6.2.3. The Monk -Gillieson monochro mator 44

In this mount (see Figure 6-3), a plane grating is illuminated by
converging light. Usually light diverg ing from an entrance slit (or fiber) is
rendered converging by off-axis reflection from a concave mirror (which
introduces aberrations, so the light incident on the grating is not com-
posed of perfectly spherical convergng wavefronts). The grating diffracts
the light, which converges toward the exit slit; the spectrum is scanned by
rotating the grating to bring different waveleng ths into focus at or near
the exit slit. Often the angles of reflection (from the primary mirror), in -
cidence and diffraction are small (measured from the appro priate surface
normals), which keeps aberrations (especially off-axis astigmatism) to a
mini mum.

Figure 6-3. The Monk-Gillieson mount. A plane grating is used in converging light.

43 W, G. Fasti e, AA small p | Ja@pe Sog.rAent42,r64l-6470 n 0 g
(1952); W. G. Fasti e, Al mage formingOptrSocpertli
Am. 42, 647-652 (1952).

4G. S. Monk, 0 Ahemopulnatn en cOrtagoc. Wy 170 358 (1928); A.
Gillieson, AA new spectrographi cJ. 8d.fnftn 266t i o
334-339 (1949) ; T. Kaneko, T .-GiNalnii eoskcan amadn oM. h
Appl. Opt. 10, 367-381 (1973 ; M. Koi ke and TincideNee ivionkk a ,

Gillieson monochromator based on surface normal rotation of a varied line -spacing
gr at ApplgOpb 41, 245-257 (2002).
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