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X-ray specular and off-specular reflection was investigated to analyze the out-of-plane and
in-plane structures of a globular protein adsorbed at an air/water interface in the presence of a
salt. The x-ray reflectivity was used to obtain the electron density profile normal to the surface.
The electron density profile indicates the presence of a double layer consisting of a lower-density
lysozyme layer below a densely packed top layer. From the off-specular diffuse scattering, the
protein layer could be well described by a simple exponentially decaying height—height
correlation function with a correlation length of 500 A. This suggests that the protein molecules
aggregate and form islands on the water surface. A simple formula for describing the
off-specular excess scattering above the capillary wave fluctuation was proposed to explain the
lateral fluctuation of an inhomogeneous layer above a liquid surface.
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1. INTRODUCTION

X-ray reflection is a powerful tool for investigating
the structure of buried interfaces. It can be used to obtain
the density profile normal to the surface with a
subnanometer spatial resolution. By carefully examining
diffuse scattering in the vicinity of specular reflection
peaks, structural information parallel to the surface,
namely the height—height correlation function, can also
be obtained [1].

The surface morphology of liquid surfaces is
governed by thermally excited capillary waves with
molecular-size  amplitudes and  micrometer-order
wavelengths [2]. Sinha ef al. have theoretically
demonstrated that diffuse scattering from liquid surfaces
diverges algebraically at the specular reflection angle,
creating large tails that extend into the surrounding
off-specular region [3]. This theoretical prediction has
been verified experimentally for simple molecular
liquids [4-8] and liquid metals [7-10]. In contrast,
scattering that exceeds the predicted capillary
contribution has been observed for Langmuir
monolayers on a water surface [11-14]. Fukuto et al.
proposed a sum rule for scattering from an
inhomogeneous layer on a liquid surface [12]. They used
a simple exponentially decaying correlation function to
describe the height—height correlation function of a
Langmuir monolayer and they derived the correlation
length and the surface roughness.

However, x-ray off-specular diffuse scattering
measurements have been less popular than x-ray
reflectivity measurements for the following reasons:

1. A system with a high angular resolution is

necessary to detect the diffuse scattering intensity.

2. The scattered intensity is much weaker than the
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x-ray reflection.

3. The structural information is derived using a
complicated fitting procedure and 1is rather
ambiguous.

We recently developed a liquid interface reflectometer
at SPring-8 [15, 16]. This reflectometer is equipped with
a two-dimensional single x-ray photon counting pixel
array detector (PILATUS) and can achieve an x-ray
reflectivity of nearly 107 with an integration time of
only 1 s at each angle, exhibiting enormous potential for
rapid  measurements.  Previously, time-resolved
measurements with a time resolution of 3 min were
performed for the adsorption of a globular protein on an
air/water interface [17].

In the present study, we exploit the advantages of the
two-dimensional PILATUS detector to investigate both
the x-ray specular reflection and the off-specular diffuse
scattering intensities to analyze the out-of-plane and
in-plane structures of a globular protein (lysozyme)
adsorbed at an air/water interface. We also propose a
simple formula for describing the diffuse scattering from
an inhomogeneous protein layer on a water surface.

2. GRAZING INCIDENCE X-RAY SCATTERING
TECHNIQUES
2.1 Liquid interface reflectometer

X-ray reflectivity measurements were performed
using a liquid interface reflectometer developed at the
BL37XU beamline of SPring-8 [15, 16]. Brilliant
undulator radiation at 15 keV (1= 0.826 A) was used as
the x-ray source; it had horizontal beam width of 50 um.
A single x-ray photon counting pixel detector, PILATUS
[18, 19], with an area of 487x195 pixels (172 pm/pixel)
was located 538 mm from the center of the sample. The



632

X-ray specular and off-specular reflection from a protein adsorbed at a liquid surface

integration time at each incident angle was 1 s. Each
pixel of PILATUS contains a charge-sensitive amplifier,
a shaper amplifier, a single level discriminator and a 20
bit counter. The counting rate capability depends on the
time constant of shaper amplifier, which is about 100
nsec in this experimental setup. This condition allows to
detect up to 10° counts/pixel/s within the dead time of
1%. A set of aluminum sheets with a thickness in the
range 1-6 mm was employed as an attenuator at the
incident angle a < 0.9° to prevent the counting rate
exceeding 10° counts/pixel/s. The scattering geometry is
illustrated in Fig. 1. The incident wave vector k;, strikes
the liquid surface at an incident angle «. The scattered
x-rays are characterized by the output wave vector Koy,
which makes an angle f to the surface and an angle 26
to the plane of incidence. The Cartesian components of
the wave vector transfer ¢ = k,, — Kk;, are defined as:

q. = k[sin(@) +sin(B)]
q, = kcos()sin(20) , (1)
q,= k[cos(ﬂ) cos(20)— cos(a)]

where k = 2m/A. The typical FWHMs of the reflection
profile at the incident angle a of 0.01° projected on the
detector are 1.5 pixels horizontally (i.e., parallel to the
x-axis) and 2.0 pixels vertically (i.e., parallel to the
z-axis), which are related to reciprocal-space resolutions
through Ag, ~ k A(26) and Ag, ~ k sin(BAp.
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Fig. 1 X-ray scattering geometry. Incident wave vector Ki,
strikes the liquid surface at an incident angle «. The scattered
x-rays are characterized by the output wave vector Koy, which
makes an angle £ to the surface and an angle 26 to the plane of
incidence. The scattering intensity is detected by PILATUS,
which is located L = 538 mm from the center of the liquid
surface.

2.2 X-ray specular reflectivity

In the specular reflection condition, the reflectivity is
measured as a function of ¢. when ¢, = ¢, = 0, or
equivalently f= o and 26 = 0. Figure 2 shows a typical
image around a reflection peak detected by PILATUS.
Since this reflection peak was detected over five pixels
horizontally, we considered the intensity measured five
pixels from the center of the peak to be background. A
reflection profile /(z) was obtained by summing the
signal intensities and subtracting the background as:

IZ) = 110{;1(2, x) —%[I(z, x==5)+1(z,x= +5)]}
@)

The total signal intensity corresponding to the first term
in Eq. (2) and the background corresponding to the
second and third terms are shown in Fig. 3. The
reflection profile over a range of four orders of
magnitudes was obtained after the background
subtraction.

The reflectivity is calculated by summing the
reflection profiles around the peak region of 13 pixels
and normalizing this value with the intensity of the
incident beam, which was monitored using an ionization
chamber [15].
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Fig. 2 Enlarge picture of an x-ray specular reflection image
on PILATUS. Each square corresponds to a pixel with
dimensions of 172 pm x 172 pm.
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Fig. 3 Integrated signal, integrated background and integrated
signal plus background for a reflection profile at o = 0.9°.

The x-ray specular reflectivity for liquid surfaces is
described by the Born approximation [7, 20]:

R(q.)= R |®D(q)[ CW(q.,T,y) » ©)

where Ry is the Fresnel reflectivity for an ideally flat
interface and ‘q)(qz)‘z is the intrinsic structure factor

normal to the surface, which is expressed as:
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where <p(z)>,, is the lateral average electron density
profile. CW(q,, T, y) is the surface roughness term due
to capillary waves and is given by:

CW(q,,T,y)=exp(-0.,q>)> ©)

waz kBT In D max >
2zy Aq,

where y is the surface tension, g, is the upper cutoff
for capillary contributions, which is determined by the
condition that the number of capillary wave modes is of
the order of the number of molecules per unit surface
area; this is equivalent to fiXing ¢, ~ 2n/d, where d is
on the order of the intermolecular distance. Ag, is the
instrumental resolution of Ag, ~ k sin(f)Apf, where Af is
related to the number of pixels summed to calculate the
reflectivity as 13 pixels x 0.172 mm/pixel / 538 mm.

with

2.3 X-ray off-specular diffuse scattering

In off-specular diffuse scattering, the scattering
intensity is measured at non-specular conditions: « # f,
or equivalently ¢, g, # 0. A S -scan method, in which
the scattered intensity is measured as a function of f at
constant & has typically been conducted independently
of x-ray reflectivity measurements. In the present study,
we used the reflection profile normalizing with the peak
intensity of the reflection profile at the incident angle «
of 0.01°, which was assumed to be equivalent of the
incident beam intensity [, as the off-specular diffuse
scattering intensity.

The normalized intensity /1, is generally equal to the
convolution of the differential cross section do/dQ) with
an appropriate instrumental resolution function =:

I(q) _; d°qy _ dldo .\ . (6
1, J‘kzsm(ﬂ) o )A dQ( )

E,(%,,09,)=<1 if|og,|<Aq,
0 otherwise

The differential cross section for a homogeneous
liquid surface is described by the capillary wave model
[2,7] and can be written as:

(daj 1 (%j4TF(a)TF(ﬂ)
), 167°\2) ¢*sin@) (D)

a2
q,

Xy

/2,

/2

max

for 7= (kpT/21y) q.> < 2, where A, is the cross-sectional
area of the incident beam, ¢, is the critical vector, and
TH ) is the Fresnel transmission factor [1]. The
scattering from a homogeneous liquid surface is
described by the characteristic power law 1/qx},.2"7 of
capillary-wave thermal diffuse scattering.

Fukuto et al. established a sum rule for scattering
from capillary fluctuations on liquid surfaces [12]. If an
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inhomogeneous film (in which the local electron density
deviates from the lateral average electron density profile
<p(2)>y,) is formed on a liquid surface, additional
scattering is superimposed on the diffuse scattering:

(daj 1 (q. ¢ zze"’g"’2
dQ ) g 167>\ 2 ) sin(@) )

1 2.1 2”’7 q:() ! ’
J.d q‘}" 2 [j Cz(qu _qu)

X 0 .
(27[) q’U Gmax qu max
®)

where ¢, is the average electron density ratio of the film
to the bulk phase, o3 is the root-mean-square roughness
of the film/gas interface, and C, is the Fourier transform
of a simple exponentially decaying height—height
correlation function cx(ry,) = 5’ exp(—ry/&):

270l E? s 9
Clg)= )
(g )
with a correlation length &.

3. MATERIALS

The globular protein, lysozyme (LSZ), is elliptical in
shape with approximate dimensions 30x30x45 A®. It is
regarded as a rigid molecule due to the presence of four
disulphide bridges. LSZ was selected because its
three-dimensional conformation is very stable in
solution and its adsorption behavior has been
extensively studied [21-25]. Previously, time-resolved
x-ray reflectivity measurements were performed for LSZ
adsorbed at a air/water interface to investigate the

mechanism of adsorption-induced protein unfolding [17].

The time dependence of the density profile at the
air/water interface revealed that the molecular
conformation changed significantly during adsorption.
In the present study, we focus on the adsorption process
in the presence of a salt.

3xcrystallized and lyophilized hen egg lysozyme was
purchased from Sigma (Prod. No. L6876) and used as
supplied. Protein solutions were made using a phosphate
buffer solution (0.02 M NaH,PO,/Na,HPO,) of pH 7
(ionic strength: 0.02 M) using UHQ-grade water. Protein
solutions were made to concentrations of 43 mg/mL,
from which 1 cm® portions were added to a 42 cm’
buffer solution with 2 M NaCl in a Langmuir trough to
give final concentrations of 1 mg/mL.

4. RESULTS AND DISCUSSION
4.1 X-ray specular reflectivity

The reflectivity data were divided by the Fresnel
reflectivity of the buffer solution and the capillary wave
contribution CW(q,, T, y) given by Eq. (5). The intrinsic
structure factors for the buffer solution and LSZ in the
buffer were measured two hours after injection and are
shown in Fig. 4(a). They were fitted using a three-box
model using the Parratt32 software package [26] by
taking the thicknesses d, the electron densities p, and the
roughnesses o of the three slabs as parameters. Table 1
lists the obtained parameters for LSZ in the buffer
solution. The electron density profile shown in Fig. 4(b)
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differs slightly from that obtained previously at the same
LSZ concentration in the absence of a salt [17].
Subtracting the electron density of the buffer solution,
the areas of slabs 0-2 (where the air is considered to be
slab 0) and 2-3 are almost equivalent, suggesting that
the adsorbed LSZ forms a double layer consisting of a
densely packed first layer (slabs 0-2) above a thicker
LSZ layer with a lower density (slabs 2-3).

Table 1 Structural parameters for LSZ in the buffer solution
obtained by refining Fig. 4(a)

Slab Slab Electron Interface
number thickness density | roughness
d[A] p e /A% o [A]
1 5.06 0.48 1.83
2 11.34 0.465 2.77
3 49.71 0.43 2.42
bulk 0.39 23.18
20—
[ LSZ in buffer ]
b (pPH 7, 2 M NaCl) 1
L LSZ 0.9° ]
o~ 1.5+ .
= L )
S 12° 1
e [ |
- 10! 7%3?’%&%';3““"6“\!6””‘: 50000 u;
' (a) 1501 T
O 5 " 1 " 1 " 1 " 1 " 1
0 01 02 03 04 05
g, /A"
LA B B L B B LR R B
"5< AN buffer (pH7, 2 M NaCl)
£0_45k —— LSZ (1 mg/mL) in buffer _|
.“5
c
o)
°
c
e
©
Qo
W1] I ﬁb)
| TS W AN S SR S AT SO SR S |

50 100 150
Z/A

Fig. 4 (a) X-ray reflectivity profiles measured 2 hours after
LSZ injection. The data were divided by the Fresnel reflectivity
of the air/buffer interface. The continuous lines are the fits to
the data. (b) Electron density profiles correspond to the fits to
the data.

The density profiles obtained by nonlinear
least-squares fitting of reflectivity curves is generally
not unique. Therefore, we examined the underlying
origin of the obtained x-ray reflectivity profiles to
evaluate their accuracy.

The structure factor of an N-box model with sharp
interfaces and uniform electron densities p; and pj
becomes:

1
o) =—
Piuik , (10)
N N
X Z Z (p_,'+1 - p/' )(pk+l ~ Prx ) COS{qZ (Zk - Z/')}
j=0 k=0

where z; is the depth at which the jth interface is located.
The x-ray reflectivity profiles are mainly generated by
the interference between the x-ray beams reflected from
the interfaces having large electron density differences,
(pj+1 — py)- Since the electron densities of the air and slab
1 differ the most in the present case, we calculated the
terms with j = 0 and & = 1-3 in Eq. (10) and plotted
them in Fig. 5. If the interface roughness is taken into
account, the amplitudes of the cosine curves diminish at
high ¢., and they fit the x-ray reflectivity profiles. The
broad peak around ¢, = 0.2 A™' is attributed to slabs 0-2,
which correspond to the first layer of the adsorbed LSZ.
The second layer (slabs 0—3) causes an additional peak
in ¢. < 0.1 A™, whose amplitude is proportional to the
amount adsorbed.

Fig. 5 Decomposition of the structure factor for x-ray
reflectivity profiles measured 2 hours after LSZ injection. The
data were divided by the Fresnel reflectivity of the air/buffer
interface.

4.2 X-ray off-specular diffuse scattering in ¢, direction

Figure 6 shows two-dimensional images of x-ray
reflection peaks for x-rays incident at o = 1.5°. The
intensity of off-specular diffuse scattering increased
drastically after LSZ injection. A small peak, known as a
Yoneda wing [27], is clearly visible at f = ¢, in Fig.
6(b).

(a) Buffer

(b) LSZ

Fig. 6 Two-dimensional images of x-ray reflection peaks. (a)
Buffer solution. (b) LSZ in the buffer solution measured 2
hours after injection. A small peak called the Yoneda wing at S
= ¢, is clearly visible.

Figure 7 shows the normalized reflection profiles of
three different x-rays incident angles, which were
detected without the Al attenuator. The open symbols
correspond to those for the buffer solution, while the
filled symbols correspond to those for LSZ in the buffer
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solution measured two hours after injection. The central
peaks correspond to specular reflections.

The solid and dashed curves in Fig. 7 correspond to
the theoretically predicted intensities for the capillary
wave (CW) model calculated using Eqgs. (6) and (7) with
parameters y = 76.05 mN/m and ¢, ~ 2n/d = 27/2.8
A" for the buffer solution, y = 66.1 mN/m and g =
21/30 A™' for the LSZ in the buffer solution. The

intrinsic structure factor ‘q)o(qz)‘z in Eq. (7) is

calculated by a polynomial fit of the observed data
shown in Fig. 4(a) in the region ¢. > 0.1 A™". Since the
differential cross section in Eq. (7) diverges at g, = 0,
we calculated the diffuse scattering intensities in the
region g, > 107 A™'. The calculated diffuse scattering
intensities with the instrumental resolutions of Ag,
~k A20) and Aq, ~ k sin(f)Ap, with A(26) ~ 2.3 pixels
x 0.172 mm/pixel / 538 mm and 453~ 3.0 pixels x 0.172
mm/pixel / 538 mm, which are 1.5 times larger than the
FWHMSs of the reflection profile at the incident angle o
of 0.01°, exhibit good agreement with the observed
intensities for the buffer solutions at the three different
incident angles «. In contrast, the observed intensities
for the LSZ in the buffer solution are much larger than
the theoretically predicted intensities. This excess
scattering arises from the inhomogeneity of the surface.
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Fig. 7 Reflection profiles at a = 0.9°, 1.2°, and 1.5°. The solid
curves represent the theoretical predictions based on the
capillary wave model and are calculated using Eqs. (6) and (7).
The observed intensities for the buffer solution (the open
symbols) exhibit good agreement with those for the CW model
(the solid curves), while the observed intensities for the LSZ in
the buffer solution (the filled symbols) are much larger than
those for the CW model (the dashed curves).

To obtain the structural parameters (i.e., the
correlation length £ and the root-mean-square roughness
of the film/gas interface o) of an inhomogeneous film
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formed on a liquid surface, Fukuto et al. performed the
qy/-integration in Eq. (8) numerically to fit the whole
pattern of the excess scattering [12,13]:

9| _ N9 |9 -y
I, inhmg I, I, Iimg

To avoid such a complicated integration, we fitted the
observed excess scattering intensities away from the
specular condition with the following expression (see
Appendix Al):

{I(q)} CovoeTm (12)
I, inhmg (1+§2q2)5

The fitting parameters are the arbitrary constant N, the
correlation length & and the root-mean-square
roughness of the film/gas interface o3. Since the profile
width is related to & while the asymmetry of the profile
is related to o, these parameters can be obtained almost
independently of each other.

[x1 0_8] T )
v (a)
2t i
(=)}
g
E 4
=
Gl |
—— ¢=500A, 0, = 3.0A |
BN Z S . &= 600A, o, = 3.5A
0L 0 2 4

0 2 4
q, | A [x10°]
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Q) /'lo) totar / (KQ) ! To) hmg

S 1 degree

Fig. 8 (a) Excess scattering from the inhomogeneous LSZ
film adsorbed by the buffer surface. The solid curves are the
best fits obtained using the inhomogeneous model expressed by
Eq. (12) with & = 500 A and o, =3.0 A. (b) The ratio of
measured intensity to the homogeneous (or CW) contribution.

The excess scattering intensities denoted by the
symbols in Fig. 8(a) are obtained by subtracting the
calculated intensity for the CW model from the observed
intensity. The best fit with Eq. (12) is obtained when &=
500 A and o =3.0 A (the solid curves in Fig. 8) for
three different x-rays incident angles a. The calculated
profile with £ = 600 A and o, =3.5 A (denoted by the
dashed curves) are also shown in Fig. 8(a) to indicate the
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differences. The fit is more clearly evident in Fig. 8(b)
showing the ratio of measured intensity to the
homogeneous (or CW) contribution.

The estimated correlation length of & = 500 A is
approximately 10 times larger than the LSZ molecule,
suggesting that the inhomogeneity originates from an
island above the buffer surface. It is reasonable to
conjecture that the LSZ molecules aggregate and form
islands in the manner shown in Fig. 9. As discussed in
Sec. 4.1, the x-ray reflectivity indicates that the adsorbed
LSZ molecules form a double layer. It is not certain
whether the whole or only the topmost double layer
forms the island. However, the electron density profile
shown in Fig. 4(b) differs from that obtained when no
salt was present [17]. To clarify this, we need to estimate
the arbitrary constant N in Eq. (12), which includes the
structure factor of the inhomogeneous layer, to correlate
the intrinsic structure factor derived from x-ray
reflectivity measurements. This will be discussed
elsewhere [28].

Inhomogeneous
EoA e
-t ol R, A

Capillary waves

Fig. 9 Schematic model of inhomogeneous LSZ layer
adsorbed at a buffer surface. The LSZ molecules aggregate to
form islands above the buffer surface.

4.3 X-ray off-specular diffuse scattering in g, direction

If the inhomogeneous layer has a particular structure
in a particular direction, the scattered intensities are
expected to differ in the ¢, and g, directions. Figure 10
shows the projection in the x direction of the x-ray
reflection peaks shown in Fig. 6. The profiles for the
buffer solution and for LSZ in the buffer solution appear
to be quite similar to each other, in contrast with that in
the g, direction. The diffuse scattering produced by the
surface inhomogeneity cannot be detected in the ¢,
direction, since the estimated effective coherence length
along the surface of 1/4¢, ~ 200 A is much smaller than
that in the g, direction of 1/4g, ~ 6300 Aat a=15°In
addition, there is no excess scattering produced by the
smaller lateral fluctuations.

o buffer

| a=15° § |
® |SZin buffer

-
o
w
T

Intensity (a.u.)

Fig. 10 x -projection of x-ray reflection peaks shown in Fig. 6.
The profiles for the buffer solution and for LSZ in the buffer
solution appear to be quite similar to each other.

5. CONCLUSION

We have analyzed the specular and off-specular
reflection from a globular protein, LSZ, adsorbed at an
air/buffer interface in the presence of a salt. The electron
density profile, which differs slightly from a previous
obtained result at the same LSZ concentration in the
absence of a salt [17], indicates the formation of a
double layer consisting of a lower-density LSZ layer
beneath a densely packed top layer. The off-specular
diffuse scattering from the buffer solution exhibits good
agreement with the CW model. By contrast, that from
LSZ in the buffer solution measured two hours after
injection is higher than predicted. We proposed a simple
formula to describe the excess scattering intensity. The
formula fitted the excess scattering at different incident
angles with a correlation length & of 500 A and the
root-mean-square roughness of the film/gas interface o
of 3.0 A, suggesting that the LSZ molecules aggregate to
form islands with diameters of about 500 A above the
buffer surface. The excess scattering produced by the
surface inhomogeneity was not observed in the g,
direction, since the estimated effective coherence length
along the surface of 1/4g, ~ 200 A is much shorter than
the correlation length of the inhomogeneous layer.

The PILATUS detector accurately obtains the full
range of x-ray specular and off-specular reflections in an
extremely short time (1 s), allowing the out-of-plane and
in-plane structures of a biological system at an interface
to be determined for the first time.
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APPENDIX
Al Derivation of Eq. (12)

In a previous study, Fukuto et al. performed the
qy/-integration in Eq. (8) numerically to fit the whole
pattern of the excess scattering to obtain the parameters
& and o, [12,13]. To avoid such a complicated
integration, we propose a simple formula to describe the
excess scattering intensity.

In the previous study, the electron density normal to
the surface for the inhomogeneous film ¢:ppu Was
assumed to be constant [12,13]. In contrast, in the
present study, the electron density varies with z (see Sec.
4.1). Therefore, we used Eq. (8)" instead of Eq. (8)

4 22
1 (do 1 . e 7t
—[—j ~ [“j |, (q.)
A, \dQ inhmg 16z~ 2 ) g:sin(a)
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Furthermore, the asymptotic decay 1/g ;},2”7 in the
g,/ -integration can be roughly approximated with a
delta function (g,,") to give:

1 (do 1 N e 2
—[—j ~ [‘f—j (0.
AO dQ inhmg lox 2 qz Sln(a)

Vo jaa,2mola ) la, a)

x 2
(27[) 9 Smax

@®)"

where V' is a factor generated by this approximation.

Except for the region close to the specular condition,
the scattering intensity profile is not greatly affected by
the instrumental resolution function. Thus, the
instrumental resolution function = can be replaced by a
delta function 8(g., — q.,):

E,(4,-d,)=5(a,—dq,) iflg,[>>0 - (13)

Using Egs. (6), (8)", (9), and (13), we obtain the excess
scattering intensity:

{1((1)} VI T ()
]0 inhmg (1 + é‘fzqz )E

In spite of the rough approximations used, Eq. (12)
describes the excess scattering very well, as shown in
Fig. 8.

A2 Reply to Prof. Pershan’s comments

Below are several helpful comments given by
Professor Peter Pershan who has conducted a lot of
pioneering work on liquid surfaces and our responses to
them.
(1) Importance of defining the instrumental resolution
when  estimating the correlation length  of
inhomogeneities

“There is a fundamental problem in trying to separate
the effects of surface inhomogeneities from capillary
roughness that I would like to try to explain.
In principle if one had infinitely fine resolution the
capillary wave scattering for your model of the surface
would lead to an intense/sharp peak at g,, = 0 that would
dominate any of the excess scattering due to surface
inhomogenieties. This occurs because if gravity is
neglected the amplitude of the capillary peak is an
infinitely ~ high  singularity =~ while the surface
inhomogeneities have a finite width/finite amplitude. As
the resolution becomes coarser the singular capillary
peak broadens and the intensity of the scattering due to
the inhomogeneities increases. At the point that the
resolution becomes comparable to the correlation length
of the inhomogeneities it becomes hard to distinguish
between these two signals. One way this can sometimes
be done is to compare the FWHM of the diffuse profile
(your Fig. 6) with the FWHM of the direct beam. For a
flat surface in which the capillary waves dominate the
diffuse scattering the FWHM width of the profile should
be comparable to the resolution determined width of the
direct beam. Is this true for you measurement?
On the other hand, if 1/ is comparable to, or smaller
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than, the resolution the two signals can not easily be
separated. One possible way for large n (i.e. for large
(kgT/21y) ¢.%) is that for large g, the tails of the diffuse
scattering do become larger than the correlation
determined tails of the inhomogeneities (i.e. your Eq. 9
or 12) and that might be a good signature if you really
know the shape of the inhomgeneity induced scattering
and can show that the measured diffuse scattering is
dominated by the capillary form. This leads me to
comparing your Fig. 6 to Fig. 4 in Masa’s 1998 PRL
[12]. Note that for Masa’s figure the diffuse scattering at
S = a is the same for the homogeneous/inhomogeneous
surfaces. This means that that the specular condition the
scattering for the inhomogeneous surface is dominated
by the singular peak in the capillary spectrum. Masa
could be certain of this because he reports measurements
of the difference Al = (6 = 0) — 1(30) that is defined in
the second column of Masa’s 1998 PRL So long as 1/¢
> the resolution the excess scattering at f = a makes no
contribution to A/ and his Fig. 4 is just the excess. |
don’t know if you can do this with your data.”

— Unfortunately, we don’t have the direct beam profile
to compare with the diffuse scattering profile. However,
as Fig. 7 shows, the shape of the diffuse scattering
profile close to the specular region exhibits very good
agreement with that predicted by the capillary wave
(CW) model with an instrumental resolution estimated
from the FWHMs of the reflection profile at the incident
angle o of 0.01°. Furthermore, the effective coherence
length along the surface of 1/4¢,~ 6300 A at o= 1.5 is
much larger than the correlation length & of 500 A for
the inhomogeneous layer, allowing the excess scattering
to be separated from the CW contribution in the present
case. Figure 8(b) shows the ratio of our measured
intensity to the homogeneous (or CW) contribution in
accordance with Masa’s Fig. 4 in 1998 PRL [12]. The
intensities at f = o deviate slightly from unity, which
might be caused by an error in the estimated
instrumental resolution or intrinsic structure factor

2 . .
‘(Do(qz)‘ . However, in contrast with Masa’s case, our

1/¢ is much larger than the resolution described above.
Furthermore, the diffuse scattering intensity from our
inhomogeneous layer is much larger than the CW
contribution out of the specular region, as shown in Fig.
7 and 8(b). We consider, therefore, that we do not have
to treat our data in the strict manner that Masa did and
that we can estimate the correlation length & outside the
specular region using the simple formula proposed in
this paper.

(2) Background subtraction

“When you subtract the background this way (See
2.2) you can also be subtracting a contribution from the
capillary waves at small g,. When we do something like
this the theoretical model that we use is the difference
between the capillary theory for the two signals.”
— We think we do not have to consider the CW
contribution in the background subtraction even though
we took a point very close to the specular region (g, ~
0.012 A™") as the background. As shown in Fig. 10, the
intensity outside of the specular region is almost
constant because of the scattering from the x-ray
windows, the bulk liquid, etc., which become much
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larger than the CW contribution when no receiving slit is
present.

(3) Formula describing the capillary wave model

“I don't use the Sanyal formula [6]. But, as I wrote in the
article in P. S. Pershan, “X-ray Scattering From Liquid
Surfaces: Effect of Resolution”, Journal of Physical
Chemistry B 113, 3639 (2009) [20], the Sanyal formula
is OK for reflectivity if 7 is less than one. On the other
hand, you can not use it if you want to subtract the out of
the plane diffuse scattering since it assumes an infinitely
wide resolution. You say that you do subtract
background but the theory that you compare the
background subtracted data with does not include this
effect.”

— We used Sanyal’s formula in the first draft and a
previous paper [15], because this formula can describe
both the specular and off-specular reflection profiles
using a single equation. As you pointed out, however,
this formula which has a ¢, shape instead of ¢,,” > as
a result integrating in the ¢, direction, which does not fit
the present case very well in which the resolution in the
g, direction is only several tens of times coarser than
that in the ¢, direction. In the revised paper, we
recalculated the diffuse scattering using Egs. (6) and (7)
instead of using Sanyal’s formula.

Figure Al shows an example of the theoretical
prediction for the CW model calculated using Egs. (6)
and (7), compared with that calculated using Sanyal’s
formula. In the specular region and the large f region,
Egs. (6) and (7) fit the observed intensity much better
than Sanyal’s formula.

10°° ; y
Buffer solution
10-6 L a=0.9° i
o 107}
S

1094
Vv Observed intensity v
----Sanyal's Kummer function v
1 —— Numerical integration using Egs.(6) and (7) %
10' L 1 L
0 1.0 2.0
[ degree

Fig. A1 Reflection profiles for the buffer solution at o = 0.9°.
The theoretical predictions for the CW model are calculated
using Egs. (6) and (7) (the solid curve is the same curve shown
in Fig. 7), and Sanyal’s formula (dashed curve).
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