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Foreword

In 1967 the first edition of The Particle Atlas ap-
peared. By 1973 rapid developments in particle identi-
fication justified the appearance of a second edition
in four volumes. Now, it again seems necessary to
bring particle analysis techniques up to date with two
additional volumes. Volume V is an update for light
microscopy while Volume VI performs the same func-
tion for electron optical methods. The number of com-
mon particle types is increased from 609 in Volumes
II and III to 1022 with Volumes V and VI. Color
photomicrographs and descriptions of the additional
412 particulate compositions appear in Volume V, and
corresponding SEM pictures appear in Volume VI.
Most of the 412 substances also have EDXRA pat-
terns, and many of the smallest particles also have
TEM pictures and SAED patterns.

Small particles move freely in the wind, and any
microscopist can expect to see almost any composition
in any sample. We have, therefore, extended each of
the categories (pollens, fibers, minerals, etc.) to in-
clude more of the most commonly found substances.
At the same time we have concentrated on several
areas where small particles are most likely to be of in-
terest: industrial contaminants, environmental par-
ticles, crime lab trace evidence and art/archaeology.
These areas overlap, of course; for instance, art con-
servators as well as crime lab evidence examiners are
interested in paints and fibers; microscopists studying
environmental pollution are as interested in industrial
particulate effluent as the industrial microscopist who
identifies contaminants in his products.

In addition to many new substances, each of the
two new volumes endeavors to bring microscopy and
particle identification up to date. The second edition
included techniques and instruments not yet invented
at the time of the first edition, e.g., ion microprobe
analysis and automation of various electron optical in-
struments. Now, again, in 1979 we have Hoffman
modulation contrast and the laser Raman microprobe
as at least two new approaches to particle study.

Another important new development is the return
of many microscopists to the polarizing microscope.
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Electron microscopy, especially the SEM, was ex-
pected to bury the light microscope—and it very
nearly did just that. Most colleges and universities
dropped their courses in light microscopy. If it had
not been for a very few schools like Cornell and IIT
and for mineralogy departments in general, there
would have been no college courses in this important
area. It began to become apparent about 1970 that
TEM, SEM, EMA et al. were, at best, expensive ways
to solve particle problems and, at worst, they could
not solve such problems. Many schools then began to
look back at light microscopy as microscopists them-
selves found they were beginning more and more to
dust off and use their old PLM. The manufacturers
of polarizing microscopes helped by introducing new
stands with excellent optics and improved usability.
The sales of light microscopes (and their cost) in-
creased greatly, and the number of polarizing micro-
scopes sold also steadily increased. Since colleges were
slow to recognize the changing emphasis, schools like
the McCrone Research Institute took on an increasing
responsibility for teaching microscopy. In 1978, for
example, 48 intensive 3- to 5-day courses were held
by the Institute with a total of nearly 700 students.
Most of these students, many from crime labs or art
conservation labs, are interested in small particles.
The largest number of the students, however, were
industrial microscopists interested in contamination
problems.

We see, in the future, a continuing increase in the
application of light microscopy to particle identifica-
tion problems. At McCrone Associates eleven micros-
copists now specialize in PLM, whereas only eight
microscopists specialize in the electron optical meth-
ods. Light microscopy is far from dead in the prob-
lem-solving research labs in the world.

This is perhaps the best place to acknowledge the
assistance of those who helped produce these two new
volumes of the second edition. Those with primary re-
sponsibilities either for light micrographs (John
Delly) or electron micrographs (John Brown) or writ-
ing (Ian Stewart, John Gavrilovic, Anna Teetsov, Skip
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Palenik, Walter McCrone, Donald Brooks and Robert
Muggli) are acknowledged either as authors or with
by-lines on their sections. Gene Grieger and Rich
Shimps were also major contributors of the TEM/
SAED illustrations. Others who contributed techni-
cally were Lucy McCrone, Ralph Hinch, Mark Ander-
sen, Betty Majewski, Mark Palenik, Debbie Piper,

THE PARTICLE ATLAS

Chuck Bowen, Olga Kist, Joycelyn Blanchette, Beverly
Phillips, Dale Johnson and Jim Reineck. The artwork
was done by Anita Douthat; organizing, editing, proof-
ing and typing were handled by Cleopatra Brown,
Sylvia Graft and Gail Bohnhoff. Finally, Oppenheimer
Goldberg was a tower of strength on whom we all
relied during the entire project.



I. The

Laser Raman

Microprobe

RoBERT Z. MUGGLI

A. Introduction

The particle analyst expects and is expected to iden-
tify both organic and inorganic particles. There is,
however, a big difference between these two cate-
gories. For example, there is a finite and relatively
small number of inorganic compounds, whereas the
number of known organic compounds is very large—
and the number of possible organic compounds ap-
proaches infinity. Furthermore, essentially all inor-
ganic compounds have been characterized by crystallo-
graphic methods, including optical crystallography.
Organic compounds, on the other hand, are largely un-
characterized in terms of crystallographic properties.
They have been identified in the past by elemental
analysis followed by classification reactions and the
determination of certain physical parameters such as
refractive index, density and molecular weight. More
recently, infrared absorption and mass spectroscopy
have been applied. The current method for complete
unknowns is apparently structure determination by
x-ray diffraction, which has become a practical pro-
cedure since the development of computers. It is
now possible, for example, to determine a complicated
crystal structure in a few days’ time where once this
would have been worth a PhD.

In the above discussion we have assumed that a few
grams, or at least milligrams, of material are available
for analysis. Unfortunately, many times, the particle
analyst has only a single particle that must be iden-
tified. Until very recently the identification of organic
particles was based on their morphological appear-
ance and characteristics. In other words, if they were
biological (e.g., starch grains, cellulose fibers, pollen
grains, etc.), identification could be quite certain and
rapid. A few organic substances—more important than
others and, therefore, more carefully studied—can also

1147

be identified by recrystallizing them according to set
procedures so that their microscopical appearance
will indicate their composition. This can be used for a
relatively small number of explosives, drugs and even
fewer extraneous organic compounds. None of these,
of course, are general methods for single particles of
an organic substance.

Particle analysts have been searching for some time
for a general procedure applicable to picogram par-
ticles that would enable them to identify any particle
that can be characterized with the light microscope.
Most of the particles that concern the particle analyst
are airborne or fluidborne and, therefore, are usually
less than 10 um (< ca 1 ng) in size.

There is no microanalytical method available today
that identifies or at least characterizes such samples,
except the newly developed laser Raman microprobe.
X-ray diffraction requires a single crystal, at least 50
pm in its longest dimension, and usually prepared
from a larger quantity of material. Infrared absorp-
tion routinely requires a few micrograms of material,
equivalent to a sphere in excess of 100 um in diameter.
Even with a Fourier transform system, a 20-um-diam-
eter particle may be barely adequate. Mass spectros-
copy requires samples larger than those generally
available. This, again, brings us back to the laser
Raman microprobe and its small particle size analyz-
ing capability.

B. General Theory

Two laboratories, the National Bureau of Standards
(NBS) and the University of Lille in France, have
been working on the problem of Raman spectroscopy
applied to small particles using laser excitation and a
light microscope. Recently, both reported that samples
of organic or inorganic particles in the size range from
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picogram to nanogram! 2 can be analyzed by this
new technique (Figure 1). Previously, it was re-
ported by Freeman and Landon® that Raman spectra
could be generated from small samples. Unfortunately,
their idea of small was equivalent to a particle about
one-half millimeter on edge. A series of papers by
Rosasco et al.#® and Delhaye et al.% 1° have now re-
ported the success of these two groups in the develop-
ment of the laser Raman microprobe.

Those interested in the theoretical details with re-
spect to Raman spectroscopy should refer to the book
by Dolish et al.l! The Raman effect was predicted be-
fore it was experimentally observed, and Sir C. V.
Raman won the 1930 Nobel Prize for his observation
of the now-named Raman shift. Dolish et al. state
that a classic work in the theoretical interpretation of
the Raman effect is that of Placzek.'?

1 Rosasco, G. J., and E. S. Etz, “The Raman microprobe: a
new analytical tool,” Res./Dev. 28 (6), 20 (1977).

2 Delhaye, M., and P. Dhamelincourt, “Raman microprobe
and microscope with laser excitation,” J. Raman Spectrosc. 3,
33 (1975).

3 Freeman, S. K., and D. O. Landon, “Small sample handling
in laser Raman spectroscopy,” Anal. Chem. 41, 398 (1969).

4Etz, E. S., G. J. Rosasco and W. C. Cunningham, The
Chemical Identification of Airborne Particles by Laser Raman
Spectroscopy, Environmental Analysis, G. W. Ewing, Ed., Aca-
demic Press, New York, 1977.

5 Rosasco, G. J., E. S. Etz and W. A. Cassatt, “The analysis
of discrete fine particles by Raman spectroscopy,” Applied
Spec. 29 (5), 396 (1975).

6 Blaha, J. J., G. J. Rosasco and E. S. Etz, “Raman micro-
probe characterization of residual carbonaceous material asso-
ciated with urban airborne particulates,” Applied Spec. 32 (3),
292 (1978).

7 Blaha, J. J., and G. J. Rosasco, “Raman microprobe spectra
of individual microcrystals and fibers of talc, tremolite and
related silicate minerals,” Anal. Chem. 50 (17), 892 (1978).

8Etz, E. S., G. J. Rosasco and J. J. Blaha, Observation of
the Raman Effect from Small, Single Particles: Its Use in the
Chemical Identification of Airborne Particulates, Environmental
Pollutants, T. Y. Torrbara et al., Eds., Plenum, New York, 1978,
p. 413.

9 Delhaye, M., M. Lerberg and D. Landon, “At the molecular
level, the MOLE tells us what, where, when,” Ind. Res. 69
(April 1977).

10 Bridoux, M., and M. Delhaye, Time-Resolved and Space-
Resolved Raman Spectroscopy, Advances in Infrared and
Raman Spectroscopy, Vol. II, Chapter 4, R. J. H. Clark and
R. E. Hester, Eds., Heyden, New York, 1976, p. 140.

11 Dolish, F. R., W. G. Fateley and F. F. Bently, Character-
istic Raman Frequencies of Organic Compounds, Wiley-Inter-
science, New York, 1974.

12 Placzek, G., Handbuch der Radiologie, Vol. VI, Part 6,
E. Mark, ¥d., Akademische Verlagsgesellshaft, Leipzig, 1934,
pp. 209-374 [translation: US Atomic Energy Commission
UCRL-256-( L), 1962].
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Figure 1. Raman spectrum of single crystal (10 um) of celestite
(SrSO,) as determined by MOLE.

The Raman effect is observed as discrete changes in
the frequency of light scattered from a sample illu-
minated by a monochromatic light source. When light
impinges on a sample, most of the light is scattered at
its original frequency (Rayleigh scattering); however,
a few parts per million are scattered with wavelengths
of specific frequencies above and below the frequency
of the irradiating light. These discrete shifts in fre-
quency are known as Raman shifts.

Both Raman and the infrared spectra are based on
molecular bond bending and stretching; however, the
selection rules are somewhat different. There are cer-
tain bands that are either Raman-active or infrared-
active, but not both; the Raman spectrum is, in gen-
eral, more complex than an infrared spectrum. The
infrared spectrum is largely the result of the interac-
tion of the chemical bonds within the molecule. This
is true of Raman spectra as well; however, molecular
positioning, as in different polymorphic forms of a
compound, will affect the Raman spectra much more
than it will affect infrared spectra (Figures 2-4).
Thus, although more information can be obtained
from Raman spectra than from infrared spectra, in-
terpretation becomes more difficult. For example, the
various crystal forms of SiO, will give different Raman
spectra but very similar infrared spectra.
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Figure 2. Micro Raman spectrum of a particle of a-octahydro,1,3,5,7-tetranitro-1,3,5-tetrazocine
(HMX 1, the room temperature stable phase).

C. History and Background

Traditionally, the production of Raman spectra has
been a rather tedious procedure. In most cases, a mer-
cury vapor lamp was used as the exciting source with
photographic film as the detector. A mercury vapor
lamp produces several wavelengths of light and, in
order to readily interpret a Raman spectrum, a single
wavelength of light must be used. Filtering to obtain
a single wavelength of light reduces the intensity of
the radiation and, consequently, the intensity of the
scattered radiation. Inasmuch as the scattered Raman
intensity is about 10-® times the intensity of the irra-
diating energy, the exposures were many hours long.
Other difficulties include fluorescence, which can ob-
scure the Raman spectra, and absorption of the excit-
ing radiation by colored samples. In spite of all these
difficulties Raman spectroscopy has been used quite
extensively since the 1930s. However, with the devel-
opment of the laser and modern detectors, Raman
spectroscopy has finally come into its own. By proper
choice of laser wavelength for the incident radiation,
the effects of absorption and fluorescence can be

minimized. Modern detectors coupled with double-
grating spectrometers allow one to effectively sort and
record the very weak Raman scattered radiation. Be-
cause of the difficulties encountered in previous re-
corded spectra, samples have been traditionally large.
As modern technology advanced, sample size dimin-
ished until, currently, liquid samples with a volume
of a few nanoliters can be analyzed with the laser
Raman spectrometer.

D. Instrumentation

Recently, two laser Raman microprobes have ap-
peared in the literature. These two microprobes are:
MOLE (Figure 5), based on the designs of Dr. Del-
haye and his group? in France, and the instrument
described by Drs. Rosasco and Etz' of the NBS. The
two instruments use the same type of spectrometer
and detector as well as similar lasers for illumination.
The optical path, however, is different in the two in-
struments. The optics for illuminating the sample and
collecting the scattered radiation in MOLE are those
of a commercially available microscope. In the NBS

1.D
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Figure 3. Micro Raman spectrum of a particle of HMX II.
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Figure 4.

Micro Raman spectrum of a particle of HMX III.
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v Wi .

Figure 5. Photograph of MOLE.

instrument a vibration-isolation table and rigid optical
bench are used to support the optical components
(Figures 6 and 7). MOLE is designed to illuminate
the sample either by annular or point illumination
with a variety of microscope objectives, whereas the
NBS instrument is designed to image the light from
the laser onto an inlet pinhole to minimize stray radia-

o T o

: >
®_© @ O—pt

Figure 6. Schematic showing components of NBS Raman micro-
spectrophotometer: 1—laser; 2—beam expander; 3—beam di-
rector and Pellin-Broca prism; 4—fore optical rail system; 5—
entrance pinhole; 6—focusing, viewing and collection optics
(Figure 7 for detail); 7—exit pinhole; 8—monochromator optics;
9—entrance slit; 10—double monochromator; 11—photomultiplier

tube.
[/]—] ] = -
M= _ in
(O "rm 2)H @5 L C{h_
v/ /77 )
[N L] i L]

®

Figure 7. Detail of focusing, viewing and collection optics: 1—

entrance pinhole; 2—beam splitter; 3—viewing ocular; 4—re-

flecting microscope objective; 5—ellipsoidal collection mirror;
6—sample substrate; 7—exit pinhole.
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tion and then focus this light on the sample with a
microscope objective. The only nonstandard portion
of the NBS instrument is the ellipsoidal collection
mirror which was built to Block Engineering specifi-
cations. The NA of the collection mirror is approxi-
mately 0.86 and, thus, it provides effective collection
of the scattered light. A variety of objectives can be
used with MOLE, and the collection efficiency of the
objectives is generally of the same order of magnitude
as that of the ellipsoidal mirror.

MOLE has an additional feature not available on
the NBS instrument (Figure 8). Using an image in-
tensifier, TV camera and monitor system, one can
select a specific Raman frequency and image those
regions of the sample that are associated with that
specific frequency (Figures 9-13). This is a very use-
ful technique as it allows one to distinguish a variety
of materials in a field of view based on the Raman
scattering frequencies of those specific materials. The
spatial resolution in MOLE is approximately 1 um.
Although the NBS instrument lacks this imaging capa-
bility, it appears to have slightly better signal-to-noise
ratio and hence better sensitivity.

E. Data Processing

These two microprobes, as last, make the examina-
tion of small samples for chemical bond information a
reality. It was pointed out above that, prior to the
utilization of micro Raman techniques, structural in-
formation could be derived by infrared spectroscopy
only on much larger samples. Both infrared and Ra-
man spectroscopy yield molecular structure informa-
tion on samples that cannot be fully identified. That
is, the presence of individual features such as car-
bonyl, amino, ester and olefin linkages can be iden-
tified by these techniques. How they are grouped
together in the ultimate molecular structure is not
precisely defined.

There are tables both for organic as well as in-
organic compounds correlating specific spectral bands
with particular structural features.!> 13 14 In addition,
there are some small collections of spectra available
with which one can compare spectra on a fingerprint
basis. Since relatively few organic compounds have
been studied by x-ray diffraction or described crys-

13 White, W. B., Structural Interpretation of Lunar and
Terrestrial Minerals by Raman Spectroscopy, Infrared and
Raman Spectroscopy of Lunar and Terrestrial Minerals, Chapter
13, C. Karr, Jr., Ed., Academic Press, New York, 1975, p. 299.

14 Ross, S. D., Inorganic Infrared and Raman Spectra,
McGraw-Hill, New York, 1972.

LE
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Figure 9.
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Raman spectrum of anatase (TiO,); the arrow indi-

cates the imaging frequency in Figure 13.

Figure 10.
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Figure 8. Interrelation of MOLE components.
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Raman spectrum of sulfur (S); the arrow indicates

the imaging frequency in Figure 12.
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tallographically, one often isolates and characterizes
small organic particles only to be unable to proceed
further in their identification. Chemical spot tests such
as those reported by Feigl are, of course, of some
value, but with the introduction of the laser Raman

Figure 11. Photomicrograph of a mixture of anatase and sulfur.

microprobe we are now able to “fingerprint” specific
organic materials. The spectra may also yield con-
siderable information about the chemical structure of
that material even when the published fingerprint is
not available for comparison.

F. Problems and Solutions

One of the major problems with MOLE is the
energy absorbed by the sample, which may lead to
burnup or evaporation. However, successful analysis
of organic materials, such as methacrylate polymers
which readily depolymerize with heat, demonstrates
that this technique ¢an be utilized with many some-
what thermally or photolytically unstable samples.
The difficulties listed above are still problems, in par-
ticular the interference due to fluorescence or absorp-
tion of light. The effect of the color of the sample can
be minimized by irradiating with light of a wave-
length not absorbed. As has been pointed out, the
Raman lines appear with specific shifts in frequencies
between the irradiation wavelength and the observed
Raman bands, and hence Raman spectra are the same
no matter what wavelength of light is used to irradiate
the sample. In addition, it is often possible, if the
sample is dyed or pigmented, to separate the pigment
or dye from some small portion of the sample under
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Figure 12. MOLE image of sulfur utilizing 474 c¢cm-' Raman
line for image formation.

study and determine the Raman spectrum from that
portion of the sample. For example, if a droplet of
solvent is placed on a black polystyrene polymer and
the substrate on which the polymer rests is tilted
slightly, some reasonably clear polymer solution can

Figure 13. MOLE image of anatase utilizing 640 cm~' Raman
line for image formation.

emerge from the original sample and, upon evapora-
tion of the solvent, the more or less unpigmented poly-
mer area can be studied. Not only has the sample been
partially separated from its pigment, but it is in in-
timate thermal contact with the substrate and, there-

LF
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fore, not as susceptible to degradation by the energy
of the illuminating beam.

Because of the large energy input to the sample,
contact to the substrate is quite important. When the
samples are fairly large, one can spread out the beam
and, thus, the flux on any area of the sample is de-
creased, thereby minimizing degradation. However, as
the sample size is decreased, the flux on the sample
must be increased in order to obtain the Raman spec-
trum within a few minutes. If the sample is in intimate
contact with a substrate having good heat conductivity,
degradation or loss of sample is diminished. One way,
as pointed out above, is to dissolve the sample and let
it re-form on the substrate. A sapphire substrate is
often used with samples particularly sensitive to heat
because its good heat conductivity minimizes sample
destruction. When the sample is less thermally sensi-
tive, it can often be analyzed directly on a nonfluores-
cent glass slide. Other substrates found to be useful
are lithium fluoride and sodium chloride. Not only do
these have essentially no Raman spectra, but they are
readily obtainable materials. A disadvantage of the
sapphire substrate is that its strong spectral lines can
completely mask lines from the sample.

The irradiance levels, the heating and the minimum
particle sizes that generally can be analyzed with
Raman spectroscopy have been discussed elsewhere.’?
It has been calculated that, if one fully illuminates a
1-um particle with the necessary laser power (ap-
proximately 100 mW under typical conditions), one
should then obtain Raman spectra. In fact, this has
been demonstrated by the production of spectra from
particles in that size range.

The spectra of polystyrene particles in the 4 to
9 pum size range and of a polyvinylchloride particle
about 3 um in diameter have been published.® This
shows that usable spectra can be obtained from sam-
ples of a size approaching the lower limit of resolution
of the light microscope. By extending Raman spectros-
copy to the analysis of microscopic particles, it has
been assumed that all physical phenomena underlying
the Raman scattering of light from samples of macro-
scopic dimensions apply equally to Raman scatter-
ing from particles approaching dimensions comparable
to the wavelength of the exciting radiation. Fortu-
nately, work to date has shown that the spectra of
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small particles and bulk samples are essentially the
same.’

The effects of the presence of thermally conductive
coatings such as aluminum, copper and gold have
been studied.* It has been shown that when particles
are coated with these materials, laser-induced heating
of particles is generally increased. Such films are ap-
parently thick enough to absorb heat but not thick
enough to be good conductors. Transparent films on
particles have been used to aid in the improvement
of the thermal contact of the particle with the sub-
strate and to prevent contamination of the surface of
the particle with, for example, water vapor. It has
also been shown that a thin film of nonfluorescing hy-
drocarbon oil can successfully prevent the absorption
of water by hygroscopic materials. In addition, when
the material from which one hopes to produce Raman
spectra is not water-soluble, we have shown that the
input intensity of the laser energy can be increased up
to 5 or 10 times if the sample is immersed in water.
Evidently, when a sample is affixed to a substrate such
as sapphire, the rate of thermal conduction through
the sample is slow enough so that heating can still be
observed. However, when the sample is immersed in
water, the point at which the laser beam impinges on
the sample is in contact with liquid water. Water is a
good absorber of heat and yields poor Raman spectra;
therefore, it minimizes thermal degradation of a water-
insoluble substance while not producing interfering
Raman lines.

The preparation of samples for micro Raman
spectroscopy can be quite simple. The sample is
placed on a substrate and analyzed. No vacuum
chambers, sample coatings or special sectioning are
necessary. If fluorescence is present, it can usually be
minimized by irradiating the sample for a time; nor-
mally, this will cause the fluorescence to “decay.” It
is often possible to find micro areas of a sample which
show little or no fluorescence, a technique that is not
possible with a standard Raman spectrometer.

Thus, micro laser Raman microprobes can be used
to identify previously unidentifiable particles. In addi-
tion, the imaging capabilities of MOLE allow deter-
minations to be made of the size and distribution of
specific components of a composite mixture.
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A. Introduction

A common problem in microscopy is object con-
trast. If the substage aperture has to be closed in
order to see the object, the resolving power is severely
reduced. Particle microscopists often attempt to main-
tain high resolution and at the same time enhance con-
trast by mounting their samples in Aroclor®. This ex-
cellent mountant has a conveniently high refractive
index, usually sufficiently different from the particles
to permit use of a full condenser aperture and, hence,
obtain maximum resolution.

Often, however, particle microscopists resort to a
contrast enhancement technique such as darkfield,
Zernike phase contrast (Volume I, p. 39) or Nomarski
differential interference contrast, DIC, (Volume I, p.
35). Such methods increase the sensitivity of refrac-
tive index measurement besides making all particles
more distinctly visible. On occasion, the mounting
medium is not a matter of choice, and particle contrast
cannot then be enhanced by choosing mountants of
very different refractive index. Particles on a mem-
brane filter, for example, are difficult to see unless the
filter structure is cleared by immersing the filter and
particles in a liquid matching the filter in refractive
index. This is seldom the best liquid in which to study
the particles. Counting asbestos fibers, usually chryso-
tile with indices near 1.55, is not easily done when the
clearing liquid has to have an index of 1.51. Usually,
in this situation, microscopists have turned to phase
contrast to make the fibers easier to size and count.

B. Optics

A new contrast enhancement method with advan-
tages over other methods has been developed by
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Hoffman and Gross'®'? since Volumes I-IV of The
Particle Atlas appeared in 1973. Now termed Hoffman
modulation contrast (HMC), this new system can be
adapted easily to most microscopes. It enhances con-
trast without the halos characteristic of phase contrast
and without apparent loss of resolution. The image,
like DIC, is “three-dimensional” and permits optical
sectioning of an object with little or no interference
from detail above or below best focus. Also, like DIC,
the effect is directional, and both detect phase gra-
dients by converting opposite gradients into lighter or
darker images compared to the background. The
means by which this is accomplished is very different,
however, for the two procedures. Nomarski, in his
DIC system, uses a modified Wollaston prism to pro-
duce two sheared rays of light, separated by only
about 1 um, passing through the object space. Recom-
bining these two rays with a second Wollaston prism,
after passage through the object, introduces interfer-
ence with resulting darker borders on one side of
the object and lighter borders on the other side. This
produces a shadow effect and the three-dimensional
appearance.

Hoffman and Gross, on the other hand, accomplish
similar results by quite different optical principles.
Figure 14 shows schematically the components re-
quired to convert a brightfield microscope for modula-
tion contrast. A system of apertures below the sub-
stage condenser is conjugate with a matching system

15 Hoffman, R., and L. Gross, Nature 254, 586 (1975).

16 Hoffman, R., and L. Gross, Appl. Optics 14, 1169 (1975).

17 Hoffman, R., and L. Gross, J. Micros. 110, 205 (1977).

18 Hoffman, R., and L. Gross, Chapter in Microstructural Sci-
ence, Vol. 4, E. W. Filer et al., Eds., American Elsevier, New
York, 1977, p. 287.

19 Hoffman, R., Amer. Lab. (April, 1978).



