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Abstract

Small-angle neutron scattering is a powerful tool for investigating the microstructure of self-assembled systems. The domain length,d,
and the correlation length,ξ , are two measures of bicontinuous microemulsions that are often determined from coherent SANS spectra.
Some microemulsions scatter strongly, however, so measured spectra can contain multiple coherent scattering, and neglect of that multiple
scattering can lead to incorrect values ofd andξ . In addition, multiple scattering can give rise to artifacts in the spectra, most notably an
apparent scattering peak at twice the value of the scattering vector of the main peak. Here, changes in the SANS spectra from strongly
scattering microemulsions and the parameters derived from them are reported as a function of relative scattering probability by varying
both sample thickness and scattering contrast. A linear extrapolation of the results to zero scattering probability yields good estimates for
the microstructural parameters, and the numerical procedure of Schelten and Schmatz is used to calculate the specific effects of multiple
scattering on typical bicontinuous microemulsion scattering spectra.
 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Microemulsions are thermodynamically stable, micro-
structured solutions of at least surfactant, oil, and water,
and are just one of many self-assembled system that have
received attention in recent years [1,2]. Because of their
thermodynamic stability, the structure of microemulsions
is set only by their composition and temperature and is
often in the range of 10 to 1000 Å. These length scales,
as well as the scattering contrast available by selective
deuteration of different chemical components, have made
small-angle neutron scattering (SANS) an attractive tool for
the investigation of microemulsion microstructure.

The coherent elastic small-angle scattering of microemul-
sions has been used to measure the shape, size, and other
properties of surfactant microstructures under the assump-
tion of single scattering [3–8]. However, due to the intense
scattering from some bicontinuous microemulsions (trans-
missions< 30%), some authors have reported a dependence
of the small-angle scattering spectra on the sample thick-
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ness [9]. This indicates that a certain amount of multiple
scattering is present within the spectra, and the purpose of
this paper is to quantify and analyze the effect of multiple
scattering on bicontinuous microemulsion spectra and any
derived structural parameters.

There are many descriptions of multiple scattering in the
literature that arrive at similar expressions for multiple elas-
tic coherent scattering [10–16], most of which were summa-
rized by Berk and Hardman-Rhyne [13]. Early work focuses
on several approximations that are convenient for numeri-
cal calculations [10,11], while more recent results show the
amount of information available in spectra as the transmis-
sion approaches zero [13], or the effect of the statistical na-
ture of the medium on the resulting spectra [16]. Barabanov
and Belyaev have recently outlined a more comprehensive
approach to both coherent elastic and inelastic multiple scat-
tering [17].

The numerical treatment proposed by Schelten and
Schmatz uses multiple convolution products to describe the
cascade of coherent scattering events in slices of increas-
ing path length [12]. This numerical approach was used by
Monkenbusch to develop two FORTRAN programs to con-
volute and deconvolute two-dimensional multiply scattered
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data [14]. While Monkenbusch addresses the broadening of
the main correlation peak in the spectra of microemulsions
made with the surfactant AOT, experimental accounts also
indicate that there areq dependent changes in the shape
of microemulsion spectra at higher wave vector, most no-
tably in terms of a secondary peak or shoulder in the spec-
tra [9]. This feature is irreconcilable with current microemul-
sion scattering models and must be removed or accounted
for to obtain reliable structural information from the scatter-
ing spectra.

The amount of multiple scattering is related to the overall
probability that a neutron will scatter within a sample of
given thickness. The probability,P , scales as

(1)P(scattering) ∝D
dΣ

dΩ
(�ρ2),

whereD is the thickness and�ρ is the difference in scat-
tering length density between the two bulk domains. The
microstructure of the sample defines the total differential
scattering cross section,dΣ/dΩ , and so sets theq depen-
dence when there is negligible multiple scattering. The de-
pendence of multiple scattering on many factors including
the magnitude andq dependence of the scattering cross sec-
tion, the wavelength of the neutrons, and scattering angle
distorts the shape of the SANS spectra so the scattered in-
tensity no longer scales uniformly with the thickness or scat-
tering contrast. Thus, any changes in the shape of the experi-
mental spectra as a function of sample thickness or scattering
contrast indicate significant multiple scattering is present.

This paper explores the effect of scattering contrast and
path length on SANS spectra experimentally and numeri-
cally to determine the contribution of multiple scattering to
the coherent elastic scattering spectra of strongly scattering
bicontinuous microemulsions. The increase in the width of
the correlation peak as well as the rescattering of the main
correlation peak at higherq is investigated to determine the
effect of multiple scattering on subsequent model fitting.
SANS spectra from microemulsions at the same composi-
tion but different path lengths and contrasts demonstrate the
effect of these experimental parameters. The same parame-
ters are examined numerically through the implementation
of the formalism of Schelten and Schmatz [12].

2. Materials and methods

2.1. Materials

Didodecyldimethylammonioumbromide (>99%), DDAB,
was obtained from TCI America.N -Octyl trioxyethylene
glycol ether (>99%), C8E3, andn-dodecyl trioxyethylene
glycol ether (>99%), C12E3, were obtained from Nikko. De-
cane (>98%) was purchased from Fluka. Water was filtered
through a 0.2-µm filter, distilled, and deionized until the spe-
cific resistance was 18.3 M�cm. D2O (99.9%, DLM-11)
was obtained from Cambridge Isotopes. All materials were
used without further purification.

2.2. Phase behavior determination

For a four-component mixture composed of water (A),
oil (B), nonionic surfactant (C), and ionic surfactant (D)
the phase space is defined by temperature, pressure, and
three composition variables. The mass fraction of oil on a
surfactant-free basis,α, is defined as

(2)α = B

A+B
× 100,

the mass fraction of surfactant,γ , is defined as

(3)γ = C +D

A+B +C +D
× 100,

and the mass fraction of ionic surfactant in the surfactant
mixture,δ, is defined as

(4)δ = D

C +D
× 100.

For a ternary mixture,δ = 0.
Sections atα = 50 are used to determine the least amount

of surfactant needed to solubilize equal weights of oil and
water. This occurs at the “x-point”, where the one- and three-
phase microemulsions meet at a point atα = 50, and has the
coordinates ofγ = γ̃ andT = T̃ . The amount of surfactant
at thex-point, γ̃ , is the efficiency of the surfactant being
measured. The replacement of H2O with D2O generally
lowers phase boundaries by about 2◦. The phase behavior
of solutions with both isotopes was measured using the
procedures originally developed by Kahlweit to determine
the one-phase regions to be subsequently investigated with
SANS [18,19].

2.3. Neutron scattering

Experiments were performed on a 30 m spectrometer at
the National Institute of Standards and Technology Cold
Neutron Research Facility (NIST-CNRF) in Gaithersburg,
MD. Neutrons ofλ = 6 Å with �λ/λ = 11% were col-
limated and focused on thermally equilibrated one-phase
samples held in quartz cells. Detector distances of 1, 4.5,
and 13 m were used to obtain spectra overq-values from
0.004 to 0.5 Å−1. The detector was offset 25 cm for detec-
tor distances of 1 and 4.5 m to provide adequate overlap for
combining data sets. Scattering spectra were corrected using
standard procedures for background, empty cell scattering,
and detector sensitivity. Before model fitting, the incoherent
background was determined and removed from the spectra
by means of a Porod plot [20]. Samples were placed on an
absolute scale using standards provided by NIST, but the ab-
solute scaling of the model fit is not used, as described be-
low.
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3. Neutron scattering theory

3.1. Bicontinuous microemulsion scattering

The Teubner and Strey phenomenological model of-
ten accurately describes scattering from bicontinuous mi-
croemulsions [3]. The scattered intensity for this model is

(5)ITS(q)= 8πc2〈η2〉/ξ
a2 + c1q2 + c2q4 ,

where 〈η2〉 ≡ φoφw〈�ρ2〉 and 〈�ρ2〉 is the difference in
scattering length density between oil (o) and water (w). This
corresponds to an isotropic real space correlation function,
γ (r), that incorporates alternating regions of water and oil,

(6)γ (r)= sin(kr)

kr
exp

(
− r

ξ

)
,

wherek = 2π/d . The two length scales in the solution,d
andξ , are related toa1, c1 andc2 via

(7)
d

2π
=

[
1

2

(
a2

c2

)1/2

− c1

4c2

]−1/2

,

(8)ξ =
[

1

2

(
a2

c2

)1/2

+ c1

4c2

]−1/2

.

The length scaled represents a quasiperiodic repeat distance
between water and oil regions within the solution, while the
correlation length,ξ , corresponds to a characteristic length
for positional correlation.

Microemulsion structure ranges from completely disor-
dered solutions to the macroscopic ordering of a lamel-
lar phase. An amphiphilicity factor,fa , can be defined as
[21,22]

(9)fa = c1

(4a2c2)1/2
.

The value offa ranges from 1 for a completely disordered
solution to −1 for a lamellar phase. The Lifschitz line
is crossed whenfa = 0, and at this point a peak in
the scattering spectra is observed at nonzero wave vector.
The amphiphilicity factor provides a useful scale for the
quantification of ordering in microemulsions.

3.2. Multiple elastic scattering

Schelten and Schmatz showed that the observed scatter-
ing pattern for elastic coherent scattering, or true scattering
probability,H(q), depends on the scattering cross section,
S(q), via [12]

(10)H(q)= �I

I0�Ω
= k2

0e
−µD

∞∑
n=1

(
k−2

0

)n [∗S(q)]n
n! ,

where I0 is the primary beam intensity,µ is an atten-
uation coefficient,D is the sample thickness, andk0 is
the wavenumber of the incident radiation.[∗S(q)]n is the

n-times convolution ofS(q) with itself according to

[∗
S(q)

]2 =
∫

S(ξ1)S(q − ξ1) dξ1,

(11)
[∗
S(q)

]3 =
∫

S(ξ1)S(ξ2 − ξ1)− S(q − ξ2) dξ1dξ2.

For n = 1, H(q) = e−µDS(q). The attenuation factorµ in-
cludes attenuation by absorption and any scattering, but here
all forms of attenuation other than small angle scattering are
ignored. This assumption limits the following treatment by
removing the absolute scale from the model calculations.

To calculate the effects of multiple scattering for the
Teubner–StreyS(q), the following calculation path is used,
as adapted from Schelten and Schmatz [12]. Given

(12)S(q)= S0
1

1+ c1
a2
q2 + c2

a2
q4 ,

the transform of the scattering function is

(13)s(r) =
∞∫

0

J0(qr)S(q) dq

ands(r) yieldsh(r), the transform ofH(q), according to

(14)h(r) = k2
0e

−s0/k
2
0
(
es(r)/k

2
0 − 1

)
.

h(r) yields the multiple scattered intensity

(15)H(q)= 1

2π

∞∫
0

J0(qr)h(r) dr.

S(q) andH(q) were evaluated using the experimental
q values to directly compareH(q) with the experimental
spectra. Two parameters in the Teubner–StreyS(q), c1/a2
and c2/a2, define the shape of the spectrum, while the
prefactor,S0, incorporates the parametera2 and describes
the overall intensity. SinceS0 varies asD�ρ2, the relative
changes in spectra due to multiple scattering caused by
samples with varying thickness or scattering contrast can be
calculated using the procedure above. The proportionality
constantS0, however, is not known a priori.

3.3. Absolute scale

One of the benefits of neutron scattering is the assignment
of absolute scattering intensity through the use of appropri-
ate standards. However, inspection of the scattering function
for bicontinuous microemulsions (Eq. (5)) indicates that the
absolute scale is not independent of one of the three fitted pa-
rameters,a2. Therefore, the assignment of absolute scale is
not independently determinable separate from the influence
of the microstructure. This is made explicit when Eq. (5) is
rearranged to Eq. (12), and the resulting form of the spectra
is dependent on only two groups of parameters,c1/a2 and
c2/a2. While these two fitted parameters set the microstruc-
tural propertiesd andξ , a third independent parameter may
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be chosen arbitrarily to set the scale of the model. Therefore,
the absolute scale of bicontinuous microemulsion scattering
can be dropped and fit with two parameters without any loss
of microstructural information contained within the scatter-
ing spectra.

More generally, if the absolute scale of a model intensity,
S(q), were mathematically distinct from the fitted parame-
ters, the formalism of Schelten and Schmatz does not explic-
itly account for any attenuation of the main neutron beam
besides that due to coherent elastic scattering. For the model
calculations to reflect the observed changes in attenuation
in absolutely calibrated samples, the effect of all neutron–
nucleus interactions must be treated explicitly in the para-
meterµ of Eq. (10). The cross section for every interaction
of the incident neutrons with the sample nuclei as a function
of sample composition is not available. In the absence of
such information, the unknown attenuation factor due to all
other processes besides small angle scattering becomes an-
other fitted parameter that carries through the model calcu-
lation as an arbitrary factor that effectively sets the absolute
scale.

For the model calculations of multiple scattering the fol-
lowing steps have been taken to remove the ambiguity be-
hind the determination of absolute scale and attenuation. The
model intensityITS is recast to depend on only two parame-
ters which set the microstructure of the sample (Eq. (12)). As
these are thermodynamic parameters, they are held constant
when fitting multiple spectra with the same overall compo-
sition, but differing contrasts or path lengths. During fitting,
the model intensity for each sample is rescaled arbitrarily
to the experimental data at oneq position for all spectra,
namely,q position of the main peak in the 50% D2O sam-
ple. This procedure removes the uncertainty associated with
the assignment or measurement of a “scattering” transmis-
sion, allowing the change in coherentq-dependent scattering
to be examined independently.

4. Results

Figure 1 shows the increase in surfactant efficiency
caused by adding small amounts of cationic surfactant to a
nonionic microemulsion. 2% DDAB in a surfactant mixture
with C8E3 yields an decrease in the amount of surfactant
needed to solubilize equal weights of decane and water
from γ̃ = 23 to γ̃ = 6. The changes in phase behavior
upon adding an ionic surfactant to a nonionic microemulsion
and the concomitant changes in microstructure have been
examined previously [19,23–26].

In SANS experiments, H2O is usually replaced with D2O
to increase the coherent scattering cross section and de-
crease the amount of incoherent scattering. While the stan-
dard composition variables from microemulsion literature
are designated by weight fraction, the small changes in
volumetric composition caused by isotopic substitution are
small. The most notable impact of systematic substitution of

Fig. 1. Phase diagram of C8E3, DDAB, decane, and water atα = 50
and δ = 0, 2. Closed symbols represent phase boundaries in water, while
open symbols represent phase boundaries in D2O. Only the region where
one-phase microemulsions form is displayed.

D2O for H2O is a change in the temperature of phase bound-
aries of a few degrees in Fig. 1. All SANS spectra reported
in this paper were performed on solutions atγ = 8, α = 50,
δ = 2, andT = 27◦C. The scattering contrast was varied
by altering the amount of D2O in the aqueous mixture (by
weight) from 100% to 90%, 75%, and 52%. The change in
water composition will cause slight temperature differences
with respect to the location of the phase boundary, but all
solutions were observed to be one phase at the compositions
and temperature listed above. The change in microemulsion
structure caused by isotopic substitution is assumed to be
negligible compared to the effects of multiple scattering.

In addition to varying the D2O composition, samples at
100% and 90% D2O were both measured in cells with path
lengths of 1 and 2 mm. The resulting six spectra (Fig. 2) are
samples at 100% D2O (1- and 2-mm path length), 90% D2O
(1- and 2-mm path length), 75% D2O (1 mm), and 52% D2O
(1 mm). The experimentally measured transmissions for the
solutions at 100% and 90% D2O in the two cells are 27%,
8%, 30%, and 10%, respectively.

Figure 3 compares the scattering spectra from solutions
at γ = 8, δ = 2, andT = 27◦C in 1- and 2-mm cells (see
Fig. 1). Increasing the sample thickness from 1 to 2 mm
causes the following changes in the scattering spectra: the
main peak becomes broader, a secondary peak appears at
2qmax, and the background scattering increases dramatically.
Since the only difference between the two samples is the
sample thickness, all of these effects are due to the larger
scattering probability in the thicker sample. The inset shows
the data asIq4 vsq on a linear scale. Simple microemulsion
scattering should yield one peak and a straight line at higher
q , yet both spectra indicate two peaks and distinctly higher
intensity at higherq .

Figure 4 illustrates the problems of a least-squares fit of
the Teubner–Strey model to the 1-mm, 100% D2O sample
data. When trying to fit the entireq range, the model
fails to fit the main scattering peak atqmax and significant
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Fig. 2. SANS spectra of C8E3, DDAB, decane, and water atγ = 8,α = 50,
δ = 2, andT = 27◦C. The spectra from bottom to top are from samples
with 1 mm path lengths and weight fractions of D2O of 0.52, 0.75, 0.90,
and 1, and 2 mm path lengths and weight fractions of D2O of 0.90 and 1.
Subsequent curves are offset for clarity. The solid lines are the fit of the
multiply scattered Teubner–Strey model.

Fig. 3. SANS spectra of C8E3, DDAB, decane, and D2O atγ = 8, α = 50,
δ = 2, andT = 27◦C with 1- and 2-mm path length. Arrows denote the
q-positions of the main peak,qmax, and twice the main peak, 2qmax.
Inset shows the same data asIq4 vs q on a linear scale to emphasize
the secondary peak in the scattered intensity. Background has not been
subtracted to demonstrate differences in intensity.

deviations are present around 2qmax. The inset shows the
same data asIq4 vs q on a linear scale. The results for
fitting ITS to the entireq range are reported in Table 1
with χ2 values. Since previous authors have reported the
results of fittingITS to only the peaks of the spectra [9],
Fig. 5 shows the results of fitting just the scattering peaks
to ITS for samples with varying contrast and thicknesses
but at the same overall composition. The resulting model
parameters are reported in Table 1, along withχ2 values for

Fig. 4. Typical data and model fit using the Teubner–Strey model over the
entire q-range. Significant errors are present in the lowq portion of the
spectra. Inset showsIq4 vs q on a linear scale. Parameters for each fit are
reported in Table 1.

the various fits. The fitted values of the model parameters
change systematically, and the apparent values of the domain
spacing and correlation length decrease with higher contrasts
and thicknesses. These changes simply reflect differing
amounts of multiple scattering in the spectra.

5. Discussion

Figure 3 shows the prominent changes in scattering
spectra for strongly scattering bicontinuous microemulsions
due to changes in sample thickness. Since the sample
compositions are identical and the spectra are normalized for
sample thickness when placed on absolute scale, these two
spectra should overlap completely. However, for the thicker
sample there is increased intensity at lowq , a widening of
the main peak, increased intensity at twice theq value of
the main peak, 2qmax, and a higher background. Data from
transmission files indicate that the upturn at lowq blends
smoothly into the profile of the transmitted beam, suggesting
that broadening of the beam might be responsible for this
effect. The width of the main peak is obviously larger in the
2-mm sample than the 1-mm sample due to the tendency
of multiple scattering to smear higher intensities, and thus
blunt the peak shape. The increased scattering at 2qmax is
the most prominent change in the shape of the spectra and
is due to double imaging of the main scattering peak, i.e.,
multiple scattering of neutrons from the main peak. This is
shown most prominently in the inset ofIq4 vs q . The two
arrows point to theq positions of the main correlation peak
and 2qmax. The background, arising mainly from incoherent
scattering, increases with the thickness of the sample due to
the increase in overall scattering probability. With a series of
spectra as shown here, the presence of a secondary peak is
clearly identifiable as an effect of multiple scattering.
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Table 1
Results from Teubner–Strey model fits of six SANS spectra using the fullq-range, the initialq-range, and the fullq-range incorporating multiple scattering
effects

�ρ/�ρmax D D�ρ2 Full q-range 0–2qmax Full q-range—multiply scattered

(mm) (normalized) χ2 ξ (Å) d (Å) fa χ2 ξ (Å) d (Å) fa χ2 ξ (Å) d (Å) fa

0.49 1 0.12 42 243 639 −0.70 78 252 638 −0.72 67 260 646 −0.73
0.72 1 0.26 47 204 634 −0.61 23 238 630 −0.70 40 260 646 −0.73
0.89 1 0.40 73 185 631 −0.54 26 228 628 −0.68 33 260 646 −0.73
1.00 1 0.50 89 167 625 −0.48 48 216 619 −0.66 31 260 646 −0.73
0.89 2 0.79 80 129 628 −0.25 49 175 617 −0.52 14 260 646 −0.73
1.00 2 1.00 99 110 613 −0.12 69 157 600 −0.46 26 260 646 −0.73

Note. Samples are identified by their path length and relative contrast (varied by H2O/D2O ratio).χ2 values are also included to indicate relative accuracy of
each description.

Fig. 5. Data and model fits using the Teubner–Strey model over theq-range
up to 2qmax. Parameters for each fit are reported in Table 1 and Fig. 6. The
spectra from bottom to top are from samples with 1 mm path lengths and
weight fractions of D2O of 0.52, 0.75, 0.90, and 1, and 2 mm path lengths
and weight fractions of D2O of 0.90 and 1.

Proceeding with the normal course of data treatment
involves the subtraction of background scattering to leave
data similar to that displayed in Fig. 4. Attempting to fit this
data with the Teubner–Strey model over the entireq range
yields the solid line. The main peak is fit poorly, mostly
due to the increase in scattering observed at and above
2qmax. The inset ofIq4 vs q indicates that the model fit
interpolates between the two peaks in the scattering spectra
while fitting neither. To quantitate the quality of fit,χ2

values for the entireq range are reported in Table 1. All
of these indicate what can be detected visually, namely,
that theITS functional form is unable to reproduce data
of the type displayed in Fig. 3. In addition, the magnitude
of χ2 increases with both the thickness and scattering
contrast, indicating multiple scattering systematically affects
the ability ofITS to reproduce the experimental data.

To understand how multiple scattering can affect the
quality of data derived from fitting just the peak in the
scattering data, the results for fitting the initialq range
(from qmin to 2qmax) are displayed in Fig. 5 and Table 1.
Between the spectra for samples with the smallest and
largest contrasts and thicknesses, variations of 6%, 38%, and

36% are detected ind , ξ , andfa , respectively. In addition,
one is never confident that even the sample measured at
the smallest contrast and thickness is devoid of multiple
scattering, indicating somewhat larger variations between
those measured and the “true” microstructural parameters.
The persistence length is obviously the parameter most
affected by multiple scattering, as might be expected due
to the smearing of the main intensity peak and the relative
increase of its width at half maximum. However, the change
in domain size is also substantial. The apparent value of
the amphiphilicity factor, which is derived from the other
two parameters, is increased by the change in scattering
power, indicating, incorrectly, that the strongly scattering
solutions are significantly less organized than they actually
are. Table 1 reports that the reduction inq range results in
lower χ2 values for theITS fits, as might be expected from
arbitrarily trimming the scattering data. The magnitude of
χ2 generally increases as the thickness and contrast increase,
as did theχ2 values for fits to the full range ofq . This
indicates a correlation between the quality of fit and the
experimental parameters controlling the scattering power of
the solutions.

The multiple scattering component of these spectra must
be determined to quantify and correlate the trends inITS pa-
rameters. Since multiple scattering is related to the overall
intensity (or scattering probability), it is reasonable that it
might also scale with the experimental parametersD and
�ρ2. Figure 6 shows that the values ofd and ξ correlate
linearly with the productD�ρ2, indicating that the isotopic
substitution of water is not systematically skewing the scat-
tering spectra. The linear regressions for the values ford

andξ can be rearranged to obtain the values offa , shown
in the third panel of Fig. 6. Extrapolating these regressions
to D�ρ2 → 0 yields values ofd = 641 Å, ξ = 268 Å, and
fa = −0.75 for this sample. The intercepts should be good
approximations for the “true” values for the microstructural
parameters for a singly scattered solution. Thus, an experi-
ment using a few samples of varying thickness or contrast
can be used to obtain estimates for the microstructural para-
meters of strongly scattering microemulsions.

The microstructural values obtained by extrapolation
should also be obtainable from the multiply scattered spec-
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Fig. 6. Domain spacing,d , correlation length,ξ , and amphiphilicity factor,
fa , for Teubner–Strey model fits over the initialq-range plotted against
D�ρ2 normalized to the largest path length and contrast. Solid lines
indicate linear extrapolations to zeroD�ρ2, while dashed lines are values
obtained from the multiple scattering analysis explained in the text.

tra themselves by accounting for the multiple scattering us-
ing the method of Schelten and Schmatz [12]. Several ap-
proaches can be taken to extract a consistent set ofd and
ξ values from the six experimental spectra. Here, two data
sets are used to determined andξ , while the other four are
interpolated to examine how the model handles the scaling
of multiple scattering effects. The numerical procedure of
Eqs. (12)–(15) is used to calculate the multiply scattered ver-
sion ofITS as a function ofd andξ . As the absolute amount
of multiple scattering is not known, one value ofS0 is al-
lowed to vary in the model fitting. Subsequently, the relative
values ofS0 for each data set are set by the sample compo-
sition and path length.

The most and least multiply scattered spectra (100%
D2O, 2 mm, and 52% D2O, 1 mm) are fit simultaneously
to determine a single set of parameters for both data sets;
d = 646 Å, ξ = 260 Å. Once the absolute value ofS0 is
determined, all the remaining model data sets were directly

Fig. 7. SANS spectra of Fig. 2 plotted asIq4 vs q on a linear scale. The
lines are from the multiply scattered Teubner–Strey model. The top and
bottom spectra were fit simultaneously, while the remaining four spectra
were interpolated using the values ofD and�ρ2.

calculated using the sameITS parameters and the scaling of
S0 by D�ρ2. Thus, two data sets are fit with the numerical
procedure, while the other four are interpolated.

Figures 2 and 7 show the resulting model spectra with the
experimental data on a log scale and asIq4 vs q , respec-
tively, with each spectra offset for clarity. The top and bot-
tom spectra were fit simultaneously, while the middle spectra
were extrapolated. The procedure of Schelten and Schmatz
allows the interpretation of many of the experimental “arti-
facts” contained within the data. Notably, the peak at 2qmax
scales with the scattering power of the solutions. Similarly,
the peak width increases with multiple scattering, while the
value ofξ remains constant throughout the model fits. The
parameters derived from the multiple scattering model fit are
displayed as dashed lines in Fig. 6 and independently corrob-
orate the extrapolations to zero scattering power discussed
earlier. Theχ2 values from the multiple scattering proce-
dure are generally equal to or less than those for fitting the
main peak toITS. This is despite the fact that only two of
the data sets are included in the fitting process, the entireq

range is utilized instead of just a subset, and the number of
fitted parameters over the six data sets is 3 instead of 12.
Therefore, the calculation path introduced by Schelten and
Schmatz [12] successfully describes the changes in spectra
from bicontinuous microemulsions under the conditions of
multiple scattering.

6. Summary

SANS spectra from efficient microemulsions likely con-
tain at least some amount of multiple scattering, especially
as the microstructure becomes correlated over longer dis-
tances. The characteristic effects of multiple scattering in-
clude an increase in lowq scattering, an increase in the width
of any scattering peaks, a multiple image of the main scat-
tering peak, and an increase in background scattering. Mea-
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surement of solutions at differing contrasts and thicknesses
show a linear dependence ofd andξ on the scattering proba-
bility. Extrapolation of these parameters to zero thickness or
contrast provides good estimates for the actual microstruc-
tural parameters. This extrapolation was corroborated by si-
multaneously fitting multiple scattering curves utilizing the
procedure of Schelten and Schmatz [12] to account for mul-
tiple scattering. The results produce a consistent set of para-
meters that apply to all the solutions measured.
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