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Optical properties of polystyrene from the near-infrared to the x-ray region and convergence
of optical sum rules
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Optical properties of polystyrene in the form of thin films were determined for photon energies between 0.6
and 82 eV from transmission measurements. The results for k, the extinction coefficient, were combined with
previous experimental results in the soft and hard x-ray regions up to 8050 eV. Analyses were made on
several sum rules for the optical properties in this unusually wide energy range. induding a sum rule for the
refractive index n derived recently by Altarelli et al. Redistribution of the oscillator strength corresponding
to 2.7% of the total electrons was found between the valence and core excitations of carbon. Using the
complex dielectric function and the energy-loss function obtained, the average photoexcitation energy and the
average energy loss for fast-charged particles over the entire oscillator strength distribution were evaluated to
be 25.1 and 36.8 eV. respectively.

I. INTRODUCTION

The primary purpose of this paper is to examine
in detail the response of electrons in a typical
solid hydrocarbon to electromagnetic radiation
over essentially the whole frequency range. This
is achieved through sum-rule calculations which
are employed to determine the way in which the
oscillator strength converges. In the past such
calculations and their interpretation have suffered
to a greater or lesser extent because the experi­
mental data were generally unavailable over a
wide enough energy range to give the desired cer­
tainty in the required extrapolations to infinite
energy. To our knowledge there are just two
previous studies1 performed on experimental data
which extends over a sufficiently large energy
range. We know of no such analysis for any hydro­
carbon.

In this study, we report the optical properties
of polystyrene -(CaHa)-, in the form of thin solid
films over the range of photon energies from 0.6
to 82 eV. The results for k, the extinction coef­
ficient, are combined with the previous experi­
mental data from 30 to 1550 eV taken by Lukirskii
et al.,2 and those from 1490 to 8050 eV by Nord­
fors. 3 The combined spectrum of k covers substan­
tially all the electronic excitations (more than
99.9% of the total oscillator strength), including
the carbon core excitations starting at around 282
eV. Despite the recent progress in synchrotron
radiation techniques, which makes it possible to
obtain optical spectra from the infrared to the
hard x-ray region using a continuum photon
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source, similar data for any kind of material are
still quite rare.

In addition to the well-known! sum rules,4 a
detailed analysis is performed in this study on the
refractive index n at high energies in order to
employ a new sum rule for n which has been de­
rived recently by Altarelli et al. 5 using the super­
convergence theorem in high-energy physics.
Since, as will be shown, the convergence of this
sum rule is quite slow, it can be demonstrated
and/or used only when the n values are available
up to the extremely-high-energy region.

II. EXPERIMENTAL

Optical properties of polystyrene films between
0.6 and 82 eV were determined by the transmis­
sion method, details of which have been described
previously.6 In this method, the quantities de­
termined experimentally are the transmittance
T of a free-standing film as a function of photon
energy over the whole range of photon energies,
and the film thickness d. In addition the values of
n are measured directly over a limited energy
region where the films are transparent. To derive
the optical properties nand k at each energy, the
Kramers -Kronig relation between nand k is then
utilized. An iterative computational procedure
is carried out between the Kramers-Kronig rela­
tion and the explicit expression for transmittance
which includes the correction factor for reflection
effects at the film boundaries, until the values of
nand k converge. nand k are thus determined
self-consistently so that they reproduce the ob­
served value of transmittance.
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Self-supporting films of polystyrene were pre­
pared by the same method as described previous­
ly.7 Uniformity of film thickness was checked
by measuring the transmittance at a suitable wave­
length while scanning the whole film area. De­
termination of the film thickness d was made by
observation of transmission maxima and minima

due to interference in the transparent region. For
the thinnest films, interference patterns could
not be used as even the first minimum did not
occur in the nonabsorbing region below 4.4 eV
(above -2800 A). In such cases the thickness was
determined directly from the explicit expression for
the transmittance in the transparent (k == 0) region6

T== 1-2[(1-n)/(n+1))2cos(41Tnd/A)+[(n -1)/(n+1}j4 ,
(1)

A. Extinction coefficient k

III. RESULTS AND DISCUSSION

FIG. 1. Extinction coefficient k for polystyrene as a
function of photon energy E. Dotted line is extrapolation
of the present results between 20 and 60 eV.

(2)
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2-15 eV, and a grazing-incidence monochromator
(McPherson model 247) in the region 13-82 eV.
Above 7.5 eV the measurements were made with
line sources (hydrogen discharge and a condensed
air spark) while below 7.5 eV continuum sources
were employed.

k(E)==7.81 X 103E-3 •
23

,

where E is the photon energy ineV. Deviation

The results for k between 0.6 and 82eV are
presented in Fig. 10n a logarithmic plot. The
spectrum exhibits structure below 10 eV due to
molecular electronic excitations. Above 10 eV,
the spectrum is essentially structureless, except
fora broad absorption peak at around 14 eV. The
absorption decreases rapidly and monotonically
above this peak, andean be described by a straight
line above 20 eV on a logarithmic plot. The best
fit of the present k values between 20 and 60 eV
to a straight line gave the expression.

using the experimental values of T and n, where
A is the wavelength of the incident photons. The
thicknesses of the five films used were found to be
380, 440, 570, 720, and 830 A with about ±30A
uncertainty. These values were .adjusted, where
necessary, within the limit of the experimental
uncertainty so that the final results for n in the
transparent region calculated from T and d agreed
with the directly measured values.

Refractive indices n between 2.0 and 4.4 eV,
where polystyrene is transparent, were deter­
mined by the critical angle, Brewster angle, and
interference methods using separately prepared
films. All these methods gave consistent results
for n to within an error, of ±0.5%. The average
values were used in the thickness determination.

As is well~known,8 polystyrene shows a weak
absorption around 4.8 eV (-2600 A), which is a
remnant of the forbidden absorption in benzene
at about the same energy. Since this absorption
was too weak to be observed even in the thickest
of the films used in the observations described so
far, an additional transmission measurement was
performed in the vicinity of this band on a 4.50-lim
thick film, and the extinction coefficient k for
this band determined. The measurements were
extended on this thick film down to 0.6 eV, where
no further absorption was observed. This thick
film was also used to determine the density of
the polystyrene films. A known area of the film
was cut out and weighed. The density was found
to be 1.05 ±0.02 g/cm3

• This value agrees with
the literature values8 for bulk polystyrene:
1.042-1.065 g/cm3

• The tacticity of polystyrene
in our films was not checked. It does not, how,­
ever, seem to affect the results in the present
spectral region. 9 Errors in the results obtained
for (n -1) and k were estimated to be less than
±2%, except for the region above 60 eV.

The measurements described above were made
with a Cary recording spectrophotometer (model
14) in the region 0.6-2 eV, a Seya-Namioka mono­
chromator (McPherson model 235) in the region
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for 8<A<44A., where J1. is the linear absorption
coefficient in cm-1 and A is the wavelength of the
photons in A.. In plotting these expressions in
Fig. 1, they were converted into the forms

found above 60 eV of the k values from the
straight-line fit seems to be due to experimental
errors in the transmission measurements in that
region, where the transmittances of thin films
were quite high.

Also shown in Fig. 1 are the combined results
for k obtained by Lukirskii et al. 2 and by Nordfors3

extending to the hard-x-ray region. These results
were originally given by the expressions2

for 282<E<1550 eV, using the definition J1.
=lOS(41TldA). Expressions (3) and (4) were deduced
by Lukirskii et al. 2 from their experimental ab­
sorption measurements. The results of Nord­
fors 3 obtained in the region from 1490 to 8050 eV
were found10 to fit well to expressions (4) or (6)
for the higher-energy region. Since, as will be
shown, in the spectral region of their studies the
refractive indices are quite close to unity, trans­
mission measurements gave the absorption coef­
ficient directly without taking into account reflec­
tion at the film boundaries. Their measurements
were, however, made at only eight wavelengths
from 30 to 282 eV, nine wavelengths from 282 to
1550 eV, and five wavelengths 10 from 1490 to
8050 eV, employing the characteristic x-rays from
various anode materials.

The jump in absorption at 282 eV is due to the
carbon K -shell absorption edge, in the vicinity
of which some fine structure should be found.
The study of fine structure in core shell absorp­
tion edges using a continuum source of synchrotron
radiation is of current interest, but such studies
are not available for polystyrene. Despite the
coarseness of Lukirskii et al.'s and Nordfors's
data, their results seem to represent the essen­
tial features and correct order of magnitude of
the absorption for polystyrene over a very wide
range of photon energies. Indeed a fairly close
fit is found between the present results and Lu­
kirskii et al.' s results in the low -energy region.
The difference in k between the present result
and their result is about 9% at 30 eV, and that be­
tween the extrapolation of the present result from

J1.(A) =0.4071.2
• 31

for 44 <A <410 A. and

J1.(A) =2.40A2
• 6s

k(E) =1.13 x 104E-3.31

for 30<E<282 eV.

k(E)= 2.21 x 106E-3
• 6s

(3)

(4)

(5)

(6)

20 to 60 eV, which is shown by a dotted line in
Fig. 1, and their result is about 8% at 282 eV.
Two lines representing the extrapolations of the
present results and their results below 282 eV
cross at around 100 eV, indicating that the dif­
ferences are not due to any systematic errors
resulting from, for example, error in determina­
tion of the film thickness in either study, but due
to random errors. Their original data at eight
wavelengths below 282 eV, in fact, exhibit notice­
able scatter from a straight-line fit even on a
logarithmic plot, but the discrepancy of their ex­
pression (5) from our expression (2) is well within
the 10% experimental uncertainty claimed by them
for their original data.

The results for k given in Fig. 1 provide basic
data for comprehensive information about the elec­
tronic response of polystyrene to electromagnetic
radiation. Before deriving the other optical quan­
tities from these results, the validity of the k val­
ues obtained here was checked by eValuating the
sum rulell

N(E)=! m jEE'k(E')dE'-N E-oo (7)
1 1T 41Tnoe2n2 0 "

where no is the molecular density and N is the
total number of electrons in a molecule. Taking
a monomeric unit -(CsRs) - of polystyrene as a
molecular unit, N is 56. In carrying out integra­
tion (7), the k values above 8050 eV were assumed
to be represented by expression (6) up to an infinite
photon energy. This can be expected at least up
to the MeV region, where photon attenuations due
to the Compton effect and pair creation become
appreciableY In the region below 0.6 eV, where
photoabsorption due to molecular vibrations oc­
curs, the k values were assumed to be so small
that the contribution of E'k(E'), in this low-energy
region, to N 1 (E) could be neglected.

The results of calculations of N 1(E) are plotted
in Fig. 2 as a function of E. Since in this study
it was difficult to determine experimentally the
density of the polystyrene film p with an uncer­
tainty less that ±2%, the molecular density
no(= Lp/M) was adjusted so that the value of N 1(E)
became equal to N in the limit of E - 00. (L is
Avogadro's number and M is the molecular
weight.) This gave a film density of 1.040 g/cm3 ,

which is in excellent agreement with the mea­
sured value of 1.05±0.02 g/cm3 • Thus, in this
check, the overall validity of the k values was
confirmed with an uncertainty of ± 1%.

Further evaluations of N 1 (E) were made on the
k values due to the valence and core excitations,
separately. A saw-tooth-like shape of the k spec­
trum in the logarithmic plot at high energy al­
lows us to separate the absorption due to the core
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n(E)-l = IT1 E/2_E2 dE',

using the experimental values of k at all energies,
In the present case, the experimentai k values in
the region from 0.6 to 8050 eV are available, and
in the regions outside these energies the values
extrapolated as described earlier in the sum rule
calculation can be used. n(E), therefore, can be
determined with little uncertainty at all energies.
Just as k can be separated into the valence and
core contributions, n(E) -1 is also separable. The
results of nV(E)_l and nC (E)_l, the contributions
to n(E)-l from the valence and core excitations,
respectively, are presented in Figs. 3 and 4, re­
spectively.

Both nV (E)_l and nC(E)_l become almost con­
stant in the regions far below the absorption on­
sets. It is to be noted that the values of nC(E)_l
below about 100 eV are smaller than those of
InV (E)-ll in that region by a factor lOS or so,
showing that the contribution of the coreexcita­
tion to the refractive index is negligibly small in

.The refractive index n(E) at a photon energy E
can be determined by the Kramers -Kronig rela­
tion

B. Refractive index n

pression (5) for the absorption by valence elec­
trons above 60 eV, no substantial change is found
in the results for the film density and the oscil­
lator strength redistribution. In all further anal­
yses presented below, therefore our expression
(2) was used for the absorption by valence elec­
trons above 60 eV. Some uncertainties in the sum
rule calculations may arise from the ambiguity of
the k data in the vicinity of the carbon K -absorp­
tion edge at around 282 eV. In the present analy­
ses, a steplike edge was assumed at 282 eV as
given by Lukirskii et aZ. Since such a sharp K
edge has been observed for polypropylene14

[-(CsHa)-], an organic polymer similar to poly­
styrene, at 283 eV using a continuum of soft x­
ray photons from a synchrotron, the threshold
energy used in the present analyses seems to be
reasonable. A ±2-eV deviation of the threshold
energy from 282 eV results in changes of only
±0.003 g/cms and +0.13 electrons in the results
for the film density and the oscillator strength re­
distribution, respectively. Thus, although to
evaluate the uncertainty involved in the present
results we have to wait for a precise observation
of the carbon K -edge structure in polystyrene the
present results seen to be sufficiently correct with
uncertainties which are probably less than those
suggested.

POLYSTYRENE
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excitations from the total absorption. The separa­
tion was made simply by extrapolating the slope
in Fig. 1 below the K -shell edge to higher ener­
gies. This seems to be a quite plausible proce­
dure. The results of N~(E) and N~(E), the con­
tributions to N 1 (E) from the valence and core ex­
citations, respectively, are given in Fig. 2. It is
noted that a redistribution of electron numbers
corresponding to 1.51 electrons is found between
the valence and core excitations. N~(E) and N~(E)

should tend to 40 and 16, the numbers of valence
and core electrons, respectively, in the limit E
_00, if there is no oscillator strength coupling be­
tween them. The fact that the oscillator strengths
for inner shells are considerably smaller than
their numbers of electrons has been known since
the early days of x-ray spectroscopyY In addi­
tion the magnitude of the oscillator strength re­
distribution between the outer and inner shells has
been known, in general, to become larger as the
atomic number becomes bigger. It is further to be
noted that the effective numbers of electrons as
plotted in Fig. 2 as functions of photon energy E
do not saturate until a few thousand eV. This is so
even for the valence electrons shOWing that even
at these high energies the contribution of valence
excitations to the oscillator strength is not negli­
gible.

The analyses presented above were performed
on the present results between 0.6 and 60 eV. In
the region from 60 to 282 eV, the extrapolation
of the present results between 20 and 60 eV ex­
pressed by Eq. (2) was used, instead of Lukirskii
etaZ.'s result given by Eq. (5) for the reason men­
tioned earlier. Expression (2) was also used to
represent the absorption by valence electrons
above 282 eV. If we used Lukirskii etaZ,'s ex-

32
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FIG. 2. Effective number of electrons N jlJj:) per mono­
meric unit of polystyrene obtained from the extinction
coefficient k as a function of photon energy E. N flJj:) and
N f 1Jj:) represent the contributions from the valence and
core electron excitations, respectively.
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nV(E)-l and nC(E)_l at high energies relative to
the free-electron expressions n~(E)-l= _(E~)2/

2E2 and n~(E)-l = -(E~)2/2E2, respectively, are
shown in the insets of Figs. 3 and 40

The results of [nV(E)-l]/[n~(E)-l] and [nC(E)
-1] /[n~(E)-l] given here exhibit quite similar
behaviors and show that monotonic convergences
of nV(E)_l and nC(E)_l to the respective free­
electron values start at about 100 and 900 eV,
respectively. It is to be noted, however, that the
deviation of nC (E)_l values from the free-electron
values is considerably larger than that of nV (E)_l
over the entire high energy region. The relatively
close fit of the nV(E)-l values to the free-elec­
tron values above 40 eV in Fig. 3 has to be con­
sidered fortuitous. As is shown in the Appendix
(Fig. 12), this close fit is due to the relatively
small value of Q({3) in Eq. (~O) for (3 = 3023, the ex­
ponent for absorption of the valence electrons.

A simple and interesting sum rule

As we have already seen, this is indeed the case
for the present results. S(E) evaluated from
nV(E)_l and nC(E)_l are given in Fig. 5 as func­
tions of photon energy E up to 104 eV. Both S'(E)
and SC(E) converge slowly to zero at high ener-

FIG. 4. Refractive index for polystyrene due to the
carbon core electron excitations as a function .of photon
energy E. Dashed curve represents the free-electron
values.

S(E)=l
E

[n(E')-l]dE'-O, E-oo (15)
o

has been derived recently by Altarelli etal. 5 for
the refractive index n(E) of isotropic media in­
cluding conductors. This sum rule asserts that
the average value of the refractive index over the
whole spectral range is equal to unity. In the deri­
vation of this sum rule, the only assumption made
was that in the high-energy limit the medium re­
sponds like a free-electron gas, Le.,

(9)
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this low energy region. The singularity appearing
in nC(E)_l at the carbon K edge is due to the pres­
ent approximation of a steplike onset for the K­
shell absorption. At high energies, nV(E)_l and
nC (E)_l tend to zero.

As will be shown later in the Appendix, if the
k(E) values are expressed for E?E 1 by a form

as has indeed been found in the present results for
E 1 "'" 20 eV, n(E)-l for E?10E1 can be written

n(E)-1=-E;/2E2-Q({3)k(E), (10)

with an accuracy much better than 99%, where
E; is·a constant defined by sum rule (7) as

E2 =il~ E'k(E') dE' = 41fnoe
2
fi

2
N (11)

p 1f 0 m l'

FIG. 3. Refractive index for polystyrene due to the
valence electron excitations as a function of photon en­
ergy E. Dashed curve represents the free-electron val­
ues.

and Q({3) is a quantity which depends only on the
exponent (3 in expression (9). The plot of Q({3) vs
{3 given in the Appendix (Fig. 12) shows that for
(3>2 as in the present results, n(E)-l goes as­
ymptotically to

n(E) -1 = _E;/2E2 (12)

at high energieso This form of n(E) -1 is that of
a free-electron gas in the high-energy limit. In
the present case, using the expressions kV(E)
= 7.81 X103E-3•23 and kC(E) = 2.21 x106E-3

0
68 -7.81

X103E-30
23, nV(E)_l and nC(E)_l were obtained

for E? 200 eV and E? 2820 eV, respectively, as

nV(E)_l =- (E~)2/2E2_1. 78 x103/E3
0
23 , (13)

nC(E) -1 =_ (E~)2 /2E2-1.85 X106 /E3
0
68

+ 1. 78 X103 /E3•23 , (14)

where (E~)2 =(41fnoe2fi 2/m) x41.51 and (E~)2

= (41fnoe2fi 2/m) X14.49. The detailed behavior of
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FIG. 5. Sum rule S (Ji:) for the refractive index n of
polystyrene as a function of photon energy E. SV(Ji:) and
SC (Ji:)represent the contributions from the valence and
core electron excitations, respectively. S'j,(Ji:) and S},-(Ji:)
represent the corresponding free-electron values.

FIG. 6. Refractive index n for polystyrene in the re­
gion where n -1 is negative as a function of photon en­
ergy E. nV and nC represent the contributions from the
valence and core electron excitations, respectively. nF ,

n'j" and n},- represent the corresponding free-electron
values.

100001000

./ ,
./ /

/ /

/)/
\#~~/'
y'/
//,"

/ /

/ /

/ / - I-n ·1I-nvl.lI-nc)

---- I-nv
_.- I-nc

- l-nF'II-n~I+II-n~)

---- I-n~

-,- I~n~

10-·

POLYSTYRENE
10-5

10-'

l-n 10-'

10-2

10-'

/
/

/

10 0
1

/

10 100
EleV)

.'\

)\:=~~
I \\

i/\.\
i -·-s"{E) \
. . ~E).(E~l'i'2E ,

.,.,.....

6

8

7

3

2

5
SlE)

4

(17)

gies. The analytical expressions (13) and (14) al­
low us to extend the integrations S V(E) and SC(E)
up to infinity. It was found that both SV(E) and
SC(E) converge exactly to zero in the limit of E
.... 00

0

For a high energy E, above which the behavior
of n(E)-l can be represented by the free-electron
expression (12), S(E) may be approximated by

SF(E)=:-lro[n(E')-l]dE''''':~'
E

This form describes the asymptotic behavior of
S(E) in the high-energy limit. S F(E) from the
valence and core contributions are presented in
Fig. 5 and compared with the results for S(E).
S(E) is described well by SF(E) over a wide range
in the high-energy region. Relative deviations
between S(E) and SF(E) are, however, about the
same as those found in the results for [n(E)-l]/
[nF(E)-l] at corresponding energies as shown in
the inserts of Figs. 3 and 4.

Before closing this sUbsection, we present in
Fig. 6 the results of n(E) - 1, in the region where
n(E) - 1 is negattve, on logarithmic plots, together
with the free-electron values. These plots are of
help in evaluating the complex dielectric function
and the energy loss function, which will be pre­
sented in Sec. III C.

values of 2k. Among these three spectra, substan­
tial differences are found only in the low-energy
region. Deviations of the Im(-1/E) spectrum from
E2 , found in the low energy region, describe the
so-called collective effect,15 Le., charged par­
ticle density fluctuations brought about by fast
charged particles incident on condensed matter.
In Fig. 7, regularities in the displacement of the
low -energy structures should be noted. All three
peaks found in the low-energy regidn shift to
higher energies in order of E2 , 2k, and Im(-l/E),
and their peak heights decrease also in this order.

For E2 and Im(-l/E), there exist the well-known
f sum rules4

2 m jE
N 2(E)=:- 4 21i2 E'E2(E')dE'~N, E-oo,

7T 7Tnoe 0
(18)

POLYSTYRENE

- 2k
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-'- 1m (-I/E)

N
W

C. Complex dielectric function €and the energy-loss function
Im(-l/€)

The imaginary part of the complex dielectric
function E(=: E1+ iE2 ) and the energy -loss function
Im(-1/E) for fast charged particles were calcu­
lated from the values of nand k, and are presented
in Fig. 7 on logarithmic plots, together with the

IO-SI!--'-...L.L.LLL~IO:---'--L..L.L.Ll.';I;lo!;;o....--'~--'--I..J.J+,lo~odOL..1..--'-.L.LJ+'IO~OOO

EleV)

FIG. 7. Twice the extinction coefficient k, the imag­
inary part of the complex dielectric function E (=E ,+iE 2)

and the energy-loss function Im(-l/E) for polystyrene
as functions of photon energy E.
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FIG. 10. Real and imaginary parts of the complex di­
electric function € (=€ j+i€ 2) and the energy-loss function
Im(-l/d for polysytrene as functions of photon energy
E.
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FIG. 8. Effective number of electrons Nj(E), N 2(E),

andN 3(E) per monomeric unit of polysytrene obtained
from the extinction coefficient k, the imaginary part of
the complex dielectric function € (= € j+ i€ 2) and the energy­
loss function Im(-l/€), respectively, as functions of
photon energy E. N V (E) andNc (E) represent the contri­
butions from the valence and core electron excitations,
respectively.

however, it can be shown that E2 and Im(-1/E) are
separable. This can be seen from the results
shown in Fig. 7, where E2 and Im(-l/E) are in
agreement with 2k in the high-energy region; thus
they can be separated into the valence and core
contributions in the same manner as the k spec­
trum. N1(E), N 2(E), and N 3(E) for the valence and
core contributions are plotted in Fig. 8. Because
of the close agreement among 2k, E2, and
Im( -1/E), no substantial differences were found
in the N(E) values in the high-energy region.

Detailed spectra for El' E2, and Im(-1/E) in the
low -energy region are presented in Figso 9 and 10
on linear plots. The general spectral features
given here agree well with results from earlier
studies9ol6-2o obtained below 20 eV. Considerable
numerical disagreements are, however, found be­
tween the present results and some of the earlier
ones. Apparently, the discrepancies can be at­
tributed to poor experimental accuracy and large
uncertainties in data analysis in the earlier stud­
ies. Four absorption bands can be distinguished
below 11 eV in the E2 spectrum shown in Fig. 9;
at around 4.8, 508, 6.3, and 9.5 eV. The inter­
pretation of these structures and the correspond­
ing structures in Im(-l/E) have already been de­
scribed by many authors.9,16-2o The spectral fea­
tures in the extreme ultraviolet above 10 eV given
in Fig. 10 are quite simple and are marked only
by the broad peaks at 12.5 eV in E2 and at 21. 7 eV
in Im(-l/E}. These features are typical of many
organic solids.6,7,21,22 The spectrum for Im(-l/E)
shown here agrees well with that from character­
istic electron energy -loss measurements16,23 on
thin polystyrene films.
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_ 2 m jE, (-1) ,
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The 'results of N 2 (E) and N3 (E) are shown in Fig.
8 as functions of photon energy E, together with
that of N 1 (E) which has already been presented in
Fig. 2. It was found that all these numbers of ef­
fective electrons converge to the same value in the
high-energy limit. As has been seen, k and n-1
are separable into the valence and core contribu­
tions. Generally, E2 and Im(-l/E) are not separa­
ble, as by definition they include the cross terms
between the valence and core contributions. In the
case of InV

- 11 and Inc -11 «1, and kV and kC « 1,

FIG. 9. Real and imaginary parts of the complex di­
electric function €(=€j+i€2) and the energy-loss function
Im(-l/d for polysytrene as functions of photon energy
E.

E,8 E.
5~----r----.---.----c----.---,-------,---'----.--,--.-----,
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D. Average photoexcitation energy and the average energy loss

do not excite collective oscillations in experimen­
tal systems designed for the measuJ;'17).1lenf on~,.w.·'

From the definition of the energy -loss function, 15
the average energy loss E3 (Eo) obtained here should
be considered to be that due to a single energy­
loss event associated with zero transverse mo­
mentum transfer from the fast charged particle to
the medium. Therefore, it cannot be compared
directly with similar quantities such as the mean
excitation potential I appearing in the well-known
Bethe-Bloch formula24,25 for the stopping power or
the so-called W value, the average energy for an
ion-pair creation. It may be worthwhile, however,
to note that 1= 63.5 eV was obtained by Stern­
heimer26 for polystyrene, and W= 37 eV was re­
ported by Mathieu etal. 27 for liquid cyclohexane,
which may be considered to be a model system for
solid polystyrene.

The variations of E2 (Eo) and E3 (Eo) shown in Fig.
11 as functions of Eo are no more than a few eV
for Eo~ 10 eV, showing that the contributions of
such low -energy excitations to the average excita­
tion energy and energy loss are relatively small.
This result will apply to other condensed hydro­
carbons, as substantial differences of the oscil­
lator strength distribution for these materials have
been found21 only in the region below about 10 eV.
Also shown in Fig. 11 is E1 (Eo) defined by

As is well known, Ek(E) for condensed media can­
not be considered to give the oscillator strength
distribution in a strict sense. It has been found
for many hydrocarbons,9,2B,29 however, that, ex­
cept for molecular Rydberg fine structure, the k
spectrum in the gas phase agrees well with that
in the condensed phase apart from a constant
factor corresponding to the ratio of molecular
densities between these two phases. This is par­
ticularly so in the region above 10 eV, where
most of the excitation energy and energy loss oc­
curs. E1 (Eo) shown here, therefore, can be re­
garded as representing approximate values of
E2 (Eo) and E3 (Eo) in the low-density limit, i.e.,
for gas-phase hydrocarbons, since E2 and Im(-l/E)
in the low -density limit agree with 2k over the
whole spectral range. E~(Eo), E~(Eo), and E~(Eo)

presented in Fig. 11 are the respective aver­
ages derived from the valence excitation only.
Here, one may see how much the core excitations
contribute to the average excitation energy and
energy loss.

Finally the values of the extinction coefficient k
obtained and used in this study are tabulated in
Table I for further use.

20181610 12 14

Eo(eVI

86

The present results, extending substantially over
the region from zero to infinite photon energy, al­
low us to evaluate the average photoexcitation en­
ergy and the average energy loss suffered by fast
charged particles. These quantities are of key
importance in radiation physics which deals with
the interaction of high-energy ionizing radiations
with matter.

Shown in Fig. 11 are the results of the photo­
excitation energy E2 (Eo) and the energy loss E3 (Eo)

averaged over the spectral region from Eo to in­
finity, i.e.,

FIG. 11. Average photoexcitation energy E 2 and the
average energy loss E3 for polystyrene over the spectral
range from Eo to infinity as functions of Eo. E 1 may
represent E 2 and E 3 in the low-density limit. Er,E~,

and E~ represent the corresponding values due to the
valence electron excitations only.

E3(Eo)~1~ Elm(E(~))dEA:lm(E(~))dE.
(21)

Such plots of E 2 (Eo) and E3(Eo) as functions of Eo
. are of help in evaluating the contribution of exci­

tations in a particular energy range to the average
excitation energy and energy loss. Since, in the
present results, the onset of valence absorption
was found at 4.5 eV, the values of E2 (Eo) and E3 (Eo)

at Eo =4. 5 eV give the average excitation energy
and energy loss, respectively, over the entire
oscillator strength distribution. E2 and E3 at Eo
=4.5 eV were found to be 25.1 and 36.8 eV, re­
spectively. This difference can be attributed to
an energy loss associated with the creation of col­
lective oscillations due to the interaction of fast
charged particles with matter. Photons generally
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TABLE 1. Extinction coefficient k for polystyrene as
a function of photon energy E.

E (eV) k E (eV) k

0.6 11.0 0.586

0.00000 11.5 0.636

4.4 12.0 0.681
4.5 0.0011 12.5 0.713
4.6 0.0089 13.0 0.730
4.7 0.0103 13.5 0.743
4.8 0.0103 14.0 0.748
4.9 0.0092 14.5 0.747
5.0 0.0072 15.0 0.741
5.1 0.0054 16.0 0.702
5.2 0.0041 17.0 0.646
5.3 0.0043 18.0 0.590
5.4 0.0292 19.0 0.531
5.6 0.183 20.0 0.473
5.8 0.330 22.0 0.361
6.0 0.431 24.0 0.276
6.2 0.825 26.0 0.211
6.4 1.023 28.0 0.164
6.6 0.884 30.0 0.129
6.8 0.694 35.0 0.0806
7.0 0.524 40.0 0.0542
7.3 0.354 45.0 0.0375
7.6 0.239 50.0 0.0247
7.9 0.206 55.0 0.0192
8.2 0.220 60.0 0.0136
8.6 0.264

a

9.0 0.344 282
9.5 0.425

b

10.0 0.474 8050
10.5 0.523

ak = 7.81 X 103E-3• 23 (extrapolation of k between 20 and
60 eV).

bk = 2.21 x 10BE-3• BB (Refs. 2 and 3).

constants. It has been shown, however, that the
f sum rules are applicable only when the experi­
mental data cover all electronic excitations includ­
ing the innermost core excitations. In applying
the f sum rules for a particular shell, difficulties
arise from, in addition to the slow convergences,
the fact that a non-negligible amount of oscillator
strength coupling always occurs between the in­
ner- and outer-shell electrons. If experimental
data cover only a part of the total oscillator
strength distribution as is so in most cases, the
oscillator strength for a particular shell, to which
the f sum rules should converge, cannot be known
a priori without knOWing those for the remaining
shells. It has been proposed recently by Altarelli
etal. 5 that the S(E) sum rule for the refractive
index given by Eq. (15) may be used as a satura­
tion criterion and/or as a consistency check for the
optical constants obtained experimentally. The
present results for S(E) shown in Fig. 5, indeed,
converge to the free-electron values SF(E) given
by Eq. (17) much faster than the f sum rules con­
verge. Differences between S(E) and SF(E), how­
ever, are not negligibly small up to quite high en­
ergies. Further, E; for a particular shell in the
expression for SF(E), which is proportional to the
oscillator strength, cannot be known until the con­
vergence of the f sum rule is attained. Practical­
ly, the new sum rule for S(E), if applied to a par­
ticular shell, is subject to the same uncertainty
as the f sum rules.

APPENDIX

Let us assume that the extinction coefficient k(E)
at photon energy E is expressed by

(A1)

E. Concluding remarks

It was found in the present study that the conver­
gence of all sum rules associated with the optical
constants of polystyrene are quite slow, and the
almost perfect saturations do not occur until the
keY region. This is for a material having one of
the simplest of all electronic configurations. Ex­
perimentally, the f sum rules have provided use­
ful criteria for consistency checks of the optical

for E?c E 1 as is generally found for high photon
energies, where a and f3 are positive constants.
According to a Kramers-Kronig relation, the re­
fractive index n(E) at photon energy E is given by

n(E)-1=~1·roE'k(E') dE' (A2)
1T 0 E'2_E2 .

Dividing the integration into three regions, and,
then, allowing less than 1% error to the first and
third regions, n(E) -1 can be written

(E)_1=~([O.lEE'k(E')dE' [lOEE'k(E') dE' fro E'k(E') dE')
n 1T E'2_E2 + E,2 E2 + E'2_E2o O.lE - lOE

=~ (_~fO'lE E'k(E') dE' +flOE E::(E')2 dE' +Jro k(~') dE'\.
7T E 0 OdE E - E lOE E )

(A3)



3252 INAGAKI, ARAKAWA, HAMM, AND WILLIAMS 15

FIG. 12. Dependence of Q ({3) on the exponent {3 •

,8

-2

(A9)
2(1 )-fl flOE2 E' k(E') ,

- -. ,2 2 dE
7T E2 O.IE2 E -E2

should be a constant. Thus, the second integral
in Eq. (A3) can be written

Finally, the second integral in Eq. (A3) is .also
calculable as the expression (A1) holds for this'
region. However, the functional dependence of
this integral on E can be obtained easily without
carrying out the integration. Using the similarity
of the expression (A1) in logarithmic scale, the
integral region from O.lE to 10E Can be shifted
to an arbitrary region, for example, from 0.lE2
to 10E2o This shift introduces a factor (E/E2)"s,
Le.,

2 flOE E'k(E') ,
1i E,2 _E2dE

O.IE

. _2 (_E )-s JIOE2 E'k(E')
= ,2 2 dE' . (A8)

7T E2 O.IE 2 E -E2

Since this shift of integral region is valid for any
E 2 (~E), the integral

543
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Now, if we confine ourselves to the case of E
~ 10EI. The first integral can be written

~ ~(-[ E'k(E') dE' + j'" E'k(E') dE') .
7T E 0 OdE

(M)
The first integral in (A4) should be a constant
from the sum rule, and the second one is cal­
culable analytically, as the expression (A1) holds
for this region. Thus, the integrals in (A4) be­
come

(A10)

(All)
_( 1 )-fl flOE2 E,-fl+l ,

P({3) - If: E,2 _ E2 dE
2 O.IE2 2

is a quantity depending only on {3. Summing up
(A5), (A7), and (A10), we have for E ~ 10ED

(2/7T)P({3)k(E) ,

where P({3) defined by

E 2 2( 1Qil-2 10-fl )
n(E) - 1 =- 212 + 1i\{3 _ 2 + P({3) + -(3- k(E)

E2

= -_P -Q([3}k(E). (A12)
2E2

Values of Q({3) obtained from a numerical calcula­
tion of P({3) are plotted in Fig. 12 as a function of
{3. Q ({3) becomes zero at {3 =3006 and goes to nega­
tive infinity in the limit of (3 - 2. Such an an­
alytical expression for n(E) -1 for the high-energy
region is quite useful in analyses of optical data
as has been shown in this study, and can be ap­
plicable for any kind of material, as the expres­
sion (A1) involves a general behavior of k due to
high-energy absorptions.

(A5)

(A7)(2!7T)(10-fl / (3)k(E).

_E2 2 l()1l-2
W+1i (3 _ 2 k(E) ,

where E~ is defined by

4 '"
E;=-l E'k(E') dE'. (A6)

7T 0

The third integral in Eq. (A3) is also calculable
analytically and is given by

*Part of this work performed while on a Postdoctoral
appointment in the Dept. of Physics, The University
of Tennessee, Knoxville, Tenn.
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