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The electron beam probe, a relatively new instrument for performing microanalyses, was used for 
the investigation of several ancient glass objects. Nondestructive quantitative analyses were made 
of the very minute areas of different colored glasses in several millefiori objects and mosaic 
plaques of the Roman Period. These investigations probably could not have been accomplished 
by any other means without sacrificing the samples analyzed. In addition, quantitative analyses 
were obtained of inclusions of microscopic dimensions found in ancient glass. Several stones, 
opacifying agents, metallic inclusions, and weathering crusts were studied. The results of these 
analyses will be presented, together with a brief discussion of the instrument and the limitations 
of the probe for studying glass systems. 

La sonde electronique, un instrument relativement nouveau pour effectuer des analyses micros
copiques fut utili see pour l'examen de plusieurs objets de verre ancien. On fit des analyses quantita
tives, non-destructives, de tres petites portions de verres de differentes couleurs appartenant a 
plusieurs objets millefiori et des plaques de mosalque de la Periode Romaine. Ces examens 
n'auraient probablement pas pu etre faits par aucun autre moyen, sans Ie sacrifice des echantillons 
analyses. En outre, des analyses quantitatives furent obtenues des inclusions de dimensions micro
scopiques trouvees dans Ie verre ancien. On etudia plusieurs pierres, des agents opacifiants, des 
inclusions metalliques, et des depots dus aux intemperies. Les resultats de ces analyses seront 
presentes ainsi qu'une breve discussion sur l'appareil et les restrictions de la sonde dans l'etude des 
systemes du verre. 

Die Elektronensonde, ein verhiiltnismiiBig neues Instrument zur Ausfiihrung von Mikroanaly
sen, wurde angewandt in der Untersuchung von einigen anti ken Glasgegenstiinden. Quantitative 
Analysen wurden von winzigen Bezirken unterschiedlich gefiirbteil. Glases in verschiedenen 
Millefiori-Gegenstiinden und Mosaiktafeln aus der romischen Periode ausgefiihrt. Diese Unter
suchungen wiirden wahrscheinlich mit keinem and ern Mittel ohne Zerstorung der Proben durch
zufiihren sein. AuBerdem wurden mikroskopische EinschliiBe in antiken Gliisern quantitativ analy
siert. Verschiedene Steine, Triibungsmittel, metaUische EinschliiBe und Verwitterungskrusten 
wurden untersucht. Die Ergebnisse dieser Analysen werden vorgetragen. Das Instrument und die 
Grenzen seiner Anwendungsmoglichkeit in der Untersuchung von Glassystemen werden diskutiert. 

INTRODUCTION 
In the past 15 years the development of the electron micro beam pro be has provided 

the scientist with a powerful technique for performing microchemical analyses [1,2,3]. 
293 
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Fig. 1. Schematic drawing of the electron microbeam probe at 
Advanced Metals Research. 

By far the majority of research applications with the probe have been in the field of 
metals and metallurgy, and it is only in the past year or two that attempts have been 
made to use the probe for the study of glass systems. The work reported in this paper 
was undertaken to explore the ways in which the probe might be used to add to our 
knowledge of ancient glass and glass making. 

The experimental work described was conducted at the Advanced Metals Research 
Laboratories in Somerville, Massachusetts, mostly during the spring and summer of 
1960.* The results of more extensive work presently being conducted are unfortunately 
not available at the time of this Congress. 

OPERATING PRINCIPLE OF THE PROBE 
The electron microbe am probe is a very complicated instrument which, with its 

associated electronic and recording apparatus, nearly fills a small room. As with so 
many of the complicated instruments of modern science, however, the fundamental 
operating principle is really quite simple. 

* The results of this work have been published previously in greater detail than will be presented 
here. R. H. Brill and S. Moll, "The Electron Beam Probe Microanalysis of Ancient Glass," in: The 
International Institute for Conservation of Historic and Artistic Works [Conference Papers] Rome 
Conference 1961 (in press). The publication of the extensive experiments currently under way should 
appear early in 1963. 
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Figure 1 shows a schematic drawing of the probe. The components shown are 
housed in a cylindrical chamber about 50 cm tall. A beam of electrons is produced 
by the electron gun and is directed downward toward the sample being studied. 
During its passage the beam is focused by the electromagnetic lenses through which 
it passes. When the electrons strike the sample, the atoms at and near the surface of 
the sample are excited to higher energy states and emit or fluoresce x-rays. The x-ray 
spectrometer unit of the instrument collects these x-rays and performs two sorts of 
measurements. First, it separates the x-rays into their component wavelengths, much 
as a prism separates white light into its component colors, and records which wave
lengths of x-rays have been fluoresced by the sample. These wavelengths can be used 
to determine what chemical elements are present in the sample, since atoms of any 
given element can emit x-rays of only precisely defined wavelengths which are uniquely 
characteristic of that element. Secondly, the instrument measures the intensity of each 
wavelength which can be used to evaluate the amount of each element present in the 
sample. The signals are automatically recorded in graphical form, compared to 
responses from standards of known concentration, and then converted into weight 
percentages of the elements detected. 

The unique feature of the probe, however, is that the electron beam can be focused 
very sharply by the electromagnetic lenses onto a very tiny area of the surface of the 
sample. Therefore, the beam can be made to excite fluorescence within an extremely 
tiny volume of the sample. For example, the instrument used in this investigation can 
be focused on an area as small as 1 or 2 /L in diameter (0.001-0.002 mm). This means 
that the probe is capable of performing chemical analyses of objects which are too 
small to be seen by the naked eye. In fact, some of the analyses in this study were 
made on objects which in their largest dimension are only .i"o the diameter of a human 
hair. 

During the course of the analysis the sample may be viewed visually through an 
attached microscope and manipulated so that different areas of the sample can be 
studied. 

TYPES OF PROBLEMS INVESTIGATED 

The probe has been used to investigate five different types of problems related to 
ancient glass. These are as follows: (1) quantitative analysis of small regions of glass 
objects, (2) identification of opacifiers, (3) analysis of stones and metallic inclusions, 
(4) analysis of weathering crusts, and (5) measurement of concentration gradients. 

The analysis of glasses has been directed mainly toward the study of miniature 
fused mosaic plaques and millefiori fragments dating from the Roman Period. In 
addition to analyses of the glasses themselves, individual flakes of opacifying agents, 
crystalline stones, and accidental metallic inclusions have been analyzed. Exploratory 
work has been done with weathering crusts and concentration gradients. These 
experiments were preceded by and interspersed with calibration work on samples of 
glasses of known chemical composition. The specific nature of the problems studied 
is described in the sections that follow. 

PREPARATION OF SAMPLES 

Since the probe analyzes only the surface* of the objects being studied, it is 
necessary to polish the surface of the samples before analysis. This is done by using a 
metallographic polishing wheel. In the case of those samples in which inclusions are 
being studied, small samples are cut from the fragment and mounted in bakelite. 

* The depth of penetration of the beam is of the order of I JL. 
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Fig. 2. Miniature fused mosaic plaque analyzed by the probe. (First century B.C. to the 
first century A.D., possibly made in Alexandria; 2.0 x 1.8 x 0.8 em.) 

These are then polished to expose the inclusions of interest. All the samples are coated 
by vacuum deposition with a film of aluminum to conduct away the electrons which 
otherwise would build up a static charge on the sample and repel the oncoming beam. 

ADVANTAGES AND SPECIAL PROBLEMS 
When analyzing glass systems with the probe, the analyst is confronted with two 

difficulties. In the first place, the probe now being used is capable only of analyzing 
elements of atomic numbers greater than 11; that is magnesium and elements following 
it in the periodic system. Unfortunately, this just excludes sodium, which is an element 
of interest in most glass analyses. In this work the values for soda were obtained by 
difference; that is, by subtracting from 100 % the sum of all the other oxides deter
mined. The results calculated in this way tend to be somewhat higher than expected 
but are reasonable considering the estimated accuracy. The development of suitable 
monochromators and detectors will allow the detection of lighter elements in the 
future. 

The second difficulty arises from the complex composition of the glasses. Most 
ancient glasses contain not only three major components (silica, soda or potash, and 
lime), but also five or six minor constituents in concentration ranges of 1 to 5 wt. % 
as well as colorants and opacifiers. The presence of some elements interferes with the 
analysis of others, and therefore extensive calibration work on standard glasses of 
known composition has been carried out and is being continued. This calibration work 
will considerably reduce the uncertainties arising from this source. 

One very significant factor in the probe analysis of museum objects is that the 
procedure is virtually nondestructive. One must say virtually because it is necessary to 
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polish the surface of the specimen being analyzed. The action of the electron beam 
often produces tiny brown spots on the surface of glass. In a way this is an advantage 
because it records the exact areas of the glass which were analyzed. After the study 
has been completed, this brown discoloration, along with the metallic conducting 
film, can be removed by gentle warming, or by a slight repolish. In any event, the 
total polishing required removes so little material that it cannot be detected visually. 
The treatment does, of course, impart a high polish to the sample but this is not 
objectionable in the cases of the mosaic plaques since they usually have a polished 
surface anyway. It is also possible to analyze the reverse side of the plaque which is 
not displayed. 

ANALYTICAL RESULTS 

Miniature Fused Mosaic Plaques 
Among the most interesting glass objects that have come down to us from Roman 

times are the miniature fused mosaic plaques dating from the first century B.C. to 
the first century A.D. These miniatures, many of which are believed to have been 
made in Alexandria, consist of very intricate designs which have been built up by 
fusing together bits of colored glass. The example shown in Fig. 2 was made from six 
different glasses.* The extraordinary delicacy of the work becomes apparent when one 
realizes that the object measures only 2.0 cm across its base. The design runs completely 
through its 8 mm thickness without distortion. A series of ten or these plaques is 
currently being analyzed but at present data are available only for the specimen 
pictured. The results of the analysis by the probe are shown in Table 1. The composi
tions of the six glasses are about what one would expect for Roman glasses [4.5]. The 
same table shows the result of the analysis of a single design motif cut from a piece of 
Roman millefiori glass (Fig. 3). This motif contains three concentric bands of red, 
yellow, and white opaque glasses surrounded by a matrix of clear glass which contains 
amethyst colored streaks. Once again, the analyses are those that would be expected 
for Roman glasses. Five additional samples of ancient glass from Egypt, Corinth, and 
Nishapur were also analyzed.t 

Table I. Results of Electron Microbeam Probe Analyses 

Fused mosaic plaque Roman millefiori fragment Oxide 

WO DBT DBO LBO RO YO X WO YO RO C 

Si02 58 66 62 69 54 53 67 59 59 55 65 
CaO 5.9 4.8 4.2 3.7 8.6 3.4 5.0 5.8 3.9 4.3 9.0 
K20 0.3 0.5 0.3 0.4 0.6 1.3 0.4 2.4 1.8 1.8 2.7 
MgO 4.9 0-.5 0-.5 0-.5 2.3 0-.5 0.5 0.8 0.8 0.8 0.8 
Ah03 2.2 2.2 1.8 2.5 2.2 1.8 2.0 3.2 4.5 4.0 ~3 

Fe203 0.4 1.5 2.1 0.9 1.8 1.9 0.4 0.4 2.2 2.9 1.4 
Sb20s 8.9* 1.3 8.1* 5.8* 0.8 2.2* 1.0 6.0* 2.8* 1.3 0.8 
PbO 0.2 0.1 0.2 0.4 29.0 21.5 0.2 1.6 16* 4.5 0.0 
CuO 0.0 0.3* 0.8* 3.7* - <Y.l - 0.06 0.28 - 0.02 
CU20 - - - - 1.7* - - - - 1.1* -
CoO 0.0 0.13* . 0.05* 0.0 0.0 0.0 - - - - -
MnO 0-.05 0-.05 0-.05 0-.05 0.3 0-.05 - 1.3 0.8 1.5 2.7* 
Na20 19 23 21 13 0-5 14 23 19 23 23 15 

WO-White opaque LBO-Light blue opaque C-Colorless transparent 
DBT-Dark blue transparent RO-Red opaque X-Hypothetical parent glass 
DBO-Dark blue opaque YO-Yellow opaque * -Coloring or opacifying agent 

* Catalog number 59.1.96 in the collection of The Corning Museum of Glass. 
t See footnote p. 294. 
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Fig. 3. Sample of Roman millefiori fragment analyzed by the probe. The diameter of the 
largest color band is about 5.0 mm. 

Table II gives estimates of the accuracy of the determinations. These estimated 
accuracies, which probably will be improved with further calibration experiments, 
are sufficient to make the results obtained from probe analysis useful for most of the 
purposes for which we desire analyses of ancient glass. In order to check these results 
further, a series of glasses were synthesized according to the results of the analyses of 
the objects. The synthetic glasses yielded results virtually identical with their prototypes 
when analyzed by the probe. 

Table II. Estimated Accuracies 

Concentration Probable 
Oxide level error 

Si02 65% ±3% 
CaO 30 3 
CaO 5 1 
K20 10 1 
K20 4 0.4 
MgO 
MgO 

15 
4 

3 
0.3 

Ab03 4 1 
Fe203 1 0.2 
Sb205 5 0.5 
PbO 20 1 
PbO 1 0.2 
CUO/CU20 
MnO 

3 
2 

0.2 
0.2 

CoO 0.3 0.02 
Na20 15 5 
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Fig. 4. Photomicrograph of flakes of Pb2Sb207 opacifying agent in the yellow band of 
the millefiori fragment. The dark central band is a human hair placed across the sample 

for size comparison. 

The electron microbeam probe is especially well suited to this type of analysis 
since the separate components which make up the designs are often only a fraction 
of a millimeter in their greatest dimension. * This means that it. is virtually impossible 
to analyze these glasses by any other means. Even spectrographic analysis is not very 
helpful for the study of these objects since it would often be impossible to remove a 
coherent sample of any glass in the cases where the design elements are so small. 
In any event, the removal of even as small a sample as would be sufficient for spectro
graphic analysis might seriously impair the appearance of a miniature object. 

Opacifying Agents 
Microscopic examination of the opaque white and opaque yellow regions of the 

Roman millefiori fragment reveals that the opacity is due to myriads of tiny particles 
suspended in a colorless glassy matrix (Fig. 4). In the case of the opaque white, the 
crystals are usually in the shape of rods about 15 /L long. Flakes in the opaque yellow 
are irregularly shaped and somewhat smaller. By focusing the electron beam on the 
largest of the individual flakes, it was possible to obtain quantitative analyses. The 
white flakes were shown to be Ca2Sb207 with coprecipitated potassium, magnesium, 
aluminum, and lead oxides totaling 2 to 3 %. The analysis of the yellow flakes was 
consistent with the composition of Pb2Sb207 containing perhaps as much as' 4 % iron 
oxide as an impurity. These findings agree with those Turner and Rooksby [6] obtained 
by x-ray powder techniques. 

The coloring agent in a red opaque glass from El Amarna showed a dendritic 
form in which the largest individual crystals were about 4/L in diameter. The probe 
analysis indicated that they are cuprous oxide. More recent, but as yet incomplete, work 
on opacifying agents in yellow, white, and blue glasses from later periods (fifth-twelfth 

* For example, the alternating white opaque and dark blue transparent segments above the eye in 
Fig. 2 average about 0.2 mm in width. 
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century) has shown the presence of tin, probably in the form of Sn02. The analysis 
of yellow opacifiers shows the presence of both tin and lead which is consistent with 
the findings of Rooksby and Turner [7.8]. Two of the samples being studied were 
supplied by Rooksby. 

Stones 
Contrasted to the intentional inclusions added to act as opacifying agents, ancient 

glass often contains accidental inclusions of many other sorts. Stones are one kind of 
accidental inclusion. They may be bits of unfused raw materials, pieces of refractory, 
or crystalline patches resulting from devitrification. About a dozen stones were 
analyzed with the probe* and all but one were identified. Several of the stones turned 
out to be simply silica, which is to be expected, since from their form they appear to 
be unfused bits of sand. In addition, however, single crystals within several other 
stones were analyzed and gave compositions corresponding to wollastonite, diopside, 
and possibly sodium disilicate. 

In order to check these results, some of the stones were ground away from the 
glass and x-ray diffraction patterns were made. The patterns confirmed the analyses 
of wollastonite and diopside. The compositions of the stones were consistent with the 
devitrification products predicted from the compositions of the surrounding glassy 
regions. 

Metallic Inclusions 
Within the red area of the millefiori fragment was found a metallic inclusion, 

perfectly circular in cross section, having a diameter of 250 fk. The inclusion consists 
of three distinctly different phases. Analysis by the probe showed that the most 
abundant phase was nearly pure copper with about I % of lead dissolved in it. The 
second phase, appearing as gray pockets in the globule, was lead with a small amount 
of dissolved copper. The third phase contained copper and antimony in proportion 
corresponding to the formula CU3Sb. Because this inclusion was found in the red band 
and because it consists chiefly of the copper-rich phase, it is presumed that this is the 
undissolved remains of a piece of copper which was added to the glass as a coloring 
agent. Its circular cross section suggests that it was once molten. The melting point of 
pure copper is 1083°C, although this might have been depressed somewhat by impurities 
in the metal. Nevertheless, the molten history of the copper inclusion confirms that 
temperatures in excess of 1000°C were available to the Roman glassmakers. The 
analysis of the other two phases present in the globule indicates that lead and antimony 
were extracted from the glass by the molten globule. (This has been confirmed by 
independent experiments.) The comparison of further similar data on metallic inclu
sions with phase diagrams may allow us in the future to draw conclusions about the 
thermal history of the metal, and therefore about the thermal history of the glass. 

Metallic inclusions were found in other samples of ancient glass, notably small 
bits of iron, some bits of tin and lead, and some which appear to have been converted 
partially into a potassium ferrate. 

Weathering Crusts 
Analyses were also made of several badly corroded ancient glasses. On each sample 

there were weathering crusts consisting of decomposition products remaining after 
hundreds of years of attack by water. The analyses* are consistent with our knowledge 
of the weathering process. The weathering crusts consist principally of silica-the 
alkali, lime, and magnesia having been leached out. Increases in iron oxide and 

* See footnote p. 294. 
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alumina over the original content of the glass have been observed and result from 
absorption of ions from soil water and redeposition of leached ions near the outer 
surface of the crust. 

The probe analysis of peculiar plug-shaped weathering intrusions* growing into 
a sample of seventeenth century window glass from Virginia indicates that the pre
ferential weathering proceeding along an axis into the glass may be associated with 
an enrichment of titanium near the tip of the intrusion. This conclusion is only tenta
tive and the problem requires further work. 

The analysis of the weathering crust of a sample of glass salvaged from Port 
Royal in Jamaica showed that the weathering crust is not only rich in silica, as is to 
be expected, but also that the calcium oxide in the weathering crust has been displaced 
on an almost mole for mole basis by magnesium oxide. (The original glass in this sample 
contained in excess of 20 % of calcium oxide.) This suggests that an ion exchange 
mechanism may have played a part in the weathering process. 

Concentration Gradients 
Another useful application of the probe in research on ancient glass is the investi

gation of cords and other striations which occur in glass. In addition, concentration 
gradients of various elements are believed to exist near the surface of glass. When a glass 
object is formed or annealed, for example, it is heated for extended periods at elevated 
temperatures. Na20, K20, Sb205, and other volatile components may then be lost by 
sublimation, the loss being most marked near the surface of the glass. In order to 
observe this effect, an experimental glass was examined in cross section. The probe 
scanned the glass from the interior toward the surface and measured the concentrations 
of several elements along the scan path. Although the preliminary experiments did 
not detect any reproducible decrease in the concentration of any element as the surface 
was approached, it was found that the K20 seemed to be highly segregated, whereas the 
CaO and MgO were uniformly distributed. AhOa was intermediate. These investiga
tions are significant because of the important implications such effects have on the 
mechanism by which glasses are attacked by water. 

FUTURE WORK 
Because of the nondestructive nature of the probe analysis (providing the samples 

are small to begin with) an extensive investigation is now being made of other fused 
mosaic plaques and millefiori samples of the Roman Period. It is hoped that relation
ships between different glasses on the same object, or between glasses on different 
objects may allow us to draw conclusions about methods, raw materials, and sites of 
manufacture. There is probably no other method by which these objects can be 
analyzed non destructively and it is doubtful that they could be adequately analyzed 
even by standard techniques which are destructive, because of the sampling difficulties 
involved. The investigation of opacifying agents in Roman and other glasses is being 
continued along with studies of metallic inclusions. Further attention will also be 
given to weathering phenomena and to the measurement of concentration gradients 
between the surface of a piece of glass and the interior of the glass itself. 

NOTES ON THE METHOD OF MANUFACTURE OF 
MOSAIC PLAQUES 

Because of the interest that has developed at this Congress in the problem of how 
miniature fused mosaic plaques were made [9], a few comments on this topic are 
included. Since the probe work was, and still is, strongly directed toward the study 

* See footnote p. 294. 
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of these mosaic plaques, Brill has made many detailed microscopic examinations of 
these objects. Based on the results of these examinations it is this author's opinion 
that the plaques examined were not made, and indeed, could not have been made, 
by the removable cloison technique. The observational evidence seems to be incon
sistent with that hypothesis. Such evidence includes the clear-cut boundaries found in 
the plaques (even within one-color fields); the numerous repetitions of design elements 
in the objects (often containing identical accidental inclusions); topological considera
tions; and the frequent abrupt discontinuities of flow lines in the glass. An alternate, 
and perhaps more conventional explanation, seems more reasonable to this author. 
This alternative method might be summarized as the assembly and fusion of prefab
ricated, preminiaturized design components to build up the final object. For example, 
it seems likely that simple design elements were manufactured by assembling and fusing 
together canes or mosaics of colored glass, sometimes encasing them, and then drawing 
them out in a miniaturizing step. The resulting canes were then cut, possibly shaped by 
grinding, fitted together, and finally fused to build up more complex design elements. 
These might have been further miniaturized by another drawing-out .step. These 
compound individual design components, finally, were combined either as canes or 
small mosaics, and fused together to form the final design of the plaque. There seems 
to be evidence that some, but not all, of these plaques were then drawn out further. 
Perhaps by the time of the next Congress when further experimental observations have 
been made, it will be possible to state conclusively just how these remarkable objects 
were made. 
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