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Measurement of inner surface roughness of

capillary by an x-ray reflectivity method∗
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The inner surface roughness of a capillary is investigated by the reflectivity of x-rays penetrating through the

capillary. The results are consistent with the data from atomic force microscope (AFM). The roughness measured by

this new method can reach the order of angstroms with high quality capillaries.
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1. Introduction

As a newly developed device for collimating
or focusing x-rays, capillary x-ray optics has found
more and more applications in many fields in recent
years.[1−8] In order to obtain high-performance optics,
the inner surface roughness of the capillaries becomes
a key factor for the fabrication process. From the
ray-tracing simulation, one can find that the capillary
transmission efficiency will drop off seriously with a
slight increase in the inner surface roughness. The
accurate measurement and control of this important
parameter is very important for the design and fabri-
cation of capillary x-ray optics, and more efforts are
being made to find methods to measure the inner sur-
face roughness of capillaries so as to optimize fabrica-
tion processes. In 2005, Matsuura et al.[9] found that
the roughness of their capillaries were in the range
of 3 nm ∼ 6 nm in an area of 5 µm × 5 µm, and
Mroczka et al.[10] observed a rough structure of 3.5 nm
in height (1 µm × 1 µm) in a capillary fragment by us-
ing AFM. In 2008, Mroczka et al.[11] also used AFM
to detect a capillary fragment with a large curvature
and found that the results changed significantly while
the area of measured region varied from 1 µm × 1 µm
to 20 µm × 20 µm. With the AFM method, in order
to measure the inner surface roughness, the capillary
needs to be broken into pieces. Therefore, AFM is
more suitable for plane sample measurement and can-

not be used to detect the inner surface roughness of
poly-capillary optics, which consists of a large num-
ber of capillaries. The diameters of these capillaries
are often of the order of micrometers so they are too
small to be probed by the AFM method.

The x-ray reflectivity technique is a commonly
used non-destructive testing method to measure sur-
face roughness.[12−14] However, it has not yet been
used to investigate the inner surface roughness of cap-
illaries. In the present paper, the experimental mea-
surements of inner surface roughness of capillaries by
the x-ray reflectivity method are reported.

2. Experiment

Measurements were performed with a θ–2θ type
x-ray powder diffractometer and the x-ray radiation
was produced by an x-ray tube with a copper anode
of 50-µm diameter. A collimator of 50 µm was used
to select the incidence beam size. A single column
borosilicate glass capillary was placed on the sample
stage. The main component of the borosilicate glass
capillary was SiO2. The length of the capillary was
40 mm, and the inner diameter was 1.08 mm. An Si
detector was used to detect the reflected beam. Before
the experiment, the collimator and the capillary were
adjusted to be collinear and only half of the incident
beam could directly transmit through the capillary,
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as shown in Fig. 1(a). The sample stage was then ro-
tated 180◦ around the point O, and there was still half
of the incidence beam transmitting through the cap-
illary. This ensured that the capillary was collinear
with the incident beam. Then we rotated the sam-
ple stage around point O, part of the incidence beam
was reflected by the inside surface of the capillary and
part was directly transmitted through the capillary, as
shown in Fig. 1(b). We located a 0.02-mm wide slit in
front of the window of the detector, and then the de-
tector could detect the direct beam and the reflected
beam along a 2θ rotation.

Fig. 1. Schematic diagram of the experiment.

Figure 2 shows the intensity distribution detected
by the Si detector when the sample stage was rotated
to 0.04◦ (θ = 0.04◦). The first peak comes from the
direct beam and the second peak originates from the
reflected beam. When θ = 0.08◦, the first peak dis-
appeared, which means that all of the incident beams
were reflected by the inner surface of the capillary.
Then we started to measure the reflectivity of the in-
side surface of the capillary.

We first recorded the total intensity counts of the
incident beam. Then the sample stage was rotated

from 0.08◦ to 0.38◦, and the reflected beam intensity
was measured in steps of 0.01◦. According to the defi-
nition of reflectivity Re(θ), we can obtain the reflectiv-
ity of the inner surface of the capillary at the incident
angle θ,

Re(θ) =
I(θ)
I0(θ)

, (1)

where I0(θ) and I(θ) are respectively the incident in-
tensity and the reflective intensity of x-rays at θ.

Fig. 2. Intensity distribution at θ = 0.04◦.

3. Results and discussion

It is well known that through the Fresnel formula,
the reflectivity Rt(θ) of x-rays on an ideal smooth sur-
face can be expressed as

Rt(θ) =
(a− sin θ)2 + b2

(a + sin θ)2 + b2
, (2)

where θ is the grazing angle, and a and b can be ex-
pressed as

a =
1√
2

√√
(sin2 θ − α)2 + γ2 + (sin2 θ − α),

b =
1√
2

√√
(sin2 θ − α)2 + γ2 − (sin2 θ − α),

where α determines the reflection and γ is related to
the absorption of the x-rays on the surface.

Figure 3 shows a comparison between the exper-
imental results and the theoretical results of the re-
flectivity. The points represent the reflectivities that
we measured in the experiment, and the solid-line de-
notes the theoretical reflectivity of an ideal smooth
surface, obtained from Eq. (2). Because of the surface
roughness, we can see that all experimental results are
smaller than the theoretical results.
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Fig. 3. Reflectivity versus grazing angle.

Taking the surface roughness into account, the re-
flectivity Re(θ) is usually written as

Re(θ) = Rt(θ) · exp
(
− (4πσ sin θ)2

λ2

)
, (3)

where σ is a factor to count the effect of surface rough-
ness, and λ is the wavelength of the incident x-rays.

According to Eq. (3), the surface roughness γ can
be deduced as

σ =
λ

4π sin θ
·
(

ln
Rt(θ)
Re(θ)

)1/2

. (4)

In the experiment, the incident x-ray throughout
the collimator has a divergence of 0.032◦. So the in-
cident intensity detected in the experiment is not the
intensity of x-rays at a single incident angle θ, but
the sum of the intensities at different incident angles
in a range of [θ −∆θ, θ + ∆θ], where ∆θ = 0.016◦ is
the half divergence. The incident intensity measured
in the experiment is expressed as I0. Similarly, the
reflected intensity is expressed as I. Thus the reflec-
tivity re detected in the experiment should be

re =
I

I0
=

∫ θ+∆θ

θ−∆θ
I(θ)dθ

∫ θ+∆θ

θ−∆θ
I0(θ)dθ

. (5)

The intensities of incident x-rays at different in-
cident angles should each be a constant due to the
uniform distribution of the incident x-rays in the ex-
periment, namely,

I0(θ) = c, θ ∈ (θ −∆θ, θ + ∆θ), (6)

where c is a constant.
According to Eqs. (1) and (6), re can be expressed

as

re =
∫

I0(θ) ·Re(θ)dθ

2∆θ · c

=

∫
Rt(θ) · exp−

(
4πσ sin θ

λ

)2

dθ

2∆θ
. (7)

Using Taylor series expansion, we have

exp−
(

4πσ sin θ

λ

)2

= 1 +
−

(
4πσ sin θ

λ

)2

1!
+

(
4πσ sin θ

λ

)4

2!
+ · · · (8)

As the second term is four orders of magni-
tude larger than the third term on the right-hand
side of the above equation, the main contribution of
exp− (4πσ sin θ/λ)2 comes from the first two terms,
and the remaining terms can be neglected. Combining
with the assumption of the first order approximation,
equation (7) becomes

2∆θ · re

=
∫

Rt(θ) ·
[
1−

(
4πσ sin θ

λ

)2
]

dθ

=
∫

Rt(θ)dθ −
(

4πσ

λ

)2 ∫
Rt(θ) · sin2 θdθ. (9)

So the roughness σ is

σ =
λ

4π

√∫
Rt(θ)dθ − 2∆θ · re∫

Rt(θ) · sin2 θdθ
, (10)

where Rt(θ) is the theoretical result of the reflectivity
of an ideal smooth surface, calculated by Eq. (2), and
re is the experimental result of the reflectivity. The
σ is calculated by Eq. (10). The experimental results
are listed in Table 1. We can see that the inner surface

Table 1. Theoretical and experimental reflectivities and

surface roughnesses (1 Å = 0.1 nm).

θ/(◦) Rt(θ) re σ/Å

0.080 0.991 0.986 6.079

0.090 0.989 0.986 4.577

0.100 0.988 0.981 5.876

0.110 0.986 0.979 5.503

0.120 0.985 0.980 3.994

0.130 0.983 0.980 2.791

0.140 0.981 0.979 1.876

0.150 0.978 0.975 2.470

0.160 0.975 0.965 4.332

0.170 0.971 0.957 4.849

roughness measured in the experiment is dependent
on the incident angle θ. The main reason is that the
measured area becomes smaller with the incident an-
gles θ increasing. When incident angles θ = 0.17◦, the
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smallest measured area is about 1 mm2. The results
indicate that the roughness of the inner surface of a
capillary is of the order of angstroms.

Figure 4 shows the AFM images of the outer
surface of the capillary. Due to the large curvature
and the small diameter of the capillary, an AFM im-
age of the inner surface of the capillary is hard to
obtain under ordinary experimental conditions. The

Fig. 4. AFM images of the outer surface of the cap-

illary. (a) The 2D image of the same measured area

(5 µm×5 µm). (b) The 3D image of the measured area

(5 µm×5 µm).

roughnesses of the outer surface and the inner sur-
face of a capillary are considered to be of the same or-
der of magnitude, because they were fabricated by the
same material and process. So it is convenient to take
the outer surface roughness instead of the inner sur-
face roughness for an order of magnitude estimate. As
shown in Fig. 4(a), the two-dimensional (2D) rough-
ness given by AFM is 1.342 nm (5 µm× 5µm). This
is several times larger than our estimated result based
on the reflectivity experiment. This is because the
surface roughness given by AFM is the root-mean-
square (RMS) height of the measured region. For a
cylindrical surface, the 2D RMS value covers the con-

tribution of the height difference along the x axis, as
shown in Fig. 4(b). The height difference of the mea-
sured area along the x axis is several orders of mag-
nitude larger than the real surface roughness, which
makes the contribution of the real surface roughness
neglected. As shown by the 3D image in Fig. 4(b),
the RMS value along the x axis is 1.342 nm, and
the RMS value along the y axis is 0.203 nm. For a
larger area (10 µm×10 µm), the 2D roughness given
by AFM becomes 5.165 nm, which equals the RMS
value along the x axis, and the RMS value along the
y axis is 0.253 nm. From these results, we can see
that the RMS value along the y axis is consistent with
the roughness given by the reflectivity method and it
represents the real surface roughness of the capillary.
These results also show that the 2D roughness given
by AFM has a large difference between different mea-
suring areas, which is because of the bending extent
of the capillary.

4. Conclusion

From the experiments mentioned above, we can
see that the 2D RMS value given by AFM with a cap-
illary fragment is not the roughness of the inner sur-
face and it is mainly influenced by the bending extent
of the capillary. The RMS value along the axial direc-
tion of the capillary represents the real surface rough-
ness of the capillary. Compared with this method, the
reflectivity method is a kind of non-destructive mea-
surement. Through the reflectivity method, we find
that the inner surface roughness can reach the order
of angstroms for the high-quality capillary. It is also
convenient to use this method to detect the roughness
of extremely small samples that cannot be detected
by AFM, such as the small hollow fibres of a poly-
capillary. The roughness obtained from the reflectiv-
ity method is an average value of the roughness of a
vast area (more than 1 mm2). The results represent
the characteristics of the whole capillary and may be
very important for the design and fabrication of a total
external reflection device in the future.
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