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1. Summary of DOE Laboratory-Partnership Research Project 
 
We have studied current issues involving photon and charged-particle interactions with matter in 
collaborations with researchers at Argonne and Brookhaven National Laboratories.  Theoretical 
studies were carried out with Dr. Mitio Inokuti at Argonne and experimental work involved Dr. 
Christopher Homes at Brookhaven.  A major goal was to extend the study of electromagnetic 
properties to as wide a spectral range as possible.  Such a broad view of the E-M response dis-
closes systematic trends not apparent in isolated measurements.  Further, it allows one to exploit 
the power of dispersion analysis and sum-rule constraints.  Emphasis was largely on UV and X-
ray processes and in this we capitalized on the wide range of photon energies available at NSLS. 
 
A key discovery was that, under favorable circumstances, dispersion theory allows one to relate 
dispersive processes, e.g. refractive index, to spectral moments of absorptive processes.  This 
appears to be a new and insightful method in optics; it yields significant simplifications and 
provides a precise, model-independent way to characterize optical materials. 
 
Problems addressed included a) x-ray magnetooptics; b) UV/soft-x-ray processes in insulators 
and their contribution to visible dispersion; c) demonstration of moments/dispersion analysis in 
glasses and applications to fiber-optic systems; d) the optical constants of silicon and their 
application to the stopping power of silicon for charged-particles.  In summary: 
 
● We resolved a long-standing conflict over the relation between x-ray Faraday rotation and x-
ray magnetic circular dichroism.  Secifically, accounting for the breaking of time-reversal 
symmetry by the magnetic field yields better fits to experiment.  This seemingly esoteric issue is 
important for accurately deriving energy-level splittings from Faraday measurements, a common 
procedure in studies of magnetic materials for applications from motors to computers memories. 
 
● We discovered that the optical properties of dielectrics in their region of transparency are 
determined by a series expansion in spectral moments of the dielectric’s infrared and ultraviolet 
absorption spectra.  We applied this to silicate glasses and clarified the role of “glass modifiers” 
in introducing charge-transfer, intra-ionic and perturbed-exciton transitions that combine to 
determine visible optical properties.  Roughly, the refractive index is determined by the total 
electronic absorption, while dispersion depends on how the absorption is distributed.   
 
● We applied the moments methods to pulse propagation in optical fibers and showed that signal 
distortion is minimized at the carrier-wave frequency for which dispersion in group velocity 
caused by IR processes just cancels the dispersion caused by UV and soft-x-ray processes. 
 
● We applied the method of self-consistent dispersion analysis to construct a tentative composite 
set of optical constants for silicon using all optical and EELS measurements accessible in the 
literature.  This has clarified outstanding issues regarding the scaling of relative measurements at 
the K edge and the accuracy of measurements at the L edge.  Using this composite, 
 
● We calculate the stopping power of silicon for charged particles as outlined by Bethe, a task 
not previously feasible for want of dielectric function data.  This allowed us to resolve a conflict 
between measured values that was an issue for radiation damage and shielding applications. 
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2. Background 
 
As originally conceived, this project involved a Laboratory Partnership with Dr. S. K. Sinha at 
Argonne National Laboratory collaborating on optical properties of matter, especially at X-ray 
wavelengths.  However, between submission and the award, Dr. Sinha received, and accepted, an 
offer of a professorship in physics at the University of California San Diego.  In consultation 
with Dr. Sinha, it was decided to continue the Partnership with Argonne, but in collaboration 
with an ANL colleague, Dr. Mitio Inokuti of the Physics Division who is an expert in the 
interaction of electromagnetic radiation with matter.   
 
The field of the investigation remained essentially the same, but its scope was widened to include 
a combination of experimental and theoretical studies of the electromagnetic response of matter 
including optical and magnetooptical properties, stopping power of materials for ionizing 
radiation, and signal propagation in optical fibers.  The theoretical parts of the study were carried 
out with Dr. Inokuti at Argonne, and the experimental portions with Dr. Christopher Homes at 
the National Synchrotron Light Source at Brookhaven National Laboratory.   
 
The unique element of this work is the application of sum-rule and dispersion techniques to the 
analysis of optical and x-ray optical measurements.  Historically these techniques originated in 
optical/atomic physics in the 1800s and early 1900s.  However, their application to optics lagged 
and development passed to the high-energy physics community.  A key goal of the project was to 
exploit these new developments in the analysis of optical measurements. 
 
This approach to optical / x-ray-optical problems is timely because sum rules and dispersion 
relations are most valuable when data are available over a wide spectral range.   Until recently 
this was not the case in optics, but development of synchrotron light sources has radically altered 
the situation; now accurate optical measurements can be made from the far IR to x-ray 
wavelengths on a single synchrotron source.  This makes possible far more precise character-
ization of materials especially in terms of spectral moments of absorption, which have a closer 
connection to quantum models of matter. 
 
Areas studied in this collaboration include 
 
● Magnetooptic dispersion relations for x-ray Faraday rotation and x-ray circular dichroism 
 
● Moments representation of the refractive index and a generalized Cauchy formula 
 
● Applications of moments analysis to the optical and UV/soft-x-ray characterization of 

insulators 
 
● UV/soft-x-ray absorptions and refraction in lead-silicate glasses 
 
● IR absorption and experimental tests of moments/dispersion analysis in titanium-silicate 

glasses 
 
● Optical pulse propagation in dielectric-fiber communications 
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● Silicon optical constants and the role of impurities and free-carrier absorption 
 
● Stopping power of light elements for charged-particle radiation 
 
A key discovery made early in the project was that under favorable circumstances dispersion 
theory allows one to relate dispersive properties such as refractive index – that arise from virtual 
quantum processes – to spectral moments of absorptive processes – that arise from real quantum 
processes.  Since real processes are easier to treat conceptually, this leads to significant 
simplifications and provides a precise, model-independent characterization of material 
properties.  Many of the projects treated after the first year relied heavily on this technique.   
 
Reorganizing the research project with a new Argonne collaborator, setting up the collaboration 
with Brookhaven, and arranging synchrotron beam-line time delayed portions of the partnership 
research and required an extension of time.  However, research momentum was maintained with 
the additional time devoted to enhancements such as application of our moments representation 
to fiber-optics communications, and to the determination of stopping powers.  These were 
natural outgrowths of the original program and directly relevant to the interests of our DOE 
collaborators. 
 
 
 
 
 
3. Magnetooptics dispersion relations between XFR and XMCD 
 
A central issue in magnetic studies is the precise determination of magnetic energy level 
splittings.  These are given directly by the MCD (magnetic circular dichroism)  or difference in 
absorption for right- and left- circular light.  However, in many instances it is experimentally 
easier to measure Faraday rotation, which is proportional to the difference in refractive index for 
right- and left-circular modes, and then to calculate the circular dichroism using dispersion 
theory.  Until recently it was believed [Alp 1991, McWhan 1992 and 1994] that the difference of 
Kramers and Kronig’s original dispersion relations provides the connection 
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However, in connection with semiconductor studies it has been pointed out by Lidiard and 
coworkers [Boswarva1962, Bennett 1965] that in a magnetic field the dielectric response is a 
tensor – the Lorentz force creates off-diagonal response – and the circularly polarized normal 
modes of propagation result from diagonalizing this tensor.  Although the Kramers-Kronig 
relations holds for each tensor element individually, diagonalization mixes diagonal and off-
diagonal elements, but with phase differences of ± π/2.  Kramers-Kronig-like dispersion relations 
may then be recovered from symmetric and antisymmetric combinations of the optical constants 
[Smith 1976a] .  Thus, one finds two sets of dispersion relations for the MCD, 
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Symmetric (sum) Relations: 
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Antisymmetric (difference) Relations 
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The symmetric or sum form has the same structure as originally found for linear modes by 
Kramers and Kronig, so that, on average, the circular modes behave in the usual manner, i.e., 
their average is an odd function of energy.  In contrast, the difference relation predicts that the 
magnetic circular dichroism should be an even function of energy; it satisfies a dispersion 
relation with a different structure.  The fundamental point is that the magnetic field breaks time-
reversal symmetry and use of symmetric and antisymmetric combinations sorts out the resulting 
complexity. 
 
This situation was thrown into confusion by two measurements from highly regarded x-ray 
groups reporting experimental demonstrating that Eq. 1 is correct [Siddons 1990, Collins 1999].  
Examples of the measured XMCD (x-ray magnetic circular dichroism) and XFR (x-ray Faraday 
rotation) at the L3 edge of Fe3Pt are given in Fig. 1.  Qualitatively, the two measurements appear 
to satisfy Eq. 1, and calculated values of the XMCD from the XFR via Eq. 1 fit the measured 
values reasonably well.  As similar calculation using the antisymmetrized form, Eq. 3, also gives 
a reasonable fit, indicating that, at the magnetic fields used, the splittings are not large enough 
for a simple comparison of line shapes to serve as a critical test of the alternative forms. 

 
Fig. 1   X-ray magnetic circular dichroism and x-ray Faraday rotation at the L3 
edge of Fe3Pt (courtesy of Dr.S. P. Collins, Daresbury Laboratory). 

 
We have devised a more sensitive test by making use of the additional experimental observation 
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that the MCD goes to zero in the limit of zero frequency – at zero frequency the Lorentz force, 
and consequently all dynamic magnetic effects, go to zero .  Taking this limit of Eqs. 1 and 3 by 
expanding their denominators in a Taylor series yields 

0
[ ( ) ( )] 0 r ln E n E dE

∞

′ ′ ′− =∫ , 
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These two integrals may be evaluated directly from the XFR measured by Collins with the result 
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Here we have normalized the integrals to their absolute areas to place them on an equal footing.   
 
Both integrals are show a large degree of cancellation between positive and negative parts of the 
XFR, but the integral corresponding to the antisymmetrized dispersion relation, Eq. 3, is more 
than an order of magnitude smaller than that for Eq. 1, in strong support of Eq. 3.  Thus, we 
conclude that this further analysis verifies the applicability of the symmetrized dispersion 
relations, Eqs. 2 and 3, for circular modes in the presence of a magnetic field.  The comparisons 
originally reported in the literature were simply not sensitive enough to detect the difference 
between the correct and incorrect forms 
 
The writer wishes to thank Dr. Collins of the CLRC Daresbury Laboratory (Warrington, UK) for 
kindly providing his measured magnetooptic data so that this reanalysis could be carried out. 
 
For further details, see [Smith 2003]. 
 
An important feature of this reanalysis was the use of the high- and low-energy limits of the 
dispersion relations to establish sum rules to test optical data.  A byproduct of this was the 
realization that, under favorable circumstances, the resonant denominator in the Kramers-Kronig 
relations, 2 2 1( )ω ω −′ −  can be expanded in a Taylor or Laurent power series to yield a highly 
convergent power-series representation of parameters describing linear response.  This technique 
should be useful in many fields involving linear response.  As an example, we considered a 
classical problem in optics, the representation of the refractive index of transparent materials as 
described in the next section.  The results give a fundamentally new way of understanding 
optical properties using a moments representation.  The approach is reminiscent of Van Vleck’s 
moments analysis of spin-resonance experiments [Van Vleck, 1948], but it does not appear to 
have been previously applied to optics problems. 
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4. Moments Representation of Refractive Index of Transparent Materials 
 
The absorption spectra of a typical transparent 
substance, vitreous silica, is shown in Fig. 2. 
Provided the silica is pure, absorption is 
negligible from 0.35 eV in the IR to 7.6 eV in 
the UV.  The Kramers-Kronig equation for the 
real part of the index, n(ω), in terms of the 
extinction coefficient, κ(ω), is 
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But, in the region of transparency between the 
highest IR frequency, ωIR, and the lowest UV 
frequency, ωUV, κ = 0, so the integral may be 
divided into two parts, one covering the IR (in 
red) and the other covering the UV (in blue): 

 
Fig. 2   The absorption spectrum of vitreous silica.  
Absorption is negligible from the IR to the UV. 
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Provided we restrict our interest to a representation of n(ω) to the region of transparency, the 
integrands are never singular and the denominators may be expand in power series,  the UV 
integral in a Taylor series and the IR integral in a Laurent series.  The result is an exact power-
series expansion 
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        ionic terms             electronic terms 
 
The coefficients are moments of the IR and UV absorptions that are directly related to ionic 
vibrational modes and electronic band structure; they are not fitting parameters. Examples are: 
 

 2
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 2 3
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′∫ .  Inverse 3rd moment of UV absorption.                (11) 

 
The important point is that Eq. 8 is very general assuming only a causal, linear optical response 
described by analytic functions.  It is independent of detailed models of the material and should 
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not be confused with parameterized fittings; the expansion coefficients are well-defined function 
of the spectrum of real quantum processes and allow for any spectral distribution of absorption.  
This distinguishes the present result from treatments such as the classical Sellmeier model for 
optical constants that relies on a small number of electromechanical oscillators.  Tests of a 
variety of published glass data show that Eq. 8 provides a simpler and more accurate 
representation of the index than the widely used Sellmeier model [Black 2005].  Moreover, 
within the region of transparency, the expansion is highly convergent.  An example of this for 
vitreous silica is given in Fig. 3. 
 

 
Fig. 3. Absorption moment contributions to the refractive index 
of vitreous silica as calculated from the absorption data of Philipp 
[Philipp 1985]. 

 
Historically, a partial expansion starting with n0+··· was first suggested by Cauchy [Cauchy 1836] 
on the basis of the ether theory of light.  But, Cauchy’s treatment was found to be wanting both  
because  it  lacked  the  negative exponent terms that account for ionic polarization (an source of 
dispersion unknown at the time) and because it did not predict anomalous dispersion.  Moreover, 
with the demise of the ether theory of light, Cauchy’s treatment was dismissed as completely 
misguided.   
 
However, the present work shows that, with the addition of ionic-polarization terms, a 
generalized Cauchy representation of the refractive index is exact within the region of 
transparency of a dielectric.  Moreover, the series is highly convergent in many important 
applications.  In brief, Cauchy got the mathematics right because his physical model of light was 
linear and causal, even though the model was wrong in detail.  
 
For further details, see [Smith 2002, Smith 2004]. 
 
 
5. Optical - UV/Soft X-ray Characterization of Glass 
 
An attractive test-bed for the new moments representation of the index is the large empirical data 
base available for optical glass.  Traditionally, the properties of optical glass are defined by 
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technologically useful combinations of the refractive index at several wavelengths spanning the 
visible [Schott 1965] .  These include the index, nd, at the Fraunhofer d line, the mean dispersion, 
nF – nC, or difference in index between the F and C lines, and the Abbé number, an alternative 
measure of dispersion relative to nd – 1.  The results  of applying moments analysis to our 
exemplary substance, silica, are summarized here. 
 
● The measured index at the Fraunhofer d line is in excellent agreement with that calculated 
from absorption moments when two IR terms and three UV/soft s-ray terms are included in the 
generalized Cauchy expansion.  The inverse-first moment, n2, of the electronic absorptions in the 
UV/soft-x-ray region account for 99% of the index itself.  In contrast, IR contributions are less 
than 0.1% of the index.  This explains the common, but erroneous (see below), notion that the 
optical properties of insulators are determined essentially only by electronic processes. 
 
● The mean dispersion is independent of the inverse-first moment, n2, of the electronic 
absorptions and, hence, is largely independent of the index nd.  Electronic processes are still large 
with the inverse-third-moment term, n4, contributing 86% of the mean dispersion.  However, 
infrared processes play a remarkably larger role than in the index, with the first moment of the IR 
ionic vabrational spectrum contributing 9% of the dispersion.  A second point is that this IR 
contribution is positive, and hence, increases the dispersion; in contrast, the ionic vibrations 
make a negative contribution to the index.  As we show below, the IR dispersion is crucial for 
long-distance fiber-optic communication.  Without it, signal distortion would be overwhelming.  
 
Taken together, the above two points explain why empirical models of glass chemistry based on 
ionic polarizability are reasonably accurate for predicting the index, but fail to predict dispersion 
accurately.  These models simply do not adequately account for the spectral distribution of 
oscillator strength. 
 
● The Abbé number, a relative measure of dispersion, is determined primarily by the ratio of 
inverse-first to inverse-third moments of the UV/soft-x-ray spectrum, which account for 83% of 
its value.  That is, relative to the index, the dispersion depends primarily on the distribution of 
electronic oscillator strength over the UV and soft-x-ray spectrum, not on its magnitude.  As with 
the dispersion itself, the IR vibrational spectrum is responsible for roughly a tenth of the Abbé 
number.   
 
In engineering practice, glasses of different dispersion have been developed by “cut-and-try” 
addition of various metal oxides or “glass modifiers” to the “glass former,” commonly silica.  
From the vantage point of our moments representation, these metal ions alter the distribution of 
oscillator strength in the electronic absorption spectrum at UV and soft-x-ray wavelengths both 
by introducing inner-shell transitions and by rearranging the valence-shell bonds with oxygen 
atoms. [Specific examples from the current work are given in Sections 6 and 7].     
 
As far as the writer knows, the glass research community continues to rely on traditional glass 
models dating  from the 19th and early 20th century that are based on the classical notion of fixed 
polarizable ions. Advances in synchrotron-source spectroscopy have rarely been exploited.  The 
principal exception are  the UV studies of Izumitani (Hoya Glass Co., Japan) [Isumitani 1986] 
that used both arc and synchrotron sources (such as Spring 8) to measure the reflectivity of glass.  
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Unfortunately, Izumitani did not have the analytic framework developed here to analyzing his 
measurements, so his conclusions remained qualitative.  We have, however, analyzed several 
sets of Izumitani’s data for which there are measurements over a sufficiently wide energy range 
and have obtained quantative insights [See Section 6].  
 
For further details, see [Smith, 2002]. 
 
 
 

 
6. Ultraviolet/Soft-X-Ray Absorptions and Refraction in Silicate Glasses 
 
As an example of the utility of our moments / dispersion analysis, the UV reflectivity spectra of 
Izumitani for selected silicate glasses were analyzed for their absorption spectra and these, in 
turn, used to calculate the UV/soft-x-ray contribution to refraction at visible wavelengths. 
 
The resulting absorption spectra for crystalline and vitrious silica, as well as for soda and lead 
glass are shown in Figs. 4 and 5.  These illustrate the electronic perturbations that both structural 
disorder and modifier ions have on the absorption of the glass former.  The primary effects are: 
 

 
Fig. 4 Comparison of extinction coefficients for α-
quartz (o ray), vitreous silica and soda glass. 
 

 
Fig. 5  Extinction coefficient for vitreous silica, 
lead-soda glass and absorption of Pb++ ions in alkali 
halides. 
 
 

● Structural disorder  –  Both crystalline and glassy silica consist of corner-sharing SiO4 
tetrahedral units.  In crystalline forms the tetrahedra link to form ordered lattices with the corner 
oxygen atoms bridging the central silicon atoms.  In vitreous forms, the tetrahedra join to form a 
random network.  Fig. 4 shows that the optical absorption [Philipp 1985] of α-quartz and vitreous 
silica are remarkably similar.  The more energetic transitions are somewhat broadened in the 
vitreous state, the 11.7 eV transition (an interband excitation) and the 10.4 eV absorption (the 
corresponding exciton) are nearly independent of long-range spatial order.  This is consistent 
with excitations of bridging-oxygen bonds within SiO4 tetrahedra for which the bond energy is 
largely independent of how the tetrahedral are arranged. 
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● Compositional Disorder / Perturbed Excitons & Charge-Transfer Transitions –  In contrast to 
structural disorder, the absorption of silicate glass containing Na2O shows that compositional 
disorder caused by addition of the Na2O modifier has profound effects:  
   1. Absorptions of  SiO4 tetrahedra are broadened, shifted, and weakened (the latter by dilution).   
   2. A strong absorption develops on the low-energy side of the 10.4 eV exciton, and  
   3. A weak absorption band appears at 7.5 eV. 
Lithium glass exhibits a similar spectrum [Izumitani 1986]. 
 
Since the oxygen-silicon ratio in alkali-containing glasses is greater than two, part of the oxygen 
atoms that are bound to silicon atoms as non-bridging oxygens (NBOs) with bonds terminated by 
sodium atoms.  The bond energies and absorptions of the SiO4 tetrahdra with NBOs will be 
perturbed depending on how the NBOs are terminated.    In particular, sodium ions will perturb 
the absorptions of neighboring SiO4 units containing non-bridging oxygens.  As a first 
approximation this can be viewed as a perturbed exciton at sites where sodium replaces silicon, 
or almost equivalently, as an excitation involving Na-O bonds.  {To test this, we calculated 
absorption energies of the hypothetical structure ≡Si–O–Na (as H3Si–O–Na) using the Gaussian code 
[Frisch 1995].  For the Na-O bond lengths of 1.9 to 2.5 Å predicted by MD simulations, excitation 
energies range from 7.6 to 8.9 eV, in reasonable agreement with the broad absorption seen on the 
exciton’s low-energy flank.}  
  
   The sodium-associated 7.5 eV band is weak and only resolved in reflectivity for samples with 
29% or more Na2O.  It gains strength rapidly with concentration and is well resolved at 36.5% 
Na2O.  Speculation that the absorption involves Na-O bonds or charge transfer to an Na+ ion 
seems inconsistent with its low oscillator strength.  The apparently super-linear concentration 
dependence suggests that complexes of Na+ ions or NBOs are involved.  Hirota et al. [Hirota 
1985] attributed the band “to the non-bridging oxygen ions produced by the presence of Na+ 
ions.”  Alternatively, several absorptions seen in irradiated silica lie near 7.5 eV [Pacchioni 
2000]. In oxygen-deficient silica, a 7.6 eV absorption is attributed to Si-Si bonds at neutral 
oxygen vanciencies [Griscom 1985].  In oxygen-surplus silica, the peroxyl bridge (≡Si-O-O-Si≡) 
and the peroxyl radical (a hole trapped at a peroxyl bridge) have been associated with absorptions 
from 6.5 to 7.8 eV [Pacchioni 1998].  The Si-Si bond seems unlikely in alkali glasses, which 
contain enough oxygen to fully bond all silicons.  However, the presence of several NBOs 
coordinating an alkali ion suggests that peroxyl bridges may form between adjacent NBOs.  
Thus, the 7.5 eV band likely involves excitation of interacting NBOs neighboring an alkali ion.  
 
● Compositional Disorder and Intra-ionic Absorptions  –     Fig. 5 gives the absorption of lead-
sodium-silicate glass.  As in soda glass, the silica absorptions are broadened and weakened.  In 
contrast, prominent absorptions appear from 4 to 7 eV.  For comparison we give the A, B and C 
bands of Pb++ ions in KCl and KBr at LN temperature [Fukuda 1964].  Aside from broadening, 
the lead-glass and lead-doped-alkali-halide spectra are virtually identical in this range.  In alkali-
halide hosts, Seitz [Seitz 1938] identified these absorptions as intra-ionic 6s2→6s6p transitions 
of the divalent ion. This also appears to apply here.  The broadening reflects either Pb++ sites 
with random short-range order, or several alternative sites with well-defined, but different local 
coordinations.  (This explanation is inapplicable to the weak 7.5 eV band in soda glass; the 
lowest excitation energy of Na+ ions is roughly 30 eV [Moore 1971].)  The second new feature in 
Fig. 5 is a small band at approximately 8.4 eV superimposed on the broadened SiO4 exciton.  A 
similar absorption, the D band, is seen for Pb and Tl ions in alkali-halide hosts, and has been 
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attributed to a perturbed exciton [Fukuda1964, Yuster 1953].  Excitation of a Pb-O bond is an 
alternative description, but that may be viewed as a severely perturbed exciton at a site where Pb 
replaces Si. 
 
In summary, this analysis of the UV/soft-x-ray spectra of glasses shows that the glass modifiers 
employed in optical glass produce absorptions in the ultraviolet that are analogous to classic 
color centers seen at visible wavelengths in ionic solids containing defects formed by chemical 
or radiological treatment.  Absorptions include intra-ionic and charge-transfer transitions, and 
perturbed of host excitons.  These absorptions largely determine the index in the visible, which is 
predicted to within a few percent from the UV spectrum by our generalized Cauchy dispersion 
formula. 
 
It is the writer’s belief that the study of the UV and soft-x-ray spectra of glasses, which is now 
possible with synchrotron sources, holds considerable promise.  Knowledge of the electronic 
absorption of a select number of binary and ternary glasses as function of composition should 
provide the basis for understanding the bewildering complexity of the visible optical properties 
of multi-component glasses as a function of composition.  Presently these are explained with ad-
hoc classical or empirical models that have modest predictive value, and development of glass 
with specific properties still depends on compounding and testing large number of trial 
compositions.  The present development of a moments representation for the index appears to 
provide the basis for a system of rational materials engineering of the optical properties of glass. 
 
A second observation is that measurements of optical properties at UV and soft-x-ray 
wavelengths should be possible by reflectivity even from the surface of liquid samples.  While 
the black-body radiation of silicate melts is overwhelming in the IR and visible, it is negligible in 
for UV and shorter wavelengths.  This opens the possibility of in situ determination of the 
composition of glass melts as they are being produced, a procedure that could be of practical 
value in quality control in the glass industry. 
 
While the present study concerns optical glasses, for which large data bases are available, many 
of the observations concerning the modifier-ion specific UV spectra apply to radioactive-waste 
glasses.  Knowleged of the UV spectra of the waste ions could potentially be useful for non-
destructive determination of waste composition and monitoring.  The practical drawback to this 
application is that the spectra arising from the large range of elements present in waste may well 
overlap to such an extent that it would be difficult to detect specific elements in low 
concentration.  Considering its very rich absorption spectrum, iron from the stainless-steel fuel 
rod cladding is of particular concern. 
 
For further details, see [Smith 2004]. 
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7. Infrared Absorptions and Experimental Tests of Moments/Dispersion 
Analysis on TiO2 – SiO2 Glass 
 
To demonstrate the value of absorption measurements over a broad spectral range proposed in 
the preceding section, reflectivity measurements were carried out on a simple binary glass 
consisting of vitreous SiO2 containing 7.4 wt percent of TiO2.  This glass was chosen in 
consultation with Prof. S. Jacobs of the Institute of Optics at the University of Rochester, who 
kindly provided us with samples.  The glass is remarkable for its vanishingly small coefficient of 
thermal expansion, and is prepared commercially by Corning as ULE™ (Ultra-Low Expansion) 
glass by pyrolysis of high-purity gaseous precursors.  This was important for our purposes since 
the resulting material is remarkably free of impurities with the exception of trace amounts of 
OH− ions introduced by the pyrolysis. 
 
Experimental measurements were carried out at the National Synchrotron Light source at 
Brookhaven National Laboratory in collaboration with Dr. Christopher C. Homes of 
Brookhaven’s Physics Division.  Reflectance measurements were made over a continuous range 
from the far IR to the UV (18.3 to 32,000 cm-1), a factor of almost 2000 in energy that appears to 
be a record for glass studies. These measurements were augmented with literature values of the 
VUV reflectivity from 2.3 to 12.2 eV reported by Izumitani [Izumitani 1985], and Osantowski’s 
values [Ostantowski 1974, Rife 1980] from 11.8 to 41.3 eV.  Philipp’s silica data [Philipp 1985] 
were used as a high-energy extrapolation.  The optical constants were calculated by Kramers-
Kronig analysis, with direct measurements of the refractive index at the Fraunhofer C, D, and F 
lines [Corning 2004] used to anchor the refractive index. 
 
The results in the regions of IR and UV absorption are shown in Figures 6 and 7; the intervening 
region is absorption free. 
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Fig. 6   IR absorption of SiO2 with 7.4 wt% TiO2. 
Absorptions caused by titanium marked as A, B and C.
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Fig. 7   UV absorption of SiO2 with 7.4 wt% TiO2. 
Titanium-associated bands are marked D and E.

.
● Infrared Absorption  The IR extinction coefficient of ULE glass for our composite 
reflectivity is shown in Fig. 6 together with those for vitreous silica [Philipp 1985] and rutile 
[Ribarski 1985], the usual crystalline form of TiO2 with octahedrally coordinated titanium.  The 
observed spectrum is remarkably similar to that for vitreous silica, and shows no indication of 
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rutile inclusions.  The principal titanium-associated IR absorption is the prominent band at ~950 
cm−1 lying just below the host silica’s strong 1076 cm−1 band.  Other titanium-associated 
absorptions occur in broad bands at 240 – 400 cm−1 and 650 – 730 cm−1.  These lie just below the 
host-silica absorptions at 450 and 800 cm−1.  This close association with the titanium induced 
absorptions and the host silica spectra strongly suggests that the titanium ions simply perturb the 
silica absorptions.  Further, the lack of any trace of rutile-like absorptions, which would imply 
octahedral coordination, suggests that the titanium is tetrahedrally coordinated in the glass. 
(Titanium ions are known to assume either octahedral or tetrahedral coordination in minerals.) In 
short, titanium substitutes for silicon as Ti4+ ions in the random network of the glass.   
 
Substitution of Ti4+ for Si4+ creates four Ti–O–Si bonds, i.e., an isolated TiO4 tetrahedron with 
oxygen bridges to four neighbouring SiO4 tetrahedra.  The frequency of modes involving Ti–O–
Si bonds (or tetrahedra with these bonds), will be lower because of the greater mass (mTi/mSi = 
1.17) and the strength reduction by 0.862 of the Ti–O bond [Nakamoto 1997].  In particular, the 
prominent IR-active bands of pure silica are ascribed to TO modes of the SiO4 network having 
substantial motion of the light oxygen ions.  From the known geometry of these modes [Bell 
1974, Kirk 1988], we can assign the prominent C peak to the asymmetric stretching mode of the 
Ti-O-Si bond; the weak B band to a combination of Ti-O-Si in-plane bending and symmetric 
stretching modes; and the A band to the Ti–O–Si out-of-plane rocking modes.  
 
An important observation relative to the moments formalism is that the area (roughly the 
oscillator strength) of the IR spectrum is not significantly changed.  The silica peaks become 
weaker, but the area they lose reappears in the titanium peaks.  To first order, this means that the 
IR contribution to the index in the visible is not changed by the admixture of TiO2.  As will be 
seen below, this is in sharp contrast to the effect of titanium on the UV/soft-x-ray spectrum. 
 
● The UV extinction coefficient for our titanium glass is compared with that of vitreous silica 
[Philipp 1985] in Fig. 7.  These results are approximate since our measurements and literature 
data were pieced together to form a composite  The most prominent UV features are the strong 
charge-transfer absorptions lying below the silica exciton peak at ~10.4 eV [Philipp 1985].  
Absorption rises sharply after ~4.5 eV and reaches a maximum between 5.5 and 6 eV.  A 
secondary maximum lies between 7.4 and 7.8 eV on the low-energy flank of the broadened host-
silica exciton.  We interpret these two absorptions as charge-transfer transitions primarily 
localized at TiO4 tetrahedra.  Qualitatively, an electron is transferred to the central titanium ion 
to create a Ti3+ leaving a hole shared by the tetrahedral cage of O2- ions, i.e., a localized exciton.   
 
Compared with the IR absorption, the titanium addition creates a very large redistribution of 
absorption strength toward lower energies.  The silica exciton at ~10 eV is weakened 
significantly and strong new transitions appear at ~5 and ~ 7 eV.  While this leads to only a few 
percent change in the index, nd, the dispersion, δFC, increases by 28%.  This illustrates the crucial 
dependence of the dispersion on the distribution of the electronic absorptions in insulators.  This 
important aspect of dispersion is not evident in traditional optical-property models. 
 
For further details, see [Smith 2007 (in press)]. 
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8. Optical Pulse Propagation in Dielectrics  
 
The moments formulation of the index provides clear insights into pulse propagation in 
dielectrics, especially in communications applications.  Pulse distortion in optical fibers has two 
source [Gloge 1971]: 1. differences in propagation times of the EM modes supported by the 
fiber,  and 2. distortion of pulse shape because of refractive-index dispersion for the pulse’s 
various frequency components.  The first can be eliminated by using single-mode fibers; the 
second can only be minimized by the choice of fiber dielectric.  Traditional descriptions of the 
dielectric’s material dispersion are based on discrete mechanical-oscillator optical models and 
empirical chemical descriptions of the glass [DiDomenico 1972,  Wemple 1979].  While 
sufficient for qualitative work, they do not provide fundamental insight and are cumbersome. 
 
However, starting from a generalized Cauchy description of the optical-fiber dielectric, the group 
velocity and its derivatives – which parameterize pulse distortion – can be simply described in 
terms of moments of dielectric’s IR and UV/soft-X-ray absorption spectra.  In turn, these 
moments are directly related to the specific absorptions of the chemical components glass former 
and modifiers of the fiber optic-core.   This is most easily visualized by introducing the concept 
of group refractive index, ng, which we define so that the group velocity is given by c/ ng, where 
c is the velocity of light.  The minimum pulse distortion occurs for the carrier frequency at which 
ng is a minimum.  An example for vitreous silica is shown in Fig. 8. 
 

 
Fig. 8   The measured refractive index of vitreous silica fit with the 
Generalized Cauchy formula, and the corresponding group index, and its 
derivative showing the frequency for minimum pulse distortion. 

  
Differentiation of the moments expression for the group velocity yields a simple formula for the 
carrier-wave frequency for minimum pulse distortion. 
 

2
4min

23
n
n

ω −=       (12) 



 17

This can be interpreted as showing that the carrier-wave frequency for mimimum distortion 
depends on the balance of two quantities, n-2, the first moment of the IR absorption (shown in 
red) and n2, the inverse third moment of the UV/soft-x-ray absorption (shown in blue).  
Specifically, the negative dispersion in the group velocity arising from polarization by IR modes 
just balances the positive dispersion arising from polarization by UV modes.   
 
It also brings out the point that pulse distortion can only be minimized because of both IR and 
UV modes contribute to dispersion in the group index, but with opposite sign.  In a nonpolar 
material, there would be no IR absorption and it would not be possible to find a minimum carrier 
frequency.  In short, long-distance fiber optics communication only works because glasses have 
ionic vibrational modes. 
  
In practice, Eq. 12 can be approximated by a simple expression 
 

4min
Vibrational Absorption-Band Area (Oscillator StrengthAverage Electronic Excitation Energy
Electronic Absorption-Band Area (Oscillator Stre

~ )
ngth)

ω ,(13) 

where we have introduced 
 

-4
4

UV UV

[Average Excitation Ener ]  =gy 1  ( )  d ( )  d ω κ ω ω ω κ ω ω
ω

′ ′ ′ ′ ′ ′
′∫ ∫ . (14) 

 
The point of Eq. 13 may be seen from comparing the doped and undoped absorption spectra for 
titanium-silicate glass experiment, Figs. 6 and 7.  For both IR and UV absorptions, doping 
produced redistribution of band area, but very little total area change; the quantity beneath the 
radical sign is only weakly dependent on doping.  Thus, for a given glass former, the dominant 
factor determining the optimum frequency is the average electronic excitation energy.   
 
For example,  in vitreous SiO2, the electronic excitation energy can be changed by adding glass 
modifiers, such as TiO2. or PbO2; these modifiers introduce ionic absorptions (e.g., from Ti4+ as 
in Fig. 7) in the host’s band gap and lower the average electronic energy.  The modifiers tend to 
redistribute, but not greatly alter, the vibrational and electronic absorption-band areas, so they 
have negligible effect on the second (ratio) term in the equation, which is primarily dependent on 
the glass former. 
 
The physics of minimum distortion may be further clarified by considering the pulse group 
velocity.  Both the vibrational and the electronic polarization contribute to the pulse delay.  Only 
at the minimum of pulse distortion are the contributions equal.  This can be understood by 
observing that within the dielectric an EM pulse actually consists of a compound polariton, a 
linear combination of electromagnetic, ionic-polarization, and electronic-polarization waves.  
Minimum distortion of the pulse obtains when the ionic polariton and the electronic polariton, 
considered separately, have the same group velocity.  That is, the pulse moves at the same 
velocity in each subsystem. 
 
For further details, see [Smith 2007 (in press)]. 
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9. Optical and X-ray-Optical Properties of Silicon 
 
Silicon’s unique optical and x-ray-optical properties lie behind a host of its technological 
applications  –  photodetectors and photovoltaic cells in the case of the IR and visible properties, 
particle detectors that utilize Coulomb excitation of core shells, and charged-particle energy loss 
in radiation shielding made of silicate materials that depend on x-ray absorption. 
 
This said, there are major gaps in the measurements of these properties:  Although K-shell 
absorption is know to high precision above ~2600 eV, there are no absolute measurements at the 
K edge, only relative spectra.  Although there are many reports of L-edge spectra, there appear to 
be no measurements from 277 to 1486 eV, the bulk of the L-shell range; and virtually all the IR 
refractive index data in the literature were obtained on impure samples and, as detailed below, in 
the far IR free-carrier effects swamp the intrinsic properties leading to misleading optical data. 
 
In light of these problems and because of conflicting values of the stopping power of silicon for 
charged particles, Dr. Inokuti,a long term member of the ICRU (International Commission on 
Radiation Units and Measurements) encouraged developments of a composite optical data 
set for silicon using dispersion techniques and sum-rule / moments constraints.  We therefore 
reviewed the silicon literature with emphasis on direct optical experimental measurements and 
developed a database of measurements from the far IR to the x-ray region.  It consisted of 
transmission measurements on films and thinned samples for UV and soft x-ray photons, 
reflectivity in the visible and far UV, transmission and refractive index measurements in the IR.   
 
Since none of these properties can be measured over the full spectral range in condensed matter, 
analysis requires a self-consistent extension of the Kramers-Kronig analysis.  In this procedure a 
convenient quantity, such as reflectance, is estimated from the available measurements over the 
whole energy range.  A K-K analysis is then performed to obtain tentative values of all optical 
the constants.  These tentative values are corrected using the measured values.  The starting 
quantity is then recalculated and the procedure iterated until it converges to fit all the 
measurements.  The results are then tested using known quantum-mechanical sum rules and for 
consistency with moments formulas discussed above to exclude experimental data with 
systematic errors.  Our tentative results, composite Y, are shown in Fig. 9. 
 

 
Fig. 9   Composite optical constants for crystalline silicon developed in this collaboration. 
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In developing this composite, an early finding was that virtually all of the reported silicon optical 
properties in the far IR properties refer to contaminated samples.  The key to this discovery was 
our generalization of Cauchy’s index representation:  Intrinsic silicon is non polar and at low 
temperatures should exhibit virtually no absorption below the band-gap energy.  Without IR 
absorptions there are no terms in inverse powers of E in the series for the index, so, in the limit 
of low energies, the refractive index within the band gap should be a linear function of photon 
energy squared.  This is clearly the case in the near IR as shown in Fig. 10. 
   
 

 
Fig. 10   Measurements of the refractive index of 
crystalline silicon for photon energies above 3 
meV. 
 

 
Fig. 11   Data from Fig. 10 plotted on an ex-
panded scale below 20 meV to emphasize free 
carrier contamination. 
 

 
However, at lower energies there is a dramatic drop in the index that can be traced to free-
carriers arising from trace impurities as shown in Fig.11.  This is even found for modern 
microwave measurements that are claimed to be made on high-purity samples.   
 
Fortunately, the moments formulation provides a simple way of sorting this out, and extracting 
both intrinsic properties and the free-carrier concentration:  A fit of Eq. 8 gives both the free-
carrier oscillator strength, via the coefficient n-2, and the intrinsic index via n0 and n2, etc.  This 
procedure allowed us to analyze widely quoted measurements made at IBM by Schumann, et al. 
[Schumann 1970 and Schumann 1971] for which there was no simple analysis scheme available 
when the measurements were made.  This work formed the basis of a senior thesis of a student in 
collaboration with Dr. William Karstens at St. Michael’s College (Colchester, VT).  The 
innovation of plotting the free-carrier-dominated energy region as an inverse function of photon 
energy squared is illustrated in Figs. 12 and 13 (next page) for the measurements of Schumann 
[Schumann 1970] and of Auslander and Hava [Auslander 1997].  The free-carrier density may be 
calculated directly from the slope of these curves, which is n-2.  
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Fig. 12   Generalized Cauchy fit to the silicon 
index data of Schumann et al. for a carrier density 
of 1.02 x 1018 electrons cm-3. 
 
 
 

 
Fig. 13   Generalized Cauchy fit to the silicon 
index data of Auslander and Hava for a carrier 
density of 1.0 x 1016 electrons cm-3. Note that the 
fit discloses two points that have been clearly 
transposed in the published data. 
 

Most recently we have developed an analytic fitting procedure for the higher energy partion of 
core absorptions that is asymptotically correct at high energies.  This has enabled us to correct a 
number of errors in the NTIS data base for the K-edge spectra and to place limits on the accuracy 
of the relative measurements of the near-edge absorption, which are given in the literature in 
arbitrary units.  It has also allowed us to make what we believe to be a physically correct 
interpolation of L-shell absorption between 277 and 1486 eV, the region for which no 
measurements are available.  With these data we addressed the long-standing problem of the 
average energy loss of charged particles in silicon which is discussed below. 
 
For further details, see [Karstens 2006] 
 
 
 
10. Stopping Power of Light Elements for Charged-Particle Radiation 
 
An outstanding puzzle in radiation physics is the experimental and theoretical confusion 
surrounding the stopping power of silicon.  The most recent experiments give values 
significantly higher than earlier experiments, and seem to be supported by Bloch’s statistical 
atomic model.  In contrast, earlier experiments are in accord with the observed trends found for 
other light elements.  We have exploited our development of a composite set of optical constants 
for silicon to address this issue.  In short, we have carried out a calculation originally suggested 
by Bethe for evaluating stopping power that was not feasible here-to-fore because of the lack of 
sufficient electromagnetic response data.  We conclude that the more recent measurements are 
very likely in error and we have identified shortcomings in the statistical model that make it 
insensitive to details of atomic shell structure.  The background is as follows. 
 
Charged particles passing through matter lose their kinetic energy by electronic excitation of the 
atoms along their paths.  This is the predominant process in absorption and shielding of 
radiation.  Moreover, these electronic excitations are the initial step in radiation damage and 
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radiochemistry; the swarm of energetic primary and secondary electrons break chemical bond 
and the radiation-induced charged ions destabilize equilibrium crystal structures. 
 
Energy loss in Coulomb collisions was first treated in a landmark paper by Bethe [Bethe 1930].  
Qualitatively his insight was that as swift charged particles pass by an atom, the atom “sees” 
rapidly changing electric currents and fields.  That is, electromagnetic transients or flashs of 
virtual photons for each particle.  These “light pulses” contain a broad spectrum of photon 
energies and propagation directions that excite the atom and transfer part of the particles’ kinetic 
energy to the atomic electron(s).  The cross section for this process is directly related to the 
materials’ optical properties because the probability of an excitation is given by the dielectric 
response.  Schematically, 

 
Bethe found that the sole material property that appears in the energy-loss cross section is the 
mean excitation energy, I, is defined by 
 

ln ln C Cdf dfI E dE dE
dE dE

= ∫ ∫ .    (15) 

 
In words, the atomic excitation energy E, weighted by the oscillator strength density, dfC/dE, for 
Coulomb excitations, which is proportional to the reciprocal of the dielectric function, ε(ω), 

 
( ) 1Im

( )
Cdf
dE
ω

ω
ε ω
 

∝ −  
 

 .           (16) 

(The somewhat unexpected logarithmic form enters because the Fourier transform of the 
Coulomb interaction introduces a factors of k in the denominator and integration over scattering 
directions leads to a logarithm of k =ω/c that is then integrated over all energies.) 
 
The practical difficulty with this formulation has been that the integrations cover the entire range 
of excitation energies and ε(ω) remained poorly known except for small regions in the visible 
and that for only a few materials.  Now measurements with synchrotron light sources have filled 
in the major gaps for a number of light elements.  We have exploited this to carryout Bethe’s 
original program of evaluating I.  For silicon we used the composite optical/x-ray data developed 
in this Partnership (see Section 9 above) and composites for carbon [Karstens 2004], and 
aluminum [Shiles 1980].   
 
In the course of evaluating the Bethe formalism, we discovered the contribution of various 
atomic shells to I  may be visualized by introducing the cumulative I value, 
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max max

max 0 0
ln ( ) ln

E E
C Cdf dfI E E dE dE

dE dE
= ∫ ∫  .    (17) 

 
This new quantity is a measure of the I value as a function of the energy, Emax, of the highest 
atomic level excited and, hence, of the cumulative contribution of electrons in each shell.  Our 
results for aluminum and silicon are given in Figs. 14 and 15. 
 
The graphs clearly show the importance of atomic shell structure, which is not present in 
statistical atomic models.   
 

 
 
Fig. 14.  Cumulative I value for aluminum 
metal calculated using the composite data of 
Shiles, et al. [Shiles 1980].  
 
 
 

 
 
Fig. 15.  Cumulative I value for crystalline 
silicon using the composite data of Inokuti 
Karstens,  Shiles and Smith as found in the 
present project (see Section 9). 
 

Qualatative these plots show us that the primary contributions to I are from the inner atomic 
shells, not the valence shell.  Specifically, 
 
● The K and L shells are the dominant contributors to I in light elements.  Indeed, on a per-
electron-basis, the two K-shell electrons make significantly larger contributions to I than do the 
eight L-shell electrons. 
 
● Valence or conduction electrons, here the M shell, make little contribution to I. This explains 
the experimentally observed weak dependence of I on chemical bonding, and dispels the naive 
notion that plasmon excitation is of primary importance in energy loss.  The ejected K- and L-
shell electrons may create plasmons as they shed their kinetic energy, but this is a secondary 
process that does not contribute to the energy loss by the original radiation. 
 
The results of evaluating I are given, along with values recommended by the ICRU [ICRU 
1984], in Table I.   The I values for carbon and aluminum derived from optical data are in 
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excellent agreement with current ICRU recommendations.  The value for silicon, 164 ± 2 eV, 
differs substantially from the ICRU recommendation, 173 ± 3eV, which is based on the more 
recent data, and from that of Tschalär and Bichsel [Tschalär 1968] who report 173.5 eV for 
proton energy loss.  It is, however, consistent with the earlier experimental value of 164 eV 
reported by Andersen [Anderson 1977].   
 

             Mean Excitation Energy, I (eV) 
Element Optical & X-Ray Spectra, 

present study  
Particle Energy Loss, 

ICRU Report 37 
C 77 ± 4 78.0±7 
Al 165.7 ± 2 166±2 
Si 164 ± 2 173 ± 3 

 
 Remarkably, the I value for silicon found here from self-consistent composite optical data is 
equal to that for aluminum to within computation uncertainty.  This is in sharp contrast to 
Bloch’s statistical-atom result [Bloch 1930 a and b] that I Z∝ , which predicts the value should 
be 8% higher.  At first the statistical-atom result would seem to favor the recent measurements, 
however, the present calculations shows our lower value reflects a real effect related to atomic 
shell structure.  The reasons may be seen from Figs. 14 and 15, which show the importance of 
atomic shell structure, a feature ignored in statistical atomic models.   
 
Stated differently, the near equality of the aluminum and silicon I values arises because 
 
 1. While the silicon K and L shells have greater excitation energies than those of aluminum, 

the additional weakly bound M electron in Si contributes so little that the average excitation 
energy does not change appreciably in going from aluminum to silicon; further, 

 
2. The Pauli principle forbids transitions from core states to filled 3p states. The extra 
electron in Si reduces inner-shell absorption relative to Al.  This is clearest for the K shell:  
Loss of a single 1s →3p transition reduces the K-shell strength from 1.61 to 1.55 e/a. 
 

Aside from resolving a scientific conflict, our finding of a lower value of, ISi = 164 ± 2 eV brings 
the ICRU value,173 ± 3 eV, into question and suggests use of this value for silicon-containing 
absorbers overestimates their effectiveness. 
 
For further details, see [Smith 2006]. 
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