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Quantitative Raman spectroscopy in turbid matter:
reflection or transmission mode?
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Abstract Raman intensities from reflection (XR) and trans-
mission (XT) setups are compared by calculations based on
random walk and analytical approaches with respect to
sample thickness, absorption, and scattering. Experiments
incorporating strongly scattering organic polymer layers and
powder tablets of pharmaceutical ingredients validate the
theoretical findings. For nonabsorbing layers, the Raman
reflection and transmission intensities rise steadily with the
layer thickness, starting for very thin layers with the ratio
XT/XR=1 and approaching for thick layers, a lower limit of
XT/XR=0.5. This result is completely different from the
primary irradiation where the ratio of transmittance/reflec-
tance decays hyperbolically with the layer thickness to zero.
In absorbing materials, XR saturates at levels that depend
strongly on the absorption and scattering coefficients. XT

passes through a maximum and decreases then exponential-
ly with increasing layer thickness to zero. From the calcu-
lated radial intensity spreads, it follows that quantitative
transmission Raman spectroscopy requires diameters of the
detected sample areas be about six times larger than the
sample thickness. In stratified systems, Raman transmission
allows deep probing even of small quantities in buried
layers. In double layers, the information is independent from
the side of the measurements. In triple layers simulating
coated tablets, the information of XT originates mainly from
the center of the bulk material whereas XR highlights the

irradiated boundary region. However, if the stratified sample
is measured in a Raman reflection setup in front of a white
diffusely reflecting surface, it is possible to monitor the
whole depth of a multiple scattering sample with equal
statistical weight. This may be a favorable approach for
inline Raman spectroscopy in process analytical technology.
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Introduction

There is an increasing demand for analytical techniques
based on Raman radiation generated in the volume of a
multiple scattering sample [1, 2]. Areas of application are
inline process monitoring [3] with fast-quality control in
pharmaceutical manufacturing [4–6], in situ characterization
of surface reactions on supported catalysts [7], counterfeit
detection of pharmaceutical products through the packaging
[8], noninvasive characterization of tissues [9], or bone
diseases [10] in medicine and security screenings through
bottles, e.g., for the detection of solid and liquid explosives
and illicit drugs [11]. Several approaches to quantify active
pharmaceutical ingredients in pharmaceutical mixtures by
transmission Raman spectroscopy in combination with mul-
tivariate data analysis have been published [5, 12, 13].
Applications for the measurement of Raman radiation of
diffusely reflecting and transmitting materials have been
proposed [14].

Raman radiation originates in the volume of the cited
materials mainly from multiple scattered primary radiation,
and the Raman signal itself is also elastically scattered many
times before it leaves the sample. Hence, the external spatial
distribution of Raman radiation depends strongly on the
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sample geometry. The simplest situation is met for laterally
extended and thick (“semi-infinite”) layers with planar
boundaries. Here, Raman backscattering is the only appli-
cable measuring geometry. The detected Raman radiation is
biased to sample depths close to the irradiated surface rang-
ing from some micrometers to several millimeters, where
the depth penetration depends on the albedo and thickness
of the sample [15]. Spatially offset Raman spectroscopy
[16] marks an approach to overcome the sub-sampling
restrictions of conventional backscattering Raman spectros-
copy and provides an access to deeper volumes of the
sample. Similar to radially resolved diffuse reflectance ab-
sorption spectroscopy [17], the detection is separated with a
lateral offset to the laser excitation. Raman spectra can be
extracted in combination with multivariate data analysis
from different depths of turbid samples [16].

In thin samples with typical thicknesses of z0≤1 cm, the
backscattering mode can be expanded by forward scattering
(= transmission) Raman spectroscopy. This type of detection
was worked out already in 1967 by Schrader and Bergmann
[18] and received its revival in 2006 by Matousek and
Parker [19]. The transmitted Raman signal averages over
the whole sample depth with weight maximum in the center
of the sample [20, 21]. The weak signal strength of trans-
mitted Raman radiation can be enhanced by a dielectric
mirror system [22].

The theoretical analysis of Raman intensities is based
almost exclusively on the model of radiative transfer (RT).
This model uses geometrical optics and ignores, e.g., inter-
ference, diffraction, or polarization of radiation. The most
convenient solutions start from the two-flux model of
Kubelka–Munk (KM) adding two additional Raman fluxes
in the directions of transmission and reflection, respectively.
The system of differential equations was first solved for
arbitrary layer thicknesses with the approximation that ab-
sorption and scattering are independent of the wavelength of
radiation [18]. More general solutions can be adapted from
the radiation balance of fluorescence in scattering media
[23] which behaves formally equal to Raman scattering.
Results with wavelength dependent absorption and scatter-
ing coefficients were first published for semi-infinite layers
[24, 25] and later also for arbitrary layer thicknesses
[26–28]. The KM model works well for uniform diffuse
irradiation of large sample areas. Laser Raman spectroscopy
uses collimated irradiation of small sample areas. Hence, the
model has to be modified for these boundary conditions.
The full solution of the equation of transfer requires lengthy
numerical procedures. However, we have shown that the
depth penetration upon normal incidence can excellently be
described with the classical diffusion approximation of RT
[15], whereas the radial penetration upon spot irradiation
requires higher order expansions into spherical harmonics or
Monte Carlo simulations [17]. The latter method has already

successfully been applied to describe Raman scattering in
turbid media [21].

In this paper, we compare collimated and diffuse irradi-
ation and calculate the transmitted and reflected Raman
intensities as function of the layer thickness, absorption
coefficient, and scattering coefficient. We emphasize com-
posite layers and describe methods how to enhance the
fractions of the desired intensities in forward and backward
directions, respectively. The radial spreads of the emitted
Raman signals are determined and critically confronted with
the limited aperture of the detection system. The calculated
results are experimentally tested with organic polymers and
basic materials for pharmaceutical tablets. The enhancement
of reflected and transmitted Raman intensities by a white
diffuse reflectance standard is investigated.

Theory

The termini back- and forward-scattering are well defined
for the angular distribution of single scattered radiation. In
the multiple scattering regime, there is no principal differ-
ence between the angular distributions of radiation from
outside sources or inside sources. Both types of radiation
become after some scattering processes more or less isotro-
pic and are diffusely reflected or transmitted. In other words,
radiation that originally is scattered in forward direction can
leave the sample in backward direction, and vice versa. In
order to avoid confusion with the single scattering events we
use in the following the terminologies “Raman reflection vs.
Raman transmission” for the phenomena of emission
through the irradiated vs. non-irradiated sample surfaces,
and “Raman reflectance vs. Raman transmittance” for the
quantitative Raman fluxes leaving the turbid medium. These
termini are useful also in cases where one knows nothing
about scattering.

Kinetic reaction scheme

A polarizable cylindrical disc of thickness z0 and radius ρ0 is
irradiated in direction cosθ0=μ0 (with θ0=angle of inci-
dence) relative to the principal cylinder axis with monochro-
matic light (Fig. 1). The primary polarizations P move in the
sample by multiple elastic scattering processes and leave the
disc finally with probability wR as reflectance R, and with
probability wT as transmittance T. A part of P is absorbed
with probability wA, and part is transformed with probability
wX into Raman excitations X. The latter undergo similar
scattering and absorption processes as P.

All partial reaction rates are assumed to be of first order.
Table 1 gives definitions of the rate parameters. It is also
assumed that Lambert Beer’s law is valid for particulate
multiple scattering materials, resulting in the attenuation
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approach dI ¼ �I σþ k þ að Þdλ ¼ �I"dλ and the product
representations of the differential reaction probabilities

dwX ¼ adλ; dwA ¼ kPdλ; dw
0
A ¼ kXdλ:

The formation of Raman excitation is then dX=αPdλ.

The random walk approach

The path length Δλj between scattering event j−1 and j is
generated as random number 0<Rndj<1 from the probabil-
ity transformation of Beer’s law. The scattering cosine is
taken as arbitrary, cosθ=2Rnd−1, (isotropic scattering)

Δλj ¼ � ln Rndj
� �
σ

Xexit

entrance
Δλj ¼ λR or λT ð1Þ

The total path length from entrance to reflection or trans-
mission, λR or λT, respectively, is obtained as a sum of path
lengths between all scattering events. The layer is irradiated
with a large number N0>10

6 of very weak light beams
(“photons”) that can be scattered only in total. The numbers
of reflected (NR) and transmitted (NT) beams are counted
and the individual radial distances (ρi) from incidence as
well as the individual path lengths (λR,i or λT,i) are deter-
mined. The reflectance and transmittance of primary light is
then

R ¼ 1
N0

PNR

i¼1
e�kPλR;i T ¼ 1

N0

PNT

i¼1
e�kPλT ;i ð2Þ

Equations (2) assume attenuation of the beams according
to Beer’s law under neglect of the very small generation
coefficient of Raman excitation (α<10−7cm−1 in dense
materials). The corresponding external Raman signals are
obtained as solutions of the consecutive first order reaction
of scheme 1

XR ¼ a
kP � kXð ÞN0

XNR

i¼1

e�kXλR;i � e�kPλR;i
� � ð3aÞ

XT ¼ a
kP � kXð ÞN0

XNT

i¼1

e�kX λT ;i � e�kPλT ;i
� � ð3bÞ

The X signals are made dimensionless (as R and T) by
division through the magnitude and dimension unit of the
incident primary radiation. Equations (3a) and (3b) assume
equal random walk statistics of primary and Raman excita-
tions (σP=σX=σ). The equations simplify for κP=κX=κ to

XR ¼ a
N0

PNR

i¼1
λR;ie�kλR;i XT ¼ a

N0

PNT

i¼1
λT ;ie�kλT ;i ð4Þ

These relations are reasonable approximations for non-
resonant Raman scattering where κ represents some back-
ground absorption that does not contribute to the Raman
generation coefficient. Finally, the simplest equations are
obtained for “quasi-white” multiple scattering materials
with negligible absorption, κ→0

XR ¼ a < λR > R XT ¼ a < λT > Td ð5Þ
Where <λR> and <λT> are the mean path lengths of

reflected and transmitted photons, respectively, and Td is
the scattered transmittance of primary radiation. Equations
(5) are acceptable approximations for thick layers. For thin
layers, where an important part of the incident radiation is
transmitted prior to scattering as Tc ¼ exp �"z0=μ0ð Þ, and R
and Td are low, Eqs. (5) must be modified to

P Xα

σP, z, z
0

P

AP AX

R XR

XT

z =  0

z = z0

z

X
σP, z, z0

σX, z, z0

σX, z, z0

PσP α

Tc = exp(-(σp+ p+α)z0)
Td

I0

Fig. 1 Kinetic reaction scheme. The primary excitation P moves
randomly in the scattering layer of thickness z0, is diffusely reflected
(R), diffusely transmitted (Td), directly transmitted without being scat-
tered (Tc), absorbed (Ap), or converted into Raman excitation (X). The
Raman excitation moves also randomly in the layer, is reflected
through the irradiated sample plane (XR), transmitted through the
opposite plane (XT), or re-absorbed (AX). Table 1 gives definitions of
the rate parameters

Table 1 Some definitions

λ= length coordinate in arbitrary direction (cm)

λR=path length of reflected radiation (cm)

λT=path length of transmitted radiation (cm)

α=generation coefficient of Raman radiation (cm−1)

κP=absorption coefficient of primary radiation (cm−1)

κX=(re-) absorption coefficient of Raman radiation (cm−1)

σP, σX=elastic scattering coefficient of primary andRaman radiation (cm
−1)

ε=α+σ+κ=extinction coefficient (cm−1)

μ0=cosine of angle of incidence θ0
Io ¼ intensity of incident light W

cm2

� �
z0=thickness of the sample disc (cm)

ρ0=radius of the sample disc (cm)

ρD=radius of the detected surface area (cm)

ρ ¼ x2 þ y2ð Þ12 radial distance from the point of incident primary
radiation ðcmÞ

Δρ=radial width of a circle ring around the point of incidence (cm)
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XR ¼ aR 1�Tc
" RþTdð Þ þ < λ*

R >
� �

XT ¼ aTd
1�Tc

" RþTdð Þ þ > λ*
T >

� �
ð6Þ

The path lengths λ* are here counted not from entrance
but from the first scattering event. Table 2 presents limiting
values for very thin layers with R≈Td→0, and for very thick
nonabsorbing layers with R→1.

The analytical approach

Upon homogeneous irradiation, the flux density ΦP of the
primary radiation depends inside the layer only on the depth
coordinate z. The Raman flux density is generated according to

dXðzÞ ¼ aΦPðzÞdz ð7Þ

where ΦP is normalized to the flux density of the incident
irradiation at z=0. The integral external Raman intensities
emitted as reflectance or transmittance are then [25]

XR ¼ 1=2 a
Zz0
0

ΦPðzÞ
TðzÞ 1þ R z0�zð Þ
� �

1� RðzÞR z0�zð Þ
dz ð8aÞ

XT ¼ 1=2 a
Zz0
0

ΦPðzÞ
T z0�zð Þ 1þ RðzÞ

� �
1� RðzÞR z0�zð Þ

dz ð8bÞ

Equations (8a and 8b) assumes isotropic angular distribu-
tion ofΦP. The other integrands denote reflectances and trans-
mittances at the Raman wavelength of layers with virtual
thicknesses of z and z0–z, respectively. Analytical solutions
of Eqs. (8a and 8b) were obtained for σP=σX, κP=κX and
diffuse irradiation [18] using the Kubelka-Munk model as
well as for the more general case of arbitrary optical parame-
ters [26–28]. All quantities that are necessary for solving the
integrals upon normal incidence can be found in [15]. The

simplest solutions of Eqs. (8a and 8b) are obtainable upon
diffuse incidence for white pigments with σP=σX=σ and κ=0.
The corresponding transmittances and reflectances are
inserted from column 5 of Table 2, and the flux density of
primary radiation is assumed to decrease linearly with z
according to Fick’s law (see also Kubelka [29])

Φp z; z0ð Þ ¼ 2 1þ 2 t0 � tð Þð Þ
1þ t0

ð9Þ

where τ=3σz/4 and τ0=3σz0/4. Integration over z0 yields for
nonabsorbing layers

XR ¼ a 1þ t20
3 1þt0ð Þ2

� �
z0 XT ¼ a 1� t20

3 1þt0ð Þ2
� �

z0 ð10Þ

Limiting values are summarized in Table 2. In the single
scattering regime (σz0<<1), the transmittances and reflectances
of primary and Raman radiation show the same linear increase
with the layer thickness z0. In the multiple scattering regime
(σz0>>1), the reflectance of primary radiation approaches
unity and the transmittance decreases hyperbolically with z0 to
zero. In contrast, Raman reflectance and Raman transmittance
rise steadily with z0 approaching for thick layers a constant
ratio XR/XT=2 independent of the scattering coefficient and
the geometry of irradiation. The high Raman transmittance is a
consequence of the long mean pathway <λT> of transmitted
radiation that rises with z0

2 and overcompensates the z0
−1

decrease of Td, resulting according to Eq. (5) in a linear
increase of XTwith z0.

Influence of background absorption

Results for weakly absorbing multiple scattering layers

Completely nonabsorbing materials are fiction. The absorp-
tion coefficient can be as low as κ=10−6cm−1, corresponding
to damping of 0.5 dBkm−1, which is typical for optical glass
fiber cables in the NIR. In polymeric hydrocarbons the damp-
ing at λ=600–1,000 nm is higher due to the absorption of C–

Table 2 Some properties of nonabsorbing, multiple scattering layers for the limiting cases of very small (columns 2 and 3) and very large optical
thicknesses (columns 4 and 5)

Parameter Low optical thickness 1>>σz0 High optical thickness σz0>>1

Normal incidence Diffuse incidence Normal incidence Diffuse incidence

Scattered transmittance Td
σz0
2 σz0 5

4þ3σz0
4

4þ3σz0

Scattered reflectance R σz0
2 σz0 1 - Td 1 - Td

Mean path length <λT> of scattered transmittance � 3z0 � 5z0
σz20
2

σz20
2

Mean path length <λR> of scattered reflectance � 3z0 � 5z0
5z0
3

4z0
3

RAMAN transmittance XT a z0
2 az0 a 5z0

6 a 2z0
3

RAMAN reflectance XR a z0
2 az0 a 5z0

3 a 4z0
3

Only the most prominent terms are considered
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H vibration overtones, and in functional low molecular
materials, the absorption increases further due to forbid-
den electronic singlet-triplet (π,π*) or (n,π*) transitions.
In addition, the absorption of fine powders can increase
by adsorbed impurities or coordinatively unsaturated
surface states. Figure 2 depicts calculated Raman inten-
sities of weak absorbers with diffuse reflectances R∞>
0.9. For thin layers, the Raman intensity increases al-
most linearly with z0, but then the rise becomes smaller.
For thick layers, the reflected intensity XR saturates at
levels that depend strongly on the absorption coefficient.
The transmitted intensity XT passes through a maximum
and decreases then exponentially with z0 to zero. As
shown in curves No. 3 of Fig. 2, the model of calcula-
tion is of secondary importance. Equations (4) and (8a
and 8b) yield equal results in the region of practical
interest. Only for very thin layers, τ0<3, the random
walk approach produces slightly higher Raman intensi-
ties than the diffusion approach. However, these differ-
ences cannot be visualized in the scale range of Fig. 2.
The strong decrease of XT with absorption is a conse-
quence of the long path length of transmitted radiation.
Especially the long branch of the λT distribution is
subjected to attenuation resulting in a strong reduction
of the mean value <λT> as well as of the transmittance
Td, and finally to complete damping of Raman trans-
mission in thick layers. Note the different intensity
scales for XR and XT.

From the practical point of view, it is noteworthy that
absorption can be ignored in layers not thicker than 3 mm,
which are typical for many pharmaceutical tablets, when the
maximum diffuse reflectance exceeds R∞>0.97.

Results for thick absorbing multiple scattering layers

The saturation of Raman reflection and the exponential
damping of Raman transmission (see curves 3 and 4 in
Fig. 2) is calculated from Eqs. (8a and 8b) for the limit of
thick absorbing layers and the boundary conditions σP=σX=σ,
κP=κX=κ, σ>>κ

lim
gz0�1

XR � X1 ¼ 2a
g

R1 ð11Þ

lim
gz0�1

XT ¼ X1 gz0 � R1ð Þe�gz0 ð12Þ

Here, γ is the attenuation coefficient that can be
expressed in the isotropic diffusion approximation or in
terms of the Kubelka–Munk scattering (SKM) and absorption
(KKM) coefficients as

g ¼ 31=2 k2 þ kσ
� �1=2 b¼bSKM � 2KKMSKMð Þ1=2 ð13Þ

where b=(a2−1)1/2 and a=(SKM+KKM)/SKM. The diffuse
reflectance of optically thick layers is R∞=a–b.

The reflected Raman signal X∞ is independent of the
layer thickness and proportional to the generation coeffi-
cient α, i.e., proportional to the density of the Raman active
species. However, the signal is also very sensitive to atten-
uation by background absorption, as can be seen from
Fig. 3. Hence, the analytical application to thick layers
makes sense only if the background absorption can be kept
as constant. The corresponding transmitted signal XT∞ is
very weak and decreases exponentially with the background
absorption and the layer thickness. It should be noted that

Scattering coefficient: σ = 200 cm-1

Curve Absorption coefficient
κ [cm-1]

Albedo
ω = σ(σ+κ)-1

Diffuse Reflectance
R∞ (for z0 → ∞)

Attenuation coefficient
γ [cm-1], see eq. (13)

1 0.0002 0.999999 0.998 0.35

2 0.002 0.99999 0.993 1.10

3 0.02 0.9999 0.977 3.46
4 0.2 0.999 0.930 10.96
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Fig. 2 Calculated Raman
intensities in reflection mode
(left) and transmission mode
(right) of multiple scattering
layers upon diffuse irradiation
inserting a typical scattering
coefficient of microcrystalline
powders and small absorption
coefficients as parameter. See
table for details. The smooth
lines are calculated with Eqs.
(8a and 8b) for κp=κx=κ; the
noisy lines are simulated with
the random walk model of Eqs.
(1) and (4). The two calculation
methods yield indistinguishable
results. Note the different
ordinate scales of the two
graphs
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both types of Raman signals decrease much stronger with
the absorption coefficient than the diffuse reflectance of
primary radiation.

Axial generation depth profiles of Raman signals in multiple
scattering, nonabsorbing layers

The differentials of Eqs. (8a and 8b) directly yield the depth
profiles of Raman generation emitted as XR and XT, respec-
tively. Alternatively, the profiles are available from the
random walk approach [21]. Figure 4 presents the result of

the diffusion approximation for a nonabsorbing layer. The
reflected Raman signal originates mainly from regions fac-
ing the irradiated surface. Upon diffuse incidence, the con-
tributions to XR is proportional to (Φp(z))

2 and falls off
monotonically with z. The mean value of the generation
depth approaches <zXR>≈0.25 z0, almost independent of
the scattering coefficient and its anisotropy. Upon normal
incidence, the generation profile of XR passes through a
maximum close to the irradiated surface. Then the profile
decays in a similar way as for diffuse irradiation. The
transmitted Raman signal is generated mainly in the deep
interior of the layer. The generation profile follows approx-
imately a symmetric parabola with the apex in the center of
the layer. Hence, XT probes mainly the central regions
whereas the boundaries contribute only little to the signal.

Radial spread of Raman intensities in multiple scattering,
nonabsorbing layers

The distance between photon incidence and photon emis-
sion is an important parameter, e.g., the design of detection
units or for the resolution of spectral images. The general
analytical solution of the trinomial system (σ, κ, and z0) is
not yet available. We prefer the numerical random-walk
approach and determine the number of reflected, NR(ρ),
and transmitted, NT(ρ), photons as function of the distance
ρ from the axis of incidence, as well as the associated path
lengths λR(ρ) and λT(ρ). From these quantities and Eqs. (5)
or (6), the radial Raman intensities are accessible. The result
for nonabsorbing layers with negligible contribution of col-
limated transmittance Tc is then

ΔXR
Δρ � X

0
R ρð Þ ¼ aR0 ρð Þ σ�1þ < λ*

R ρð Þ >� �
ΔXT
Δρ � X

0
T ρð Þ ¼ aT

0
d ρð Þ σ�1þ < λ*

T ρð Þ >� � ð14Þ

where R′ and Td′ are the distant dependent radial reflectan-
ces and transmittances of the primary radiation, respectively,
per circle ring of width Δρ. The radial spreads of R′(ρ) and
T′(ρ) upon point irradiation are extensively described in
[30]. In order to simplify the evaluation of Eq. (14), the
scattering coefficient is assumed to be independent of the
wavelength. Further assumptions are σ>>>α and σ>>z0

−1.
Figure 5 summarizes representative radial intensity dis-

tributions of reflected and transmitted Raman signals.
Neglecting secondary terms, the main features are as
follows:

The radial width of the transmitted signal XT′ is linearly
proportional to the layer thickness z0 and almost indepen-
dent of the scattering coefficient σ. The amplitude of X′T’ is
independent of z0 and σ. The mean radial spread can be
approximated by

< ρXT
>¼ σ�1 þ ð2=3Þ1=2z0 ð15Þ

Fig. 3 Raman intensities XR and XT, diffuse reflectance R, mean
generation depth <zgen> of XR of an optically thick scattering layer
with σ=200 cm−1, z0=0.5 cm as function of the background absorption
coefficient κ. The reflectance is presented in absolute values. Other
data are normalized to unity at κ=0, where <zgen>=0.124 cm

0.0 0.1 0.2 0.3 0.4 0.5
0

1

2

3

4

5

X
R
 diffuse

X
R
 normal

X
T
 diffuse

G
en

er
at

io
n 

pr
ob

ab
ili

ty

Sample depth [cm]

X
T
 normal

Fig. 4 Depth origins of Raman emission in a scattering layer (z0=
0.5 cm, σ=100 cm−1, and κ=0). XR emission in the reflection mode, XT

emission in the transmission mode. Comparison of diffuse irradiation
and collimated irradiation of normal incidence (μ0=1). Note: XT is
magnified against XR by a factor of 2
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However, the long distance tail extends much wider than
the mean value. Hence, the sample radius should be ρ0≥3z0
in order to obtain quantitative correct transmission intensi-
ties. Ignoring the small contribution of the scattering coef-
ficient, the binomial radial distribution of XT′ can be
approximated in the nonabsorbing multi-scattering limit by
a Gaussian distribution with a pre-exponential factor that
normalizes the (0≤ρ≤∞)—integral of the square bracket to
unity.

X
0
T ¼

ffiffiffiffiffi
3p

p
ρ

z0ð Þ2 exp � 2

3

z0
2 þ ρ
� �2

z0ð Þ2
 !" #

XT ð16Þ

Despite its approximate character, Eq. (16) reproduces
the radial spread of XT over a wide range of layer thicknesses
and scattering coefficients. Figure 6 shows the radial spread
of Raman transmittance XT′ from multiple scattering layers
for layer thicknesses from 0.1 to 0.5 cm based on the
analytical approximation of Eq. (16) and on Monte-Carlo
simulations. The analytical approximation matches closely

the Monte-Carlo simulations. Figure 6 demonstrates clearly
that quantitative intensity conclusions in a transmission
setup should only be drawn for layer thicknesses not sub-
stantially greater than 0.1 cm if the radius ρD of the detected
surface area is limited to 0.3 cm.

The radial distribution of Raman reflectance behaves
more complex than Eq. (16), and we did not yet find a
satisfying analytical approximation. The X′R—range of very
small distances ρ<σ−1 depends predominantly on the scat-
tering coefficient. The range σ−1<ρ<z0 of medium distances
depends both on the scattering coefficient and on the layer
thickness. The far-distance range ρ>z0 becomes equal to
XT′, see Fig. 5. Here, the density ΦP of primary radia-
tion is distributed symmetrically to the central layer
plane (z=z0/2) resulting in equal probabilities for reflec-
tance and transmittance. Despite its complex nature, the
mean value of radial spread yields in good approximation

< ρXR
>� 0:5z0 ð17Þ

However, this equation does not render the wide spread
of the long distance tail that requires sample radii and
detector apertures as large as in the transmission mode in
order to acquire correct reflectance intensities.

Experimental

The Raman reflection and transmission spectra are mea-
sured with the nonconfocal RamanRXN1™ analyzer from
Kaiser Optical Systems, Ann Arbor, MI equipped with an
Invictus™ 785-nm NIR diode laser specified for a maxi-
mum output power of 450 mW. The laser irradiates the
sample via an optical fiber and additional optics with an
accessible wavelength range of Δν=0 to 1,800 cm-1 Raman
shift.

Figure 7 presents schematically the irradiation and detec-
tion geometries of the analyzer. The Raman radiation is

Fig. 5 Numerical random-walk
approach: calculated radial
Raman intensities in reflectance
and transmittance directions as
function of the radial distance
ρ from the axis of incidence
(μ0=1). Number of incident
photons N0=1E

7. Left part,
z0=0.1 cm, σ=100 cm−1. Right
part, z0=0.2 cm, σ=50, and
100 cm−1. Radial resolution
Δρ=0.001 cm (left curves) and,
in order to reduce noise,
Δρ=0.01 cm (right curves).
Note the equal ordinate but
different abscissa scales

Fig. 6 Radial spread of Raman transmittance XT′ from multiple scat-
tering layers of different thicknesses. Smooth lines, analytical approx-
imation; noisy lines, two examples of Monte-Carlo simulations. ρD
radius of detected surface area. Curves are vertically displaced
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collected in both the reflection and transmission setup via an
array of 50 optical fibers (PhAT™ probe). In the reflection
setup a circular area of the sample is homogeneously irra-
diated via one optical fiber and f=25 cm optics. The irradi-
ated area with diameter of 0.6 cm is much smaller than the
total sample area. The emitted Raman radiation and
reflected primary radiation are collected via the PhAT™
probe, carefully separated with filter elements and then
transferred to the volume phase transmission grating and
the Peltier cooled CCD matrix detector to generate the
Raman spectra. In the transmission setup, the laser is guided
into a transmission illuminator that irradiates the bottom
side of the sample with a diameter of 0.1 cm. The detection
unit is the same as for the reflection setup. The Raman
intensities XR and XT in reflection and transmission are
calibrated with liquid cyclohexane in a thin optical cuvette.

A Lambda 9™ spectrophotometer from PerkinElmer,
Waltham, MA with integrating sphere is used for determin-
ing the scattering coefficient of poly-tetrafluorethylene
(PTFE, Teflon™) by measuring in diffuse transmission
and diffuse reflection spectra followed by calculations with
the diffusion model [15].

PTFE as optical diffuse material for thickness dependent
investigations is supplied by GigahertzOptik, Türkenfeld,
Germany in thicknesses of 0.02 and 0.15 cm. Additional
thicknesses up to 0.5 cm were cut from a PTFE cylinder
with 4 cm diameter or prepared as stacks from the 0.02 cm
layer. Cellulose is purchased as filters type MN 615 from
Macherey-Nagel, Düren, Germany with 0.015 cm thickness.
Acetylsalicylic acid (ASA), product No. 158185000 from

Acros Organics, Geel, Belgium, is used to press a cylindri-
cal disc with 2 cm diameter and 0.425 cm thickness as inner
layer of a composite triple layer. The upper and the lower
layer consists of a PTFE layer (Fig. 11). A white diffuse
reflectance standard is produced with a powder press using
BaSO4, product No. 11845 from FlukaChemie, Buchs,
Switzerland. Thin layers of PTFE and cellulose are placed
on the white standard in reflection setup to demonstrate a
Raman enhancement (Fig. 13).

Experimental results and discussion

Raman intensity as function of the layer thickness

The calculated Raman intensities in transmission and reflec-
tion modes are experimentally tested with PTFE layers of
different thicknesses z0=0.02–0.5 cm. The material is
strongly scattering, quasi nonabsorbing in the vis–NIR
range, and its Raman spectrum is well known [14, 31–33].
We evaluate especially the emission at v=733 cm−1 Raman
shift (A1 stretching mode νs(CF2)) which marks the most
intense band in the PTFE Raman spectrum, and the intense
sub-band of the characteristic PTFE-triplet located at v=
1,382 cm−1 Raman shift (a component of two split F2
symmetry lines [34, 35], exact assignment not yet
available).

Figure 8 summarizes the experimental results. Up to z0≤
0.15 cm, the measured intensities increase linearly with the
layer thickness. Then XR flattens, and XT passes through a
maximum. We determine the scattering coefficient of PTFE
from the diffuse reflectance and transmittance of a thin layer
to σ800=220 cm−1 and then fit the Raman data with the help
of Eqs. (8a and 8b). Both XR and XT can be reproduced with
the same apparent absorption coefficient of κapp=0.029 cm

−1

(see the curved lines in Fig. 8), corresponding to an albedo of
ω=0.99986 and a maximum diffuse reflectance of R∞=
0.975. This range of data sets is often found in the literature
for “white” pigment powders. However, if one looks criti-
cally on PTFE as highly pure material with negligible vibra-
tional overtone or electronic absorption, the experimental
absorption coefficient seems to be extremely high. Hence,
we include the constant detector aperture and the strongly z0-
dependent radial Raman spread in the evaluation process (for
illustration, see Fig. 6, where it becomes obvious that not all
transmitted radiation is collected for thick layers with our
detection system, thus quantitative intensity conclusions re-
quire aperture radii greater than three times the layer thick-
nesses), and obtain linear intensity correlations up to z0=
0.5 cm for the reflected as well as for the transmitted Raman
radiation. The correction reduces the absorption coefficient to
a reasonable value of κ<10−3cm−1 and increases the maxi-
mum diffuse reflectance to R∞>0.995. It should be noticed

Transmission

Laser 0.1 cm

Detected
area
0.6 cm

turbid sample, 4 cm

f=
 2

5 
cm

 

Raman probe

Laser
0.6 cm

z0

Detected
area
0.6 cm

Raman probe

Reflection

turbid sample, 4 cm

Fig. 7 Raman measurements on a cylindrical sample with variable
thickness z0 and fixed diameter 2ρ0=4 cm in the setups for reflection
(left) and transmission (right).The Raman radiation is collected in both
cases with the PhAT™ head. A circular area of the sample with 0.6 cm
diameter is imaged via a lens with 25-cm focal length onto the Raman
probe. In the reflection setup, a laser illuminates the sample via an
optical fiber and the focusing lens from top with a circular area of
0.6 cm diameter. In the transmission setup, a laser illuminates the
bottom side of the sample with 0.1 mm beam diameter
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that detection losses due to the wide radial spread of transmitted
signals is one of the main error sources for quantitative determi-
nation of small absorption coefficients in scattering materials.

Composite layers

Double layers

Double layers with two axially separated different Raman
emitters A and B produce signals that do not depend only on
the thickness of the emitting layer but also on the thickness
and position of the co-layer. Figure 9 illustrates the situation
for given emitter thickness and variable co-layer thickness.

The reflected Raman intensity XR of the front layer
increases strongly with the thickness of the back layer
because part of the initially transmitted Raman signal is
now reflected, but mainly because the density ΦP of the
primary radiation becomes higher. The reflected intensity
of the back layer behaves in the opposite way. If we assume
equal thicknesses, zA=zB=z0/2, then the reflected signal is
determined to about 85 % by the front layer and only to
15 % by the back layer. The experimental result is shown in
Fig. 13. The ratio in this example is 80 and 20 %, here it has
to be taken into account, that the layers do not possess equal
thicknesses.

The experiment in reflection geometry (Fig. 10, graphs
XR) proves this result in acceptable accuracy. The double
layer of cellulose and PTFE is irradiated alternatively from
one of the two sides. The PTFE signal from the front side is
approximately four times as high as from the back side (see,
e.g., the Raman band of PTFE at 1,382 cm−1).

Contrary to XR, transmission Raman spectra are expected
to be independent of the side of irradiation, see Fig. 9. In
both arrangements, XT first increases with the co-layer thick-
ness and then falls down slowly to zero. The spectra of
Fig. 10 prove experimentally the independency of the side
of irradiation in transmission geometry with a double layer
of PTFE and cellulose.

Triple layers

Triple layers A/B/A simulate coated or encapsulated pow-
ders, and are expected according to Fig. 4 to behave as
follows: XR highlights the spectrum of A, XT highlights the
spectrum of B since the generation probability of the central
layer is much higher than of the border layers.

Figure 11 shows experimental data for a triple layer
arrangement of PTFE (0.15 cm)/ASA (0.425 cm)/PTFE
(0.15 cm). The Raman band at 733 cm−1 shift originates
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from PTFE, the three other bands from ASA. The Raman
reflection setup emphasizes clearly the spectrum of PTFE,
the transmission setup the spectrum of ASA.

Stack of layers

Stack of layers allow to assign the position of a given
component in a multi-layer of a second component. We

investigate the Raman emission of an ASA layer in a stack
of four additional mannitol layers as function of the position
of ASA. The central position yields much more intense XT-
spectra than the border position. Figure 12 compares the
experimental data of Svensson et al. (presented at FACSS
2009 [30]) with model calculations according to Fig. 3. The
correlation is not perfect but it shows clearly that the central
layer regions contribute more to the transmission Raman
signal than the border layers.

Enhancement of reflected or transmitted Raman intensities
by a white diffuse reflectance standard

Reflecting optical elements are widely used for lumi-
nance or contrast amplification. Matousek [22] described
an elegant method of Raman enhancement with the help
of dielectric mirrors and band-pass filters. In this chap-
ter, we substitute the mirrors by diffuse reflectance
standards which are suitable for on-line applications
and easy to use over a wide wavelength range. For
reflectance enhancement, the thin Raman active layer
with diffuse reflectance R0 and transmittance T0 is
placed in front of a thick standard like microcrystalline
barium sulfate (BaSO4) or elemental sulfur, and irradi-
ated with intensity I0=1. For random walk simulations
and analytical solutions with the diffusion approxima-
tion we use normal incidence which comes close to the
experimental condition of Raman excitation. For dem-
onstration of the principal effects we simplify to diffuse
incidence. The transmitted light T0 is repeatedly
reflected between the standard and the layer resulting
in back-irradiation of the layer with intensity

JB ¼ T0RB

1� R0RB
ð18Þ
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where RB is the diffuse reflectance of the standard. We
neglect absorption, which is a reasonable approximation
in thin “white” layers, resulting in R0+T0=1, and as-
sume a perfect reflectance standard with RB=1. Then
Eq. (18) simplifies to

JB ¼ 1 ¼ I0 ð19Þ

The layer is irradiated in this case from both sides with
the same intensity. As consequence, the density of the
exciting radiation which decays in the free-standing layer
linearly with the sample depth, see Eq. (9), is now doubled
with its mirror image Φp, backward resulting in a constant
density over the whole layer thickness

Φp; tot ¼ Φp; forward þ Φp; backward ¼ 4 ð20Þ

Upon normal incidence μ0=1, the transmittance and thus
the back-radiation density at τ0 increases against diffuse
incidence by a factor of 5/4 (see Table 2), and the density
at τ=0 starts with a lower value of three

Φp; tot μ0¼1ð Þ � 5� 2 exp �2tð Þ ð21Þ

The expected enhancement of Raman reflectance is then
a product of two factors

1. The transmitted part XT is backscattered and enhances
XR by a factor of 1.5 (thick layers) up to a factor of 2
(very thin layers), see Table 2;

2. The density of primary radiation increases upon diffuse
incidence by a factor of 2, and upon normal incidence
by a factor of ≤2.5.

Hence, the total enhancement lies somewhere between a
factor of 3 and 4.

Figure 13 presents a series of experimental results on
a thin PTFE layer (0.02±0.001 cm) in combination with
a thin cellulose layer (0.015±0.002 cm) and a thick
BaSO4 reflectance standard (0.5 cm). The Raman inten-
sities are normalized to the backscattered band maxi-
mum XR at Δν=733 cm−1 of the single PTFE layer.

Addition of the cellulose layer as background strongly
increases XR of PTFE (case II of Fig. 13) whereas XT

remains almost unaffected. Addition of cellulose as
foreground (case III) strongly reduces XR whereas XT

remains again almost unaffected. These results are often
quoted as argument that XT is superior to XR in com-
posite systems since XR probes only the regions close to
the surface whereas XT probes also the deep parts of the
sample. The cases V and VI of Fig. 13 give clear
evidence how to overcome these restrictions. The bi-
layer system is now measured in both orientations on
the BaSO4 standard. The backscattered intensity
increases in both orientations strongly against the free-
standing bi-layer. The increase of case VI with PTFE
inside is even somewhat stronger than case V with
PTFE directly exposed to the laser. Most of the results
agree with the model calculations of Fig. 9 and Eqs.
(18)–(20) for diffuse incidence. The increase from case
V to case VI can be explained only with normal inci-
dence where, according to Eq. (21), the deep layer
produces somewhat higher signals than the layer direct-
ly exposed to the surface. Apart from these minor
corrections, the general statement is valid for analytical
applications: Raman reflection spectroscopy probes the
whole depth of a multiple scattering sample with equal
statistical weight if the sample is placed in front of a
white diffuse reflector.

Figure 14 illustrates case IV of Fig. 13 with three prom-
inent Raman bands of a thin PTFE layer placed on a BaSO4

diffuse reflectance standard. The Raman reflection signals
are intensified approximately by a factor of 3.5 relative to
the self-supporting PTFE layer of case I.

Enhancement of XT can be achieved with a white
diffuse reflector in front of the Ramanactive layer. The
front reflector contains a small pinhole of diameter d≤
1 mm for collimated laser irradiation. The pinhole
reduces the effective diffuse reflectance of the front re-
flector to Reff<1, where the reduction depends on the
radial spreads of the reflected primary and Raman radi-
ations. The repeated reflection of I0 between the Raman
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PTFE
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PTFE
PTFEPaper Paper
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Fig. 13 Experimental Raman intensities (integrated emission band
with maximum at Δv=733 cm−1) of PTFE with layer thickness z0=
0.02 cm in different configurations. I, Free-standing layer; II, in front
of a cellulose filter paper with thickness z0=0.015 cm; III, behind the

paper, IV: PTFE on a thick BaSO4 diffuse reflectance standard; V,
configuration II on BaSO4; VI, configuration III on BaSO4. The remit-
ted Raman intensity of the single PTFE-layer is normalized to XR=1.
The experimental errors are ΔX≈±0.02X
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active layer and the front reflector with Rp, eff produces,
similar to Eq. (18), an additional irradiance in forward
direction

IF ¼ R0Rp; eff

1� R0Rp;eff
ð22Þ

The total irradiance is then

Itot ¼ I0 þ IF ¼ 1

1� R0Rp; eff
ð23Þ

and, instead of Eq. (9), the radiation density inside the
layer is

Φp; tot ¼ 2 1þ 2 t0 � tð Þð Þ
1� R0Rp; eff

� �
1þ t0ð Þ ð24Þ

Equation (24) is inserted in Eq. (8b), and the en-
hanced XT can be calculated after replacing the reflec-
tance R(z) of the virtual layer without front reflector by
the modified reflectance R(z), eff’ that considers the in-
fluence of the front reflector with the effective reflec-
tance RX, eff for Raman radiation

RðzÞ; eff ¼ RðzÞ þ
T2
ðzÞRX ; eff

1� RðzÞRX ; eff
ð25Þ

The achievable enhancement of XT depends strongly
on the layer thickness and the pinhole diameter. Thin
layers as PTFE of Fig. 13 with z0=0.02 cm require
according to random walk simulations very small pin-
holes of d≈100 μm in order to obtain an enhancement
by a factor of five. The same enhancement is obtained

for thicker layers of z0≈0.2 cm already with a large
pinhole of d≈1 mm.

It should be noted that the signal of highly enhanced
XT is generated mainly close to the irradiated surface
and no longer symmetrically to the sample center, as it
is the case shown in Fig. 3. Enhanced XT has lost its
ability of deep sample probing and has transferred this
quality to enhanced XR.

Conclusions

In scattering layers with negligible background absorption
and no axial concentration gradients, the reflected and trans-
mitted Raman intensities (XR and XT) show a linear increase
with the layer thickness whereas XT is at least half as intense
as XR. Under the initially mentioned conditions both the
reflection and transmission setups are equally suitable
modes. The radial expansion of the signals increases linearly
with the layer thickness, where XT spreads wider than XR.
For correct intensity measurements, the diameter of the
detected surface area must be in the transmission mode at
least six times the layer thickness.

In scattering layers with some background absorption,
the Raman intensities are reduced by re-absorption. XR

saturates for thick layers at levels that depend strongly on
the absorption coefficient. XT passes through a maximum
and then reduces to zero. Hence, the R-mode is superior in
those cases to the T-mode. The strong decrease of XT with
absorption is a consequence of the long path length of
transmitted radiation. Both XT and XR decrease much stron-
ger with the absorption coefficient than the diffuse reflec-
tance of primary radiation.

In composite layers with axial concentration gradients we
get complementary information from the R- and T-modes.
The mean reflected signal originates from the first quarter of
the layer depth, whereas the mean transmitted signal origi-
nates predominantly from the central regions. Here, for
probing the inner volume of a sample the T-mode is superior
to the R-mode.

The intensity of Raman signals can be significantly en-
hanced by reflecting mirrors arranged in the close environ-
ment of the sample. We propose especially white diffuse
reflectors at the sample backside. This arrangement intensi-
fies XR by a factor of 3 to 4 and produces constant irradia-
tion densities over the whole sample depth. Hence, XR

probes in this configuration the whole sample with
equal statistical weight. Highly enhanced XT is generat-
ed close to the irradiated surface. Enhanced XT has lost
its ability of deep sample probing and has transferred
this quality to enhanced XR. The authors consider en-
hanced Raman reflection spectroscopy as promising tool
for process analytical technology.
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