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D iffraction gratings owe their useful optical behav
ior to accurate phase matching of light diffracted 
from each one of a large family of embossed grooves. 
This simple fact tells us that the uniformity of 

groove spacing must be a small fraction of whatever wave
length is involved. For optimal energy distribution, it is also 
desirable to control the shape of the groove. 

The mechanical ruling of gratings involves two orthogo
nal motions, one of which—the traversing one—repeats its 
path to nanometer type accuracy at a typical rate of 10 
strokes per minute; the other indexes slowly and with 
extreme precision, retaining parallelism from one groove to 
the next. Perfection in one without the other is of little 
value. Nanometer class performance required for visible 
light gratings may seem impossible. However, with careful 
strategies in the division of labor, the difficulties have led to 
excellent solutions (with size restrictions)—though not 
without great effort. This has been perhaps the earliest 
challenge in the field we now call precision engineering. 

With grooves generated one at a time, and at a relatively 
slow rate set by the need to suppress vibrations, grating 
ruling is an inherently slow process. Ruling times vary from 
less than a day to more than a month. Thus, even if all the 
ruling engines in the world ran full time producing perfect 
gratings, the total would not even come close to meeting 
demand. A key development to take gratings out of research 
labs and into the general spectrometric instrument scene 
was learning how to make high quality replicas, optically 
identical to the master. In fact, this was the first widespread 
application of optical replication. 

History 
The first to rule gratings mechanically was Fraunhofer 
(1820), with a machine he was too secretive to ever de
scribe—except to modestly confess that "the hand of man 
was unlikely ever to improve on its performance."His re
marks were prophetic in that all engines built after his time 
were designed to run automatically. This not only because 
of limitations to human patience, but also due to the need 
to exclude from the environment a heat source as great as 
a live body. Fraunhofer's proudest achievement was a 12 
mm grating with just 800 grooves; while small by current 

standards, it served his needs. 
All practitioners were driven by the need to constantly 

increase both the size and the accuracy of gratings, a great 
challenge since each influenced the other. Much ingenuity 
was supplied by a long succession of talented scientists and 
engineers, who, in several instances, devoted large por
tions of their professional careers to the task. It turned out 
eventually that strictly mechanical approaches had a use
ful limit of about 200 mm of ruled width. Beyond that, nature 
simply refused to go. It was only when interferometry could 
be combined with servo feedback error correction that the 
limit could be extended to 400 mm. The technical limit 
seems to lie around 600 mm, but requires extension of all 
sorts of facilities that are simply too expensive. 

Casual observers tend to be impressed by rulings of very 
high frequency (3000 to 10,000 per mm), and with some 
reason. In addition to the exceptionally smooth indexing 
obviously necessary, control of vibrations becomes critical 
when load of the diamond embossing tool is less than 1 
gram. However, the true test of a ruling engine lies in its 
ability to generate high quality wavefronts at steep angles 
of diffraction. This includes reducing periodic errors to the 
sub-nanometer levels at which Rowland ghosts become 
invisible. 

Fewer than 100 ruling engines have been built since 
Fraunhofer; of these, perhaps no more than 20 remain in 
regular operation. Some of the great names in physics 
associated with their development are Rowland, Michelson, 
Strong, Siegbahn, and Harrison. Rowland, just over 100 
years ago, produced the first relatively large (125 mm) high 
quality gratings, an achievement of which he was particu
larly proud. Michelson spent three decades working on his 
two 250 mm engines. The newer one (dating to 1910) is still 
in daily use at the Milton Roy Co., although rebuilt several 
times. Harrison's great contribution was to show (on the 
older Michelson engine) that his old dream of using the 

Figure 1. Schematic section of Michelson engine carriage system 
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wavelength of light as the basic length reference, in place of 
the traditional lead screw, had become possible. Thanks to 
new light sources (especially lasers) and servofeedback 
control, the modern era of high accuracy ruling of large 
gratings was ushered in. Since then, no high precision 
engine has been built without servo-control. More recently, 
digital technology has been added, which improves set-up 
versatility and allows for programmed variation in groove 
spacing. 

The Michelson engine 
The second Michelson engine has two unique mechanical 
features that were a key part of the original design, but have 
hardly ever been implemented since. Both had as their 
objective the reduction in friction effects that traditionally 
have been a barrier to perfection. The most unusual feature 
was to make the carriage system into a dual, piggy-back 
design (Figure 1). The lower, auxiliary carriage is driven by 
a simple, conventional screw, which in turn is coupled to 
the main, ultra-precision screw of the same pitch. The latter 
is connected to the main grating carriage, which rests on 
the lower one through four pairs of hardened steel opposing 
V-ways, each containing three precision balls. This makes 
motion between the carriages almost friction free, although 
the travel never exceeds a few micrometers. 

The other feature was mercury weight relief, a concept 
probably traceable to the Michelson-Morley ether drift 
experiment. Most of the mass of the grating support car
riages is connected to two blocks of wood, located centrally 
underneath, and submerged in a tank filled with mercury. 
Not only does this reduce loading connected friction, but it 
also prevents the base structure from reacting to changes 
in location of a moving mass. Safety concerns are met by 
covering the mercury with a layer of oil. 

Aided by an exceptional lead screw, with much effort 
going into its mounts, the engine can readily be indexed 
intermittently by a ratchet based mechanism in steps as 
small as 100 nm. The overshoot normally expected under 
such conditions is so small that a X/540 resolution laser 
interferometer cannot detect it. 

Coarse gratings 
Not obvious is that some of the greatest challenges in the 
field of gratings today is the ruling of coarse gratings (10 to 
30 grooves/mm). With grooves so wide and so deep, the 
necessary load on the diamond tool may reach one kilo
gram, while at the same time optical demands on wavefront 
perfection remain in the nanometer domain. Given the 
perversity of nature, it is precisely such gratings that are 
needed for the spectrographs that accompany the new 
generation of large telescopes. 

Grating size grows in proportion, for proper exploitation 
of all the incoming light. With the 400 mm limit too small, it 
is fortunate that modern technology allows two to four 
identical replicas to be mounted onto a common base— 
hardly a job for the fainthearted, since the images of all 
gratings must coincide. Luckily, they do not have to be in 
phase, although ultra high resolution spectrographs are 
being built in which two large echelle (high angle) gratings 
are maintained in phase coincidence. This requires active 
feedback sensing control, but leads to resolving powers at 
the 2 X10 6 level. 

Replication 
A good replica must be a faithful copy of the master both on 
a macro and micro scale, i.e., preserve the overall figure as 
well as precise groove placement, together with groove 
geometry. A casting process is the only way, but tempera
ture fields must remain constant to maintain groove loca
tion. Polymerizing resins—the obvious solution—have no 
difficulties reproducing groove geometry. For example, 
collodion films were used a long time ago, as they are easily 
pulled off the master (and used as a cleaning method to this 
day), but could not maintain the other aspects. The key 
concept was to cement a master to a rigid substrate (glass 
or metal) of reasonably matching geometry in such a way 
that they could be separated without damage to either. 
Most important is the choice of the resin. It must polymerize 
at room temperature, work free of bubbles, and, in particu
lar, must have minimal shrinkage. In general, epoxies seem 
ideal and are available in low viscosity versions necessary 
to achieve thin films. Clearly, the resin must adhere well to 
the replica blank, but not the master. This usually requires 
an extremely thin layer of a separating compound on the 
master, followed by a metallic layer, typically vacuum 
coated aluminum, that protects the separating layer from 
direct contact with the resin and assures that the replicated 
surface is a direct copy of the master. 

Simple as this sounds, it takes considerable experience 
to carry this out routinely and reliably. Fortunately, it has 
proven possible to carry on this process for several genera
tions, so that a useful number of replicas can be obtained 
from a single master. How many is a frequent question: It 
may vary from zero to over 10,000. Maximum size is at least 
300x400 mm. Transmission gratings result from chemical 
removal of the thin metallic surface film. 

Replication inverts the grooves, the bottom on the mas
ter becoming top on the replica. The result, at least on 
deeper groove gratings, is to improve diffraction efficiency. 
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