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We have fabricated and tested short focal-length compound refractive lenses(CRLs) composed of
microbubbles embedded in epoxy encased in glass capillaries. The interface between the bubbles
formed 90 to 350 spherical biconcave microlenses reducing the overall focal length inversely by the
number of lenses or bubbles. When compared with CRLs manufactured using other methods, the
microbubble lenses have shorter focal lengths with higher transmissions and larger gains for
moderate energy x rays(e.g., 7–20 keV). We used beamline 2–3 at the Stanford Synchrotron
Radiation Laboratory and beamline 5BM-D-DND at the Advanced Photon Source to measure focal
lengths between 100–250 mm with lens apertures varying between 97 and 321mm. Transmission
profiles were measured giving, for example, a peak transmission of 46% for a 240 mm focal length
CRL at 20 keV. The focal-spot sizes were also measured yielding, for example, a vertical spot size
of 1.2 mm resulting from an approximate 20-fold demagnification of the APS 23mm source size.
The measured gains in intensity over that of unfocused beam were between 9 and 26. ©2004
American Institute of Physics.[DOI: 10.1063/1.1809289]

I. INTRODUCTION

As is the case for visible optics,1 the focal length of
a series ofN closely spaced identical lenses is reduced by
1/N. Tomie and A. Snigirevet al. showed this to be true for
x-ray wavelengths using a series of holes drilled into a single
substrate with the spaces between holes forming cylindrical
lenses.2–4 These cylindrical biconcave lenses form a com-
pound refractive lens(CRL) that is capable of focusing and
collimating x rays from 5 to 80 keV. Other CRLs were
developed to obtain two-dimensional focusing that included
the “coin” CRL5–12 and the “microcapillary” or “bubble”
CRL.13–17 The coin CRL is a series of thin disks with a
spherical or parabolic dimple embossed on each side, stacked
coaxially to form the CRL.6–10

A bubble lens consists of a series of bubbles encased in
an epoxy-filled glass capillary, the material between the
bubbles forming a biconcave spherical lens.13 The liquid or
epoxy between the two bubbles forms the biconcave lens
under the action of surface tension forces. Various polymers
in the form of epoxy can be used. The polymers, as a rule,
consist of carbon, hydrogen, and nitrogen; each of them is
characterized by a low absorption coefficient for x rays. The
epoxy used in these experiments is C100H200O20N and has a
density of 1.08 g/cc. The method of fabrication is given in
Ref. 14.

The bubble lens has five attributes that make it attractive

for use in imaging and focusing:(1) Because of the nature of
the physics forming the bubble, the lens surface quality is
extremely good, probably much better than any other method
for forming the lens,(2) the capillary “enclosure” ensures
that the series of unit lenses or bubbles are extremely well
aligned coaxially,(3) the minimum thickness of the lens,d,
can be made extremely thinsd,25 mmd, (4) the radius of
curvature can be made to be much smaller than other meth-
ods of fabrication, resulting in fewer lenses required for a
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FIG. 1. (a) A diagram of a capillary filled by epoxy concave microlenses
divided by air bubbles.(b) A photograph of a bubble compound refractive
lens.
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given focal length, and(5) the method and materials of fab-
rication result in an extremely robust and inexpensive CRL.
Items 1–4 all result in a high transmission low-loss CRL.
Indeed, by increasing the number of unit lenses(or bubbles),
the focal length can be made much smaller than other meth-
ods. Short focal lengths result in high-gain CRLs capable of
producing submicron spot sizes.

As shown in Fig. 1, a series ofN+1 bubbles formsN
biconcave lenses, each of focal lengthf1, resulting in a focal
length f of

f =
f1

N
=

R

2Nd
. s1d

The unit lens focal lengthf1 is given by

f1 =
R

2d
, s2d

where the complex refractive index of the unit lens material
is expressed by

n = 1 −d − ib, s3d

andR is the radius of the bubble, which is equal to the radius
of the capillary orD=2R.

As with all CRLs, the aperture of the bubble lens is
limited. This is due to absorption at the edges of the lens,
making the CRL act like an iris as well as a lens. For a
spherical unit lens of bubble radiusR, the absorption aper-
ture radius is defined by the radius,ra, at which the image
intensity is reduced by the factore−2, and is given by

ra = S 2R

mN
−

1

smNd2D1/2

s4ad

<S 2R

mN
D1/2

= S4df

m
D1/2

, s4bd

wherem is the linear absorption coefficient of the lens ma-
terial. This is the radius of the lens at which a ray passing
through the lens would be attenuated bye−2. Equation(4a) is
for spherical lenses; while Eq.(4b) is for parabolic lenses.
For most practical values ofN and m, the values forra are
approximately the same. The calculated value ofm for the
epoxy used in the experiments is equal to 5.8 cm−1 for 8 keV
x rays, and from Eq.(4b), the absorption aperture is 2ra

=119mm for the 103 bubble CRL(CRL 4-1-102). (Adelphi
uses the following lens designation: The first digit designates

TABLE I. Measured and calculated parameters of bubble CRLs for SSRL.

Bubble lens designation 1-1-90 3-1-196 3-4-103 3-3-93 4-1-102 4-1-102
Photon energy 12 12 9 8 8 7
Number of lenses 90 196 103 93 102 102
R, radius of curvaturesmmd 165 250 100 100 100 100
Observed lens minimum wall thicknesssmmd 76 41 37 36 23 36
Visual lens minimum wall thicknesssmmd 10 50 25 25 10 10
Calculated refractive index decrement 1.74E−06 1.74E−0.6 3.09E−06 3.91E−06 3.91E−06 5.12E−06
Tabulated linear attenuation coefficientscm−1d 1.49 1.49 3.77 5.50 5.50 8.40
Calculated focal length(cm) 52.8 37 15.7 13.8 12.55 9.6
Calculated image distance(cm) 54.5 37.8 15.8 13.9 12.6 9.7
Measured image distance(cm) 32 36 17.5 13 14 10
Calculated vertical minimum waist diametersmmd 15.1 10.4 4.4 3.9 3.2 2.7
Measured vertical minimum waist diametersmmd 12.8 12 3.9 4.8 2.7 4
Calculated horizontal minimum waist diametersmmd 64.1 44.0 18.8 16.6 13.5 11.5
Measured peak transmission 36% 30% 24% 16% 27% 5%
Calculated attenuation aperture diametersmmd 314 262 143 125 119 96.7
Measured attenuation aperture diametersmmd 321 245 147 150 149 149
Calculated demagnification 0.032 0.022 0.009 0.008 0.007 0.006
Calculated two-dimensional gain 16.6 20.0 25.6 16.9 28.9 6.0
Measured two-dimensional gain 8.9 3.5 13.4 ¯ 25.5 ¯

TABLE II. Measured and calculated parameters of bubble CRLs for APS.

Bubble lens designation 6-8-178 6-6-244 6-1-250 6-2-300 6-3-349 6-3-349
Photon energy 13 15 15 15 18 20
Number of lenses 178 244 250 300 349 349
R, radius of curvaturesmmd 100 100 100 100 100 100
Calculated focal length(cm) 19 18.5 18 15 18.6 23
Calculated image distance(cm) 19.7 19.1 18.6 15.4 19.2 24.0
Measured image distance(cm) 20.6 19.1 19.1 17 20.8 25
Measured vertical min. waist dia.smmd 2.7 1.35 2.55 1.24 1.50 2.10
Measured peak transmission 39% 54% 37% 25% 39% 46%
Calc. attenuation aperture dia.smmd 198.44 214.8 211.9 193.5 242.85 288.96
Means. attenuation aperture dia.smmd 171.5 176.8 182 177.5 191.42 208.93
Measured two-dimensional gain 25 11 ¯ 25 ¯ ¯
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the “run” or “epoxy batch” in which a lens was made, the
second digit is for the number of the lens in that particular
batch, and the third number is the number of unit lenses, e.g.,
4-1-102 is batch No. 4, CRL No. 1, andN=102. These num-
bers are primarily for quality control reasons.) Note, for M
bubbles there areM −1 lenses.

If absorption is neglected, only the central part of a
spherical lens approximates the required parabolic shape of
an ideal lens. The spherical aberration aperture is defined as
the radiusrs at which there isp-phase shift in the electric
field at the image plane due to nonparabolic shape of the lens
surface. The spherical aberration aperture radiusrs is:3

rs = s4R2lr id1/4 = S2R3l

dN
D1/4

, s5d

wherer i is the image distance andl is the x-ray wavelength.
Rays outside of this aperture do not focus at the same point
as those inside. The second half of Eq.(5) is approximately
true if ro@ f, an accurate approximation for synchrotron
sources, where the distance to the source,ro, is quite large.

An important application of the bubble lens would be to
increase the intensity of x rays from a distant source at the
image point. Gain is defined as the ratio of the x ray intensity
at the image plane of the lens to the intensity of x rays that
would have been obtained at the same plane without a lens.3

From energy-conservation arguments, an approximate ex-
pression of the gain of a two-dimensional lens is found to be

G <
AL

AS
M2T, s6d

whereT is the power transmitted through the lens over the
incident power impinging on the aperture of the lens(for unit
lenses with aperture radii<ra, T<0.43e−mNd, whered is the
minimum thickness of the unit lens), AL andAS are the area
of the lens and of the source, respectively, andM =ro/ f is
the demagnification.11 The spherical aberration aperturers is
not appropriate for determining gain.AL=pra

2. However,
when this aperture is exceeded, the primary effect is a loss of
resolution, but the gain is affected much less. Using the
Kirchhoff–Huygens equation to determine gain for a spheri-
cal lens shows that Eq.(6) is a good approximation.8

As can be seen from Eq.(6), the gain is determined by
the CRL transmission,T, and the square of the demagnifi-
cation M or 1/f2. Thus, the bubble lens with its short focal
length and good transmission will give higher gain than most
other CRLs. The transmission depends upon the thicknessd,
which in turn depends on the given lens material and on the
diameter of the capillary channel. We have fabricated CRLs
with minimum thicknessesd as small as 20mm.

We used the above formulas to calculate the various pa-
rameters of the lenses used here. These calculated values are
compared with experimental ones and given in Tables I and
II. Minimum lens thickness(d, the minimum distance be-
tween spheres) was determined by microscopy.

II. MEASUREMENTS

We fabricated ten bubble CRLs and tested them at the
Stanford Synchrotron Radiation Laboratory(SSRL) and the

Advanced Photon Source(APS). As shown in Fig. 2, essen-
tially the same apparatus was used at these laboratories.
Their beamlines possessed double-crystal monochromators
(Si k111l) with 5310−4 resolution. At the time of these ex-
periments, these sources had remarkably differing source
sizes and source-to-CRL distances. At APS, the source mea-
suredDx=23 mm andDy=97 mm, and was 58 m from the
CRL. At SSRL, the source measuredDx=0.5 mm andDy
=2.0 mm, and was 16 m from the CRL.

For alignment, the CRLs were placed in a goniometer
head that could be manually tiltedux anduy. In addition, the
CRLs could also be remotely translated orthogonally(x and
y) to the direction of the x-ray beam to maximize the x-ray
transmission though the lens. An x-ray gas ionization detec-
tor was placed after a translatable slit for measuring the x-ray
beam profile. A Ta slit was adjusted to below 1mm by clos-
ing the slits. This method gives a quick and easy profile of
the beam and its image distance(and focal length) but lacks
the accuracy of other techniques such as translating a knife-
edge across the beam.

A. Stanford Synchrotron Radiation Laboratory
measurements

We first used beamline 2–3 at SSRL. The x-ray beam
size from this source was approximately 2320 mm2 at the
entrance to the experimental station; however, this size was
reduced to approximately 0.230.2 mm2 by Ta slits upstream
of the monochromator. The,1 mm Ta slit was then trans-
lated in thex direction across the focused x-ray beam and its
profile obtained. We then manually moved the slits along the
z axis of the x-ray beam, measuring its vertical widths by
scanning the slits over the beam at each location. Profile of
the focal spot size from lens 4-1-102 for 8 keV is given in
Fig. 3(a).

Using these measured widths, we can profile the beam
waist as a function of distance from the lens. The full width
at half maximum(FWHM) in the vertical direction is plotted
as a function of distance from CRL 4-1-102 in Fig. 3(b) for
8 keV photons. This figure shows that the waist of the x-ray
beam is converging to minimum at approximatelyr i

=14 cm. Thus, the source size of 0.44 mm has been focused
to the minimum spot FWHM of 5mm, at distance of 14 cm
from the CRL. Thus, the demagnification isM =.011. The
spot size in the horizontal was measured to be 19mm, which
is larger because we are imaging a bigger source diameter
(1.7 mm, FWHM) in that dimension.

The CRL has an aperture with an absorption profile that
has a Gaussian shape that causes stronger absorption of the
extreme rays passing through the CRL outer radial regions,
in contrast to the better-transmitted rays that pass through the

FIG. 2. Experimental apparatus for measuring the profile of a focused x-ray
beam and establish the image distance.
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central region. We obtained the transmission through the
CRLs by narrowing the x-ray beam to 50350 mm2 using the
upstream Ta slits and translating each CRL through the
beam. This gave transmission profiles of the lenses(e.g.,
4-1-102 in Fig. 3(c)). The absorption apertures(e−2 points,
not FWHMs) were obtained from these figures and tabulated
in Table I. Given the measured transmissions and profiles, we
can also determine the gains of these CRLs. The gain values
obtained in this fashion varied between 3.5 to 25.5. The cal-
culated and measured parameters for CRL 4-1-102 and other
CRLs tested at SSRL are given in Table I.

B. Advanced photon source measurements

Using the same techniques and much of the same appa-
ratus, we used beamline 5BM-D-DND at APS to profile the

focused x-ray beam using another series of CRLs at higher
photon energies and smaller source size. As before, the x-ray
beam size was reduced to approximately 1803180 mm2 by
Ta slits in front of the bubble lens. The downstream,1 mm
Ta slit was then translated in thex direction across the fo-
cused x-ray beam and its profile obtained. For example, the
minimum spot-size profile is given for CRL 6-3-349 in Fig.
4(a). The FWHM is 1.5mm. CRL 6-3-349 has 349 bubbles
in a capillary with a 200mm inside diameter(see Table II).

We then remotely moved the slits along thez axis of the
x-ray beam, measuring its vertical widths by scanning the
slits over the beam at each location. Profiles of the focal spot
size from lens 6-3-349 for 13, 18, and 20 keV are given in

FIG. 3. Characterization of lens 4-1-102:s2R=0.2 mm,N=102d. (a) Mini-
mum spot size at 8 keV.(b) Profile of the focal spot size as a function of
distance.(c) Transmission at 8 keV. FIG. 4. Characterization of lens 6-3-349s2R=0.2 mm,N=349 lensesd: (a)

Minimum spot size at 20.8 cm for 18 keV,(b) FWHM of the focal spot size
as a function of distance for three energies 13, 18, and 20 keV, and(c)
transmission for 18 keV.
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Fig. 4(b). The minimum waists of 5, 2.1, and 1.5mms are
seen to be at distances,r i, of 13, 21, and 25 cm, respectively.

As before, we obtained the transmission through the
CRLs by narrowing the x-ray beam to 50350 mm2 using the
upstream Ta slits and translating each CRL through the
beam. This gave transmission profiles of the CRLs as shown
in Fig. 4(c). The absorption apertures(e−2 points, not
FWHMs) were obtained from these figures and tabulated in
Table I. The calculated and measured parameters for CRL
6-3-349 and other CRLs tested at APS are given in Table II.

The gain was estimated by scanning the.1 mm slit
across the x-ray beam at the focus and at the entrance to the
CRL. The beam profiles of the focused spot and incoming
beam in vertical plane for CRL 6-2-300 were thus obtained
at 15 keV(see Fig. 5). The length of the slit was much larger
than the lens diameters.200 mmd. To obtain a rough idea of
the gain, we assume that the spot size in they direction is the
same for both the focused and entrance beams. Taking the
ratios of these intensities and squaring the value, we obtain
the gain of 25. Other values obtained in this fashion are
given in Table II.

III. DISCUSSION

CRLs have been made of bubbles embedded in epoxy
with focal lengths between 9.6 and 53 cm for photon ener-
gies ranging between 7 to 20 keV with peak transmissions
of up to 46%. These lenses give shorter focal lengths than
previous methods. The use of the CRLs at these photon en-
ergies can have greater application in synchrotron and pro-

posed coherent x-ray sources.18 The amount of absorption
can be further reduced by decreasing the wall thickness,d,
For photon energies above 30 keV, epoxy lenses can achieve
a performance comparable to those made of Be or Li, cur-
rently regarded as the best materials.11,12 Thus, one can ex-
pect CRLs made of epoxy to have an important future in
x-ray optics.
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