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Optical Properties of Energetic Materials
from Infrared Spectroscopy

R. A. Isbell* and M. Q. Brewster†
University of Illinois at Urbana– Champaign, Urbana, Illinois 61801

A method of determining infrared (2.5– 18 m) optical properties of dielectric, crystalline, particulate
solids such as energetic materials was developed based on KBr– FTIR (infrared) spectroscopy. Two tech-
niques (spectral subtraction and baseline shifting) were used to account for light scattering by the KBr
matrix. An independent CO2 laser– spatial � ltering measurement was also developed to check the spectral
subtraction approach. The method is demonstrated here for the oxidizer ammonium perchlorate (AP).
The Rayleigh– Gans limit of light scattering theory was exploited to establish a relationship between the
apparent KBr-pellet absorption coef� cient and the intrinsic AP absorption coef� cient. Dispersion theory
was used to determine refractive index from the absorption index for AP. Conventional (nonscattering)
FTIR spectroscopy was also used to determine the absorption coef� cient for the common solid propellant
binder hydroxyl-terminated polybutadiene.

Nomenclature
A = absorbance
d = particle diameter
fv = particle volume fraction
It,0 = intensity, transmitted and incident,

respectively
n = real part of complex refractive index
Ka = absorption coef� cient
k = imaginary part of complex refractive

index or absorption index
L = pellet thickness
Leff = effective pellet thickness, corrected to

account for voids
Rn = normal interface (Fresnel) re� ectance
T = sample transmittance
x = particle size parameter

= oscillator linewidth
0 = wavelength in vacuum

= optical thickness
p = oscillator plasma frequency
0 = oscillator resonant frequency

Introduction

O PTICAL properties of solids are determined by a variety
of methods, depending on the properties of the material.

For weak to moderately absorbing materials that can be
formed into suf� ciently thin layers, the absorption coef� cient
can be determined from transmissivity measurements and ap-
plication of Beer’s law.1– 3 For strongly absorbing materials
that can be polished into or deposited onto optically smooth
surfaces, re� ectance measurements can be analyzed in a va-
riety of ways to yield the optical constants (n and k).4– 8 Many
nonmetallic, crystalline materials, however, are not amenable
to either of these approaches. Hard, crystalline materials,
such as energetic materials (materials used in propellants, ex-
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plosives, and gas generators capable of isolated, independent
combustion), generally have complex infrared spectra with
both weakly and strongly absorbing regions; but they are dif-
� cult to process into suitably homogeneous and optically
smooth samples for either transmission or re� ection mea-
surements. In this article a method is discussed for extracting
quantitative optical property information for such materials
from a well-known technique that has been primarily used
for qualitative spectroscopic measurements: KBr– FTIR (in-
frared) pellet spectroscopy.

In KBr– FTIR pellet spectroscopy, an absorbing powder is
uniformly dispersed in infrared transmissive KBr and pressed
into pellets for FTIR transmission measurements. This gives
data that are quantitative spectrally, but generally only qual-
itative in terms of the magnitude of the optical properties of
the absorbing powder. One factor that makes accurate quan-
titative measurements of optical properties dif� cult is that
appreciable scattering of radiation occurs at microscopic
pores and interfaces in the KBr pellet. This introduces an
uncertain contribution into the measured transmissivity and
absorbance. Assuming this scattering contribution can be re-
moved, another problem is that the relationship between the
apparent absorption coef� cient of the pellet and the intrinsic
absorption coef� cient of the dispersed powder is, in general,
unknown.

In this work, a method has been developed that appears
promising for solving these problems, making possible the
extraction of optical properties from standard, KBr– FTIR
transmission measurements. The Rayleigh– Gans limit of
scattering by small particles is exploited to establish a con-
nection between the apparent pellet and intrinsic powder ab-
sorption properties. Two techniques, called spectral subtrac-
tion and baseline shifting, were used to remove the KBr
scattering contribution from the measured absorbance. As a
check on these scattering correction approaches, a laser (10.6

m) and spatial � ltering technique was developed for making
independent absorption measurements. The scattering-cor-
rected, KBr– FTIR data were then used in conjunction with
dispersion theory to determine the optical properties of am-
monium perchlorate (AP), an important energetic oxidizer
used in solid rocket propellants, from 2.5 to 18 m. Also,
conventional FTIR spectroscopy was used to measure the ab-
sorption coef� cient of hydroxyl-terminated polybutadiene
(HTPB) cured with isophorone diisocyanate (IPDI), which is
an important binder in AP-composite propellants.
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Theoretical Considerations
The transmissivity of a homogeneous (nonscattering) plane

layer in air subject to normal incident monochromatic radiation
is given by9

2I (1 R ) et n
T = = (1)2 2I 1 R e0 n

where = KaL is the optical thickness. This accounts for mul-
tiple re� ection of radiation between the two interface bound-
aries, where Rn, the normal Fresnel interface re� ectance, is
given by

2 2(n 1) k
R = (2)n 2 2(n 1) k

The absorption coef� cient and absorption index k of a homo-
geneous material are related by

K = 4 k/ (3)a 0

where 0 is the vacuum ( air) wavelength of the incident in-
tensity. If the layer consists of a nonabsorbing, nonscattering
matrix (say, KBr without voids) and an absorbing sample ma-
terial of the same refractive index, extinction of incident
radiation by scattering will be negligible. Furthermore, if
the particle size d of the absorbing component is small such
that Kad << 1, then the effective absorption coef� cient of the
layer is the intrinsic absorption coef� cient of the absorbing
constituent weighted by its volume fraction Ka fv. In parti-
cle light scattering theory this approximation is known as Ray-
leigh– Gans scattering, 9 and carries with it the formal restric-
tions 2x 1 << 1 and 1 << 1, where x = d/ ,˜ ˜n n

= 0/n, and = n ik. If the condition Kad << 1 is notñ
satis� ed, a more complicated particle light scattering theory
might be used to relate the pellet volumetric optical properties
to those of the absorbing constituent particles; however, par-
ticle geometry (shape and size) would become important and
the technique would lose its advantage of accuracy. If the con-
dition Kad << 1 is not satis� ed, but the data are analyzed
assuming that the pellet absorption coef� cient is Ka fv anyway,
Ka will be underpredicted.

In KBr pressed pellets there are discontinuities in refractive
index at the boundaries between KBr particles and between
KBr and sample particles (the latter contribution, scattering by
sample particles, is usually negligible because their concentra-
tion is so low, fv << 1), which cause scattering of radiation.
Scattering can be accounted for by including a scattering co-
ef� cient Ks, which is additive with the absorption coef� cient.
Thus, the optical thickness of the layer is based on the extinc-
tion coef� cient that is the sum of the scattering and absorption
coef� cients:

= K L, K = K f K (4)e e a v s

To account for the (typically very small) volume fraction in
the pellets occupied by voids caused by imperfect packing, the
actual sample thickness L was reduced slightly, Leff = L( act /

theo), where act is actual pellet density, and theo is theoretical
pellet density (no voids). The sample fv now becomes the
(more easily measured) value based on the assumption of no
voids (i.e., volume fraction of sample particles relative to KBr
and sample only). Equation (4) thus becomes

= K L , K = K f K (5)e eff e a v s

Substituting Eq. (5) into Eq. (1) and rearranging gives

2A = log(1/T ) = log[(1 R ) ] 0.4343L (K f K )n eff a v s

2 2log(1 R e ) (6)n

Equation (6) is the appropriate relation to apply in the
Rayleigh– Gans limit to uncorrected (for scattering and re� ec-
tion) KBr pellet transmission data if quantitative absorption
information is desired. One dif� culty in doing so, particularly
in the near infrared and shorter wavelength regions, is the fact
that the scattering coef� cient can be of nonnegligible magni-
tude compared with the volume fraction weighted absorption
coef� cient, making an independent measurement of the scat-
tering coef� cient or an equivalent scattering correction nec-
essary. In the KBr– FTIR pellet technique the scattering con-
tribution was removed from the transmission measurement
data by two techniques: 1) spectral subtraction and 2) baseline
shifting. The spectral subtraction correction is discussed in the
next paragraph. In baseline shifting, the background or base-
line of the FTIR transmission spectrum (which is a result of
scattering and re� ection losses) is curve-� t and subtracted from
the spectrum. This effectively removes the scattering and re-
� ection contributions. To account for this in the absorbance
data reduction equation [Eq. (6)], the values of Ks and Rn

should be set to zero, giving

A = log(1/T ) = 0.4343K f L (7)a v eff

This is the form of Beer’s law appropriate for analyzing KBr–

FTIR transmission data when scattering and re� ection losses
have been accounted for, such as with baseline shifting (and
as discussed later with spectral subtraction). Equation (7) in-
dicates a linear relationship between absorbance and the prod-
uct fvLeff with the slope of A vs fvLeff, giving the absorption
coef� cient. Both fv and Leff were varied independently in this
investigation. Linear regression was applied to absorbance data
on a spectral basis and absorption coef� cients were extracted
from the slopes.

To check the baseline shifting correction, another scattering
correction approach was used, called spectral subtraction. In
spectral subtraction, pure KBr pellets were prepared that had
as nearly as possible the same scattering coef� cient as similar
KBr/AP pellets, but without AP (see the Sample Preparation
section and Ref. 10). The pure KBr pellets were used for ref-
erence measurements to quantify and compensate for the KBr
scattering contribution. Transmissivity was measured on both
absorbing (KBr/AP) and nonabsorbing (KBr) pellets for vari-
ous optical thicknesses (varying thickness and AP volume frac-
tion). The ratio of the transmitted signal for KBr/AP (scatter-
ing/re� ection plus absorption losses) to that for pure KBr
(scattering/re� ection losses only) can be taken as the scatter-
ing-corrected (and to at least a partial degree re� ection-cor-
rected) transmissivity T for the absorbing pellet. The resulting
transmissivity and absorbance are

2A = log(1/T ) = 0.4343K f L log[1 R exp( 2K L )]a v eff n s eff

2log[1 R exp[ 2(K f K )L ]] (8)n a v s eff

Equation (8) comes from applying Eq. (6) twice, once with
and once without absorbing AP present, and taking the ratio
of the transmissivities or the difference of the absorbances. To
a good approximation the last two terms in Eq. (8) were neg-
ligible for all of the pellet thicknesses used in this study, giving
again Eq. (7). Equation (7) is therefore appropriate for data
obtained using spectral subtraction as well as baseline shifting.

The use of spectral subtraction with the KBr– FTIR method
is based on the assumption of negligible forward scattering
contribution being measured in the transmitted signal. To
check this assumption another independent measurement using
spectral subtraction was developed called laser and spatial � l-
tering. In the laser and spatial � ltering technique, a CO2 laser
beam (10.6 m) was passed through a KBr pellet and focused
on a pinhole aperture. Radiation scattered by the pellet was
defocused in an annulus about the beam axis and blocked by
the pinhole while unscattered, transmitted energy was passed
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to a detector. Transmissivity was measured on both pure KBr
and KBr/AP pellets of varying optical thickness as described
previously for spectral subtraction. Equations (6) and (7) were
used to analyze the data. These measurements served as a
check on the FTIR measurements (both baseline shifting and
spectral subtraction) at 10.6 m.

The measured spectra for absorption index k, as determined
by the FTIR– spectrometry technique, were curve-� tted using
an optimization routine and dispersion theory relations9:

2 2 2( )p, j 0,j2 2 2n k = n (9)e 2 2 2 2 2( )0, j jj

2
p, j j

2nk = (10)2 2 2 2 2( )0, j jj

The residual value of refractive index ne occurs at the short
wavelength end of the spectral interval of interest, which is
the visible/near infrared region in this case. Its value results
from electronic transitions in the ultraviolet region. This pro-
cedure resulted in values for the oscillator parameters ( p, 0,
and ) and n.

The analysis through Eq. (10) is based on the assumption
of theoretically perfect spectral resolution or spectral purity,
which is a reasonable representation for most of the FTIR mea-
surements reported here. In practice, however, CO2 lasers can
emit radiation at multiple spectral lines simultaneously. Thus,
the measured CO2 laser transmissivity can be affected by ra-
diation at various wavelengths and polychromatic irradiation
effects need to be considered for the laser– spatial � ltering
technique. This can be done by applying Eq. (7) on a spectral
basis, integrating over the wavelength range of the incident
radiation, and de� ning an effective total absorption coef� cient
to give the following equations:

It,tot
T = = exp( K f L ) (11)tot a,tot v eff

I0,tot

2

I exp( K f L ) d0, a, v eff

1 1

K = n (12)a,tot 2f Lv eff
I d0,

1

According to Eq. (12), for the same spectral incident intensity,
wavelengths of weaker absorption will be weighted more
heavily in determining the total, effective absorption coef� -
cient using total transmissivity measurements. Thus, a knowl-
edge of the spectral content of the incident radiation is impor-
tant in interpreting total transmissivity data.

Experimental Methods
KBr– FTIR Technique

The spectrometer used in these measurements was a Nicolet
Magna-IR 750 with an infrared source, KBr beamsplitter, and
a deuterated triglycine sulfate (DTGS) detector. Mirror dis-
placement alignment was veri� ed by matching the peaks of a
sample polystyrene spectrum with those of a known reference
spectrum. Spectra were averaged over 64 scans with a mirror
velocity of 0.6329 mm/s, sampled at 2 cm 1 resolution, and
processed with Happ– Genzel apodization with no zero � lling.
Beamsplitter ef� ciency and detector response established a
practical spectral range of 4000– 400 cm 1 (2.5– 25 m). The
interferograms were digitized with 16,672 scan points and fast
Fourier transformed over 16,384 points centered at the peak
interferogram position, leading to 3736 spectral points at
0.9643 cm 1 intervals over 4000.8486– 399.2170 cm 1. The
sample compartment was purged with nitrogen gas to reduce

the effects of CO2 and water vapor absorption lines. A small
source drift of 0.03% was typically present in transmittance
spectra with noise levels up to 0.20% in the participating spec-
tral regions of water vapor. Noise levels peaked at 1% in the
low wave number end of the spectrum because of beamsplitter
ef� ciency and detector response.

Laser– Spatial Filtering Technique

In the laser and spatial � ltering transmissivity measure-
ments, a 50-W CO2 laser was detuned to a power of 4 W and
the 6.3-mm-diam (1/e2 power point) beam was passed through
a sample compartment and focused by a 100-mm focal length
lens to a 200 m high-power pinhole aperture. The pinhole
blocked the scattering annulus and passed a diverging conic
wave front to a photoelectromagnetic (PEM) detector. The rms
signal was monitored by a digital multimeter. Fine positioning
of the sample, lens, and pinhole aperture was accomplished by
a variety of tilt and translation stages. The detector was posi-
tioned along the wave front axis so that a maximum signal
was obtained. Sample transmission was measured by taking
the ratio of the signals with and without a sample in place.

Sample Preparation

AP and KBr powder were baked separately overnight in a
vacuum oven at 150 C and 25-mm-Hg vacuum. The powder
was then hand ground with an agate mortar and pestel for 15
min until most of the particles were submicron in size. Small
amounts of each material were weighed to within 0.0001 g
and mixed to obtain the desired concentrations. The powder
was placed in a hardened stainless-steel vial and ball assembly
and mixed for 1 min in an amalgamator. The mixtures were
pressed into pellets at 170 MPa (25 kpsi) for 5 min in an
evacuable 13-mm die. Spectral subtraction samples were
crushed, ground, and pressed again, resulting in a slightly
higher scattering coef� cient (a few percent) compared to non-
reprocessed samples. However, the scattering coef� cient was
more consistent for the reprocessed samples, which is an im-
portant characteristic for doing spectral subtraction.

The binder was a mixture of 84% mass fraction HTPB, 6%
IPDI, and 10% dioctyl acetate (DOA). The liquid constituents
were weighed to within 0.0001 g and stirred in a glass jar with
an electric mixer for 30 min to ensure uniformity. This process
introduced tiny air pockets into the uncured binder that were
removed by subjecting the mixture to a vacuum in an oven at
60 C for 3 h. Various � lm thicknesses were obtained by curing
the mixture between Plexiglas strips at 60 C and atmospheric
pressure for 72 h. The samples were removed from the strips
and placed in sample holders for mounting in the spectrometer
sample compartment. Film thicknesses were measured to
within 0.01 mm and varied over 0.02– 0.15 mm.

Results
FTIR Results

Figure 1 shows typical transmittance and absorbance spectra
for AP/KBr and HTPB/IPDI binder. The absorbance baseline
for AP/KBr shows a gradual decrease with increasing wave-
length. This is because of a reduction in the scattering coef� -
cient of the KBr pellets with increasing wavelength as pre-
dicted by light scattering theory. This effect was stronger in
thicker pellets relative to thinner ones as a result of a larger
value of Ks,KBrLeff at any given wavelength. Absorbance base-
lines for the binder were relatively � at, regardless of sample
thickness, indicating negligible scattering in binder samples.

The variation in measured absorbance with increasing pellet
thickness at 10.60358 m is shown in Fig. 2 (this wavelength
was the closest to 10.600 m that was sampled). Figure 2a
shows absorbance vs Leff for KBr/AP pellets, which were spe-
cially prepared for spectral subtraction, that is, with similar
scattering coef� cients. Three different AP volume fractions are
shown ( fv,AP = 0, 0.00704, and 0.00996). Linear regression was
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Fig. 1 Typical transmittance and absorbance spectra for AP/KBr
and HTPB binder.

Fig. 3 Absorption coef� cient for a) AP and b) HTPB binder near
10.6 m.

Fig. 2 Absorbance for a) spectral subtraction analysis of AP/KBr
samples, b) baseline shifting analysis of AP/KBr samples, and c)
HTPB binder (all at 10.60358 m). Straight lines are curve � ts
for A; R is the correlation coef� cient.

performed for each value of fv,AP. The regression parameters
are shown in Fig. 2a. The parameters for the pure KBr pellets
( fv,AP = 0) were used in Eq. (6) to determine the scattering
coef� cient, Ks,KBr = 1.3 cm 1. Using this scattering coef� cient
and the regression parameters for the other two cases (includ-
ing AP), the absorption coef� cient of AP was obtained using
Eq. (6) as 258 and 238 cm 1 for the fv,AP = 0.00704 and
0.00996 cases, respectively. The absorbance intercepts (Leff =
0 in Fig. 2a) correspond to normal re� ectance values of ap-
proximately 0.02. This is about what would be expected for
KBr, which has a refractive index of n = 1.525 at 10.6 m
(ignoring interference effects the normal re� ectance would be
0.04).

Figure 2b shows the absorbance for KBr/AP pellets as ob-
tained using baseline shifting. Since consistency of scattering
properties is not so important for baseline shifting, additional
samples were prepared and used in addition to the specially
prepared spectral subtraction samples. A linear regression was
performed and the � tting parameters are shown in Fig. 2b. The
correlation was very good (as indicated by the correlation co-
ef� cient R = 0.9927) and the slope gave an AP absorption
coef� cient of 239 cm 1. The intercept was nearly zero as it
should be since account has been made for re� ection.

Figure 2c shows the absorbance for the binder samples. A
Beer’s law analysis of this data neglecting scattering [Eq. (1)]
results in an intercept of 0.383 absorbance units and an ab-
sorption coef� cient of 315 cm 1. This intercept corresponds to
a surface re� ectance of 35%, which seems unrealistically high.
The problem has to do with the assumption of constant ab-
sorption coef� cient in Beer’s law and the effect of polymer
chain alignment on Ka. As the binder layer thickness decreases,
the degree of polymer chain alignment (parallel to the layer)
increases. Therefore, the absorption coef� cient becomes more
anisotropic for thinner samples. For incident radiation propa-
gating perpendicular to the polymer chains, the absorption co-
ef� cient apparently increases with decreasing sample thick-
ness. This results in a lower apparent absorption coef� cient
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Fig. 5 Refractive index and normal re� ectance for AP from dis-
persion theory.

Fig. 4 Absorption coef� cient and index for AP and HTPB binder
over 2.5– 18 m.

and a higher apparent interface re� ectance when the absor-
bance data are analyzed using Beer’s law, assuming constant
absorption coef� cient. In an effort to correct for this systematic
error, near-normal (28 deg) specular re� ectance was measured
on 1-cm-thick binder samples. The resulting re� ectance was
7.2%, which con� rms that the absorbance intercept in Fig. 2c
overpredicts by a factor of 5 the actual interface re� ectance
and that the binder absorption coef� cient so derived is prob-
ably a function of sample thickness. To obtain a better estimate
of the bulk absorption coef� cient of binder with random poly-
mer chain orientation, another linear � t of absorbance data was
done using only the data for the thickest binder samples and
forcing the curve through the absorbance intercept correspond-
ing to the measured re� ectance. The resulting slope gave a
bulk absorption coef� cient of Ka,bin = 361 cm 1. The corre-
sponding absorption index from Eq. (3) is kbin = 0.030 and the
refractive index from Eq. (2) is nbin = 1.73.

Using the methods described earlier for 10.60358- m wave-
length, absorption coef� cients were calculated at each sampled
wavelength. Figure 3a shows the Ka,AP spectra near 10.6 m
determined by each method for the AP/KBr sample groups.
Polynomial � ts were made of the data nearest 10.600 m to
yield Ka,AP values that ranged from 185 to 211 cm 1, depending
on the method. Spectral subtraction and baseline shifting
yielded similar results throughout the measured spectral range.
A composite baseline shifting analysis of all the samples (sim-
ilar to that done in Fig. 2b) gives Ka,AP = 191 cm 1 at 10.600

m. Comparing this value with that at 10.60358 m, 239
cm 1, shows how rapidly Ka,AP varies in this region. This rapid
variation is because of a relatively weak resonance at 10.63

m, which corresponds to the perchlorate ion breathing fre-
quency.11 Figure 3b shows that the absorption coef� cient for
the binder is much more constant near 10.6 m than that for
AP.

Figure 4 shows absorption spectra over the range 2.5– 18
m. Some of the peaks are truncated because of insuf� cient

transmission at these wavelengths. AP has a relatively simple structure with strong ionic bonds as indicated by few, widely
spaced, strong bands. The binder is a polymeric mixture of
materials with a more complex molecular structure character-
ized by prevalent covalent bonding. Detailed discussions of
molecular structure and bond– peak assignments are available
for AP8,11– 14 and HTPB.15– 17

Figure 5 shows the refractive index spectrum for AP as ob-
tained from dispersion theory and curve � tting of the absorp-
tion spectrum. The visible region refractive index was taken
as ne,AP = 1.484. Nine Lorentzian oscillators were assumed9

and the oscillator parameters are given in Table 1. The normal
re� ectance spectrum Rn,AP as determined from Eq. (2) is also
shown in Fig. 5.

Laser and Spatial Filtering Results

With the laser and spatial � ltering method, transmissivity
measurements were made for two groups of samples: group 1
with AP volume fractions of 0.0000, 0.01769, 0.02307, and
0.03585; and group 2 with AP volume fractions of 0.0000,
0.00704, and 0.00996, as shown in Fig. 6. The scattering co-
ef� cient [from Eq. (6) for fv,AP = 0] for group 1 (1.2 cm 1)
appeared to be slightly higher than for group 2 (0.8 cm 1). The
absorbance intercepts for the two groups (0.033 and 0.042)
were reasonably close to the expected value (0.035) corre-
sponding to a normal re� ectance of 0.04. As expected, trans-
missivity decreases as AP volume fraction increases for a given
thickness. Linear regression � ts were made for each absorb-
ance data set, forcing the curve through the pure KBr intercept
for each group, respectively. Absorption coef� cients were ex-
tracted for each data set (after correction for scattering) from
the various slopes using Eq. (6). The resulting values of Ka,AP

ranged from 239 to 276 cm 1, as shown in Fig. 6.
Figure 7 shows the corrected (spectral subtraction) absor-

bance obtained when the results of Fig. 6 are modi� ed by
subtracting the re� ectance and scattering contributions as in-
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Table 1 Oscillator parameters for AP

Oscillator 0, s 1 , s 1
p, s 1

1 5.890(1014) 1.785(1013) 1.634(1014)
2 2.628(1014) 3.569(1012) 5.636(1013)
3 2.213(1014) 1.315(1012) 7.515(1012)
4 2.142(1014) 2.818(1012) 4.415(1013)
5 2.095(1014) 1.691(1012) 2.067(1013)
6 2.036(1014) 2.912(1012) 8.642(1013)
7 1.768(1014) 5.636(1011) 6.200(1012)
8 1.195(1014) 6.387(1011) 1.371(1013)
9 1.177(1014) 9.393(1011) 2.630(1013)

Fig. 6 Transmissivity and absorbance for AP laser and spatial
� ltering samples (10.60 m). Straight lines are curve � ts for A; R
is the correlation coef� cient. Values in cm 1 are Ka (>200) and Ks

(<2).

Fig. 7 Composite absorbance for AP laser and spatial � ltering
samples (10.60 m). Straight lines are curve � ts for A; R is cor-
relation coef� cient.

terpolated from the regression � ts for each respective data set
and combined. A linear � t of the corrected absorbance data of
Fig. 7 gives Ka,AP = 239 cm 1. This value agrees well with the
results obtained from the FTIR measurement (recall that at
10.60358 m the FTIR technique also gave 239 cm 1). This
agreement seems particularly signi� cant considering that in
this wavelength region the absorption coef� cient varies rapidly
because of the perchlorate ion band at 10.63 m. The fact that
the linear � t does not quite pass through the origin as it should
according to Eq. (7) is partly because of the fact that Eq. (7)
is an approximation. For the property values applicable to AP/
KBr pellets (Ka fv 2 cm 1, Ks 1 cm 1, and Rn 0.04) the
more rigorous Eq. (8) exhibits a weak curvature for fvLeff val-
ues less than about 0.02 mm and is very nearly linear for larger
fvLeff values. Linear extrapolation from the linear region of Eq.
(8) (large fvLeff values) to the region of fvLeff approaching zero
results in a zero intercept of A 0.0015, which is not enough
to account for the observed linear � t intercept of A 0.01.
The additional contribution to the zero intercept value of A
could be because of the lack of spectral purity in the laser
beam. Equation (8) is based on the assumption of perfect

monochromaticity of the radiation. The effect of multiple las-
ing lines would be additional deviation from linearity of the
measured corrected absorbance as a function of fvLeff. To il-
lustrate this effect, a second-order polynomial was also � t
through the data of Fig. 7. This resulted in a near-zero intercept
and a curvature typical of that predicted by Eqs. (11) and (12)
when multiple lines are assumed. In the optically thin limit
(Leff fv,AP ® 0), the second-order � t results in Ka,tot = 288 cm 1

and corresponds to an absorption coef� cient-weighted average
of spectral incident intensity. At Leff fv,AP = 25 m, the second-
order � t results in Ka,tot = 203 cm 1. This variation (288– 203
cm 1) probably represents the effect of the variation of Ka with
wavelength for AP near 10.6 m, combined with multiple line
laser output. Because it was not possible to perform an inde-
pendent measurement of the laser spectral purity, it is dif� cult
to draw � rm conclusions from these results. Still, the laser
spatial � ltering results can be usefully viewed two ways. As-
suming the laser output was near 10.60 m, the agreement can
be seen as supporting the assumption that forward scattering
in the KBr– FTIR measurements was indeed negligible and
that spectral subtraction was justi� ed with the FTIR data. Or,
assuming that the FTIR forward scattering was negligible, the
results could be viewed as supporting the conclusion that the
laser had a reasonably spectrally pure output near 10.60 m
with some spectral nonpurity as evidenced by curve � ts of Fig.
7. In either case, the laser spectral � ltering results serve as
useful veri� cation of the KBr– FTIR pellet method in general,
and the baseline shifting scattering correction method in par-
ticular. Table 2 is a summary of optical properties determined
at 10.6 m for AP and HTPB binder.

Discussion
Both the FTIR and laser-spatial � ltering techniques used in

this study are dependent on the assumption of Rayleigh-Gans
scattering to obtain accurate absorption coef� cient data for
crystalline materials. If the conditions for Rayleigh– Gans scat-
tering are not satis� ed, but the data are analyzed under that
assumption, the absorption coef� cient Ka will be underpre-
dicted. The key condition that must be satis� ed is that the
particles be optically thin Kad << 1. In this study, particles
were ground to the submicron size range, as veri� ed by optical
microscopy, but no attempt at a more accurate size determi-
nation was made. Assuming an effective average absorbing
particle size of 0.5 m and using 0.3 as the maximum limit
of Kad gives a maximum absorption coef� cient of 6000 cm 1.
Thus, there is high con� dence in the accuracy of the indicated
absorption coef� cients below this value and an increasing (al-
though as yet unquanti� ed) tendency for underestimation in
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Table 2 Optical properties for AP and HTPB binder
at 10.600 m

Material Ka, cm 1 k n Rn, %

AP 191 15 (239)a 0.016 (0.020)a 1.75 7.46
Binderb 361 15 0.030 1.73 7.18
a
At 10.60358 m.

bBased on re� ectance measurements and corrected for polymer chain alignment.

the values reported above 6000 cm 1. For AP, the indicated
absorption coef� cient exceeded 6000 cm 1 in the strongest ab-
sorption bands, and therefore, further measurements should be
conducted to better quantify the potential error in the AP mea-
surements in the band regions. Near 10.6 m, however, where
the laser– spatial � ltering technique was used with AP to con-
� rm the FTIR measurements, the absorption coef� cient of AP
(near 200 cm 1) was well below the 6000 cm 1 threshold
value. Even at 10.6- m, error estimation with either technique
is dif� cult (as discussed in the Laser and Spatial Filtering Re-
sults section), with the FTIR technique because of unknown
uncertainty associated with background subtraction, and with
the laser-spatial � ltering technique because of unknown un-
certainty associated with the laser spectral purity. The negli-
gible difference obtained between the Ka values by the two
independent techniques at 10.60358 m (both 239 cm 1)
would suggest an accuracy of 1 cm 1, but this result was ob-
tained after averaging over many samples. Sample-to-sample
variations (see Fig. 6) indicate a larger uncertainty interval of

15 cm 1 for 20:1 con� dence.

Summary
Quantitative determination of the infrared optical constants

of AP and HTPB binder (2.5– 18 m) was performed using
FTIR spectroscopic transmission measurements. Spectral sub-
traction and baseline shifting methods were applied to the
FTIR AP/KBr pellet data to account for KBr matrix scattering.
An independent spectral subtraction technique was developed
based on laser spatial � ltering to verify the FTIR results. In
both KBr pellet techniques (FTIR and laser) the Rayleigh–

Gans limit of scattering was exploited to establish a relation-
ship between the apparent pellet absorption properties and the
intrinsic AP absorption coef� cient. Dispersion theory was used
to determine refractive index from absorption index for AP.
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