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A first focusing test of the undulator radiation at SPring-8 has been done using two types of x-ray
refractive lenses in thin glass capillaries. Gfens No. ) contained bubbles in a glue whereas the
other(lens No. 2 contained bubbles in glycerol. The capillaries had inner diameters of 0.2 and 0.8
mm, respectively. Using x rays of 17—-18 keV, the undulator source image was investigated at the
focal plane. The spherical aberrations and the field distortions were carefully examined by taking the
images of a gold mesh. Lens No. 1 had an advantage of high transmissivity in the hard x-ray region
(18% at 18 keV and high tolerance to severe radiation damage, €.§ 10'? photons/s/0.03 mfn

of the 18 keV x rays for an exposure time of 1 h. On the other hand, lens No. 2 had an advantage
of a large aperture, 0.8 mm, and a small field distortion, e.g., less than 10% inside a diameter of 300
pum. © 1999 American Institute of PhysidS0034-67489)05011-X

I. INTRODUCTION lengths were chosen to be close to the distance between the
x-ray source and the len®.g., ~45 m).”® Such “collima-
tors” would be useful for high-angular and high-energy
resolution experiments such as inelastic scattering and
nuclear scattering experimert8.

In order to improve the gain, a refractive lens with an
array of spherical or parabolic len§eis preferable. Many
technical difficulties, however, exist for realizing such forms

km would be needed. YaAgroposed the idea of a lens on metallic njatgrials by precise machining. On the othe_r
made of lowZ material for focusing hard x rays without Nand. when liquids and gases are used as the lens material,
much absorption, but the lens radii, a few micrometer, werdhe surface tension helps to realize spherical and parabolic
too small. An x-ray refractive lens has been realized for the?"@P€s much more naturally. _

first time by Snigirevet al. by producing a linear array of The so-called “bubble lens” and “hollow plastic ball
many cylindrical lensegscompound refractive lens. Two- lens” were manufactured where bubbles on an adhesive
dimensional lenses were also developed by crossing two lifiquid® and hollow plastic balls on pure watét* were

ear arrays in perpendicular directich§he maximum gain Placed in order to realize the spherical interfaces between air
obtained by these two-dimensional lenses, however, Wa@ﬂd the lens materials. The diameters of the bubbles and the

reported to be around 15 and there is much room for im-inner diameters of the hollow plastic balls were about 2 and
provement. The number of pinholes for this kind of two- 1.7 mm, respectively.
dimensional lens needs to be twice larger than the one- Here, we report the results from the first test of the “mi-
dimensional one and absorption of the x rays through therocapillary lens*? developed at the Institute of Applied
bridges becomes unnecessarily large. To minimize the effedthysics Problems, Belarus. An undulator beamline, BL47, at
by x-ray absorption and by small angle scattering, materialSPring-8 was used for the experiment. The first type of the
such as beryllium were also extensively testéd. lens (No. 1) was produced by forming bubbles in a glue
At SPring-8, an array of one-dimensional lenses wasnside in a thin glass capillary and was solidified to obtain a
evaluated as the “collimator” of the undulator beam. They solid x-ray refractive len&? Presently, a lens with a diameter
were fabricated on plastics or beryllium plates and their focahs large as 1-2 mm can not be fabricated. Therefore, the

Due to the extremely small refractive index decrement o
x rays (6~10 % n=1-5+ipB, wheren andg are the refrac-
tive index and absorption index, respectiyelgn x-ray re-
fractive lens has been unrealistic until recently. An x-ray
refractive lens using a high-atomic numlieigh-Z) material
has been proposed by Suehiro, Miyaji, and Hayashi for fo
cusing undulator radiatiohput a long beamline of about 1
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FIG. 1. Magnified image of lens No. 2 using a visible light microscope. Inner diameter of the glass capillary is 800 nm.

bubbles were formed in glycerol in the second type of thed.15%. The focal length of this lens was expected to be
lens (No. 2). For both of these lenses, the surface tension obou 1 m and the focus image of the source was expected to
the liquid inside the glass forces the surface to have an amse formed at about this length downstream of the lens be-

proximately spherical shape. The lenses investigated had iR yse the distance between the source and the lens, about 45
ner diameters of about 0.2 mo. 1) and 0.8 mm(No. 2, 3 \yas much larger than the focal length. Therefore, the

respgcnvely ' Usm.g x-rays of 16.5-18.3 !<eV, the Ie_ns qualltyexpected geometrical demagnification factor was about 1/45.
was investigated in terms of the focus size, the gain, and th

transmissivity, and the spherical aberration effects were Carf_l'owev'er, a spherical aberratpn negds to be 'taken Into con-
fully examined by taking the images of the gold mesh. sideration. By the ray-trace simulation described later, the
image size at a focus in FWHM was expected tostie um
and about 18&m in the vertical and horizontal directions.
By experiment, the focus position was determined by
The evaluation of the “microcapillary lens” was done at measuring the vertical profiles at different positions along
BLA7 of ?Ifsrmg-S(Ref. 13 using the standard in-vacuum o gntical axis. These measurements were done with a wire
undulatot**®and a cryogenically cooled Si monochromator,Scan(a kind of a knife-edge scartechnique(Fig. 2). This

which could tolerate the full heat load from the undulatorsCan was carried out with a precision of better than @i
with a small gap?® First, the demagnified image of the un- . b

Il. METHODS FOR EVALUATING THE LENSES

in terms of the image size, the gain around the focal planedownstream of the lens to exclude the x rays outside the

Most of the measurements were done for the lens No. 1aperture of the lens.

which has a length. =59 mm and inner radius=0.10 mm The gain was measured by comparison of the brightness
with the number of microlensed=71. Second, the magni- with and without the lens. In principle, a two-dimensional
fied image of a gold mesh was taken in order to examine thérightness distribution is needed to be measured with a spa-
spherical aberration. This measurement was done for the lenial resolution of 1um or so. The spatial resolutions of most
Nos. 1 and 2. Lens No. 2 has a length-225 mm and inner  of our position-sensitive detectors were worse than this cri-
radiusr=0.4 mm with the number of microlens&=185.  terjon and the x-ray films and nuclear plates were not suit-
The magnified image of the lens No. 2 using the visible lightype pecause of their poor linearity to the incident intensity.
microscope is shown in Fig. 1. Another solution for such measurement can be considered by
A. Evaluating the source image at the focal plane scanning a pinhole or a slit with a diameter or width of less

The source image of the undulator radiatievith a gap than 1 um or so. Ex!oc_arime_nts with such pinholes and slits,
of 40 mm was taken and investigated mainly for lens No. 1however, are also difficult in the x-ray region.
at the x-ray energy of 18.3 keV. The undulator source size in  The gain, here, was measured in the following way. A
full width at half maximum(FWHM) was expected to be charge-coupled device camergHamamatsu Photonics,
about 800umx30 um (assuming a coupling constant of C4880-17% with a phosphor screen and a relay léhereaf-
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FIG. 2. Experimental setup for measuring the focus size using a wire scan and for measuring the transmissivity of the lens. An ionization chamtber was us
as the detector and a gold wire with a diameter of 28@was used. 18.3 keV x rays were utilized and a diaphtaith a diameter of 20Qwm) was closely
placed downstream of the lens to exclude the x rays outside the aperture of the lens.

ter, “beam monitor’) was used to record the x-ray image. mesh manufactured by the Good Fellow Co., Britain, was
The relay lens magnifies the fluorescence light from theused which had a wire diameter of Su8n with a thickness
phosphor screen by a magnification factor of 2. The visibilityof ~5 um with a pitch of 16.7um.

of the gold mesh observed with this detector showed that the

spatial resolutiqn of this detector was about 4. Qn the ¢, Ray-trace simulations

other hand, a wire scan measurement was done with a step of ] ]

0.5 um. Through this measurement, a much more precise The results of the experiments were compared with ray-
intensity profile can be obtained. The projected onelrace simulations assuming perfectly spherical microlenses.
dimensional profiles by the “beam monitoi(in the vertical ~FOr the calculations, parallel incident x-ray beams were as-
and horizontal directionswere deconvolved to have the Sumed while the incident beam from the undulator is quasi-
same profile as the wire scan dasammed over an area of Parallel (with divergences of o, =18 urad and

the pixel size of the “beam monitoj; while the renormal- “y'=8 urad at an x-ray energy of 18 keV). As for the

ization factor was chosen to conserve the total integrate§*Periment with the gold mesh, the diffraction and the scat-
intensity. tering intensities are small at the gold wires and the mesh

The transmissivity of the lens was measured with anVOrk, in a good approximation, as a mask along the parallel
air-filled ionization chamber as the ratio of the currents withX"ay beéam which does not change the direction of the inci-
and without the lengFig. 2). A diaphragm with a diameter dent x rays.
of 200 um was closely placed downstream of the lens to
exclude the x rays outside the aperture of the lens. IIl. RESULTS OF THE EXPERIMENTS

A. Source image at the focal plane

The focal length was determined by repeating the wire
scans at various positions from lens No. 1. The vertical in-
To visualize the spherical aberration and the field distortensity profiles were measured with a gold wire at distances
tion, it is convenient to take the images of a mesh and see thfeom the lens., of 0.6, 0.7, 0.8, and 0.9 fFigs. 4a), 4(b),
distortions from the lattice. The undulator gap was as set td(c) and 4d)]. Each scan was done at a step of Qr with
44 mm for this experiment. A gold mesh was placed up-an integration time of 1 s. The horizontal profile was mea-
stream of the lens and the distances from the lens to thsured only at_, of 0.8 m, which seemed to be reasonably
detector were set to 3.6 and 5 m, for lens Nos. 1 and 2near the focal plang¢Fig. 4(e)]. A low-frequency source
respectively(Fig. 3). Since the focal lengths of the lens Nos. movement in a few Hz appeared as oscillations at the tall
1 and 2 were around 0.9 (at 18.3 ke and 1.2 m(at 17.1  around the focus spot.
keV), images with magnification factors of around 3 and 3.2  The vertical profile at ,=0.6 and 0.7 m showed a rather
could be obtained, respectively. As for the mesh, a goldlat top which indicated that, is smaller than the focal

B. Evaluating the magnified image of a gold mesh

Refractive lens
(Aperture 200pméo)
Diaphragm
Double crystal  Gold Mesh (Aperture Beam
Undulator monochromator 200umd) Monitor

D47
Mesh Image

FIG. 3. Experimental setup for taking images of the gold mesh. Images with magnification factors of around 3 and 3.2 were obtained for lens Nos. 1 and 2,
respectively, by placing the gold mesh upstream of the lens and placing the detector at abodt33r6 dawnstream of the lens Nos. 1 and 2, respectively.

A gold mesh manufactured by the Good Fellow Co., Britain, was used which had a wire diameteyof ®/ih a thickness of-5 um and a pitch of 16.7

pum.
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FIG. 4. Result of the measurements of the intensity distributions at various distances from the lens No. 1. Wire scan measurements in thectiertical dire
of the gold wire with a diameter of 20@m were done and the raw data together with the differenciated profiles are sho(ah ligr=0.6 m,(b) 0.7 m,(c)

0.8 m, and(d) 0.9 m, where_, stands for the distance between the lens and the wire. A wire scan measurement in the horizontal diréelin $d.8 m

is also shown.

length. On the other hand, the tail structure became apparesatired was &m both forL,=0.8 and 0.9 m. We searched for
asL, was increased from 0.8 to 0.9 m. Nearly 60% of thea smaller spot sizén the vertical directionaround the focal
total flux was involved in the central peak B,=0.8 m  plane but we could not obtain a small spot size of less than 2
which decreased to 40% ht,=0.9 m. The focus size mea- um as the ray-trace simulations suggested. We did experi-
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ment with a tiny pinholg50 um ¢) just in front of the lens

to reduce the off-axis flux and to reduce the spherical aber-
ration, but the focus size was not reduced significantly. We,
therefore, concluded that the lens is not so perfect and de-
tailed model fitting would not be needed. This may be caused , _
by the deformation of the bubbles from perfect spheres. = "Sae
Though the focal condition seemed to belat~ 1 m, as- & Sk amaa
suming the inner radius of the capillariR€0.104 mm and

the number of the microlense®l&71), we concluded that

the focus position exists somewhere betwkes0.8 and 0.9

m. The sizes of the focus was evaluated. g+ 0.8 m to be

about 16umx8 um (horizontal FWHMxvertical FWHM).

As the undulator source size in the FWHM was expected to

be about 80QumXx30 um (assuming a coupling constant of

0.15%, the observed image size agreed with the expected

one in the horizontal directiofassuming a demagnification

factor of 1/50, but it was much larger than expected in the
vertical direction(<2 um, according to ray-trace simula- @)
tions). The observed focal length, suggests that microlenses

may not be perfect spheres with the assumed radius of 0.10

mm and the “effective” radius could have been 0.09 mm.

The beam profile was observed with and without the lens _ R
by the “beam monitor.” From the ratio of the peak intensi- 3&' L Q" ;
ties observed by this detector, the gain was calculated to be ; o S ‘ A
about 3.3. But this gain is affected by the finite resolution ;
(about 10um) of the detector as described in Sec. Il A. We
deconvolved the one-dimensional projections by renormaliz-
ing the wire scan data in the vertical and horizontal direc- :
tions. From this deconvolution, the true gain was calculated e S ;
to be about 12. The transmissivity of the lens was carefully 2 : ? _
determined by the ratio of the flux through the entrance pupil PRt : :
with and without the lens. The measured value for the trans- " el S e
missivity was about 18% at an energy of 18.3 keV. e A .

X [n'iécrométer] S

y [ml.'cromst_"pr]
§ g

B. Magnified image of a gold mesh (b)

The expected transmission through the gold wire was . ,

0.39 at an x-ray energy of 18.3 kel¢orresponding to a FIG. 5. (;‘:1) In_1age of a gold meskGood Fel_low Co. using lens No. 1 V\_ntf’n
a magnification factor of about 3 at an x-ray energy of 18.3 ki dis

thickness of about um). This corresponds to a visibility of tances between the mesh and lens and between the lens and the detector
0.44. When this mesh was closely placed in front of thewere chosen to be 1.2 and 3.6 m, respectively Simulated mesh image
beam MONIr, the WISIDIY (e, sy, NOW- 2% e ctlaion e cosenon nage uerapped The it
ever, was measured to be about 0.07 due to the finite spatla?
resolution of the detectdr~10 um). | . andl i, here rep-
resent the maximum and the minimum intensities around thand the visibility for the near-axis wires approached the ex-
dips caused by the gold wires, respectively. pected value of~0.4 at this energy. The fine wires were

The mesh imagéat 18.3 keVf was taken using lens No. barely seen without the lens, but magnification6$.2 en-
1 and is shown in Fig. ®). This apparently shows the cur- larged the wire diameters and the pitches to about 16 and 53
vature of field due to the spherical aberration. A ray-tracingum, respectively, and made these wires easily resolved by
simulation was also done for this measurement assuminthe detectofwith a spatial resolution of-10 pum).
perfect spherical microcapillary lenses with a focal length of ~ Figure 6b) shows the observed image and the calculated
0.9 m. Figure ®) shows the observed image and the calcu-one overlapped. In this case, the focal length of the lens was
lated one overlapped, which show a close resemblance. assumed to be 1.2 m. Figurébp again shows the resem-

Mesh images were taken at various x-ray energiedlance of the observed mesh image and the simulated one.
(16.5-18.1 keVY using lens No. 2 and the visibilities were The focal lengths(calculated from the separation of the
measured at various wire positions. The positions of the lenwires) roughly changed proportional to the square of the
and the beam monitor were fixéthe distance from the lens x-ray energy as theoretically expected. The curvature of field
to the mesh being-2 m and to the beam monitor beirg5  of the image was much reduced compared to lens No. 1 due
m, respectively. Figure a) shows the image obtained at to the larger radii of curvature of the lens.
17.1 keV. The shadows of the wire became clear at 17.1 keV  The position linearity of the image was investigated by
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(b)

FIG. 7. Result of the radiation damage test for the lens matégiag) of

o lens No. 1. A high x-ray flux density of 5x 10'? photons/s/0.03 mfwas
s = s illuminated onto the lens with the exposure time of 1 h. Visible light micro-
5 — — scope image of the most upstream part of the lembefore exposure and
E o s (b) after exposure. Inner diameter of the glass capillary is 35¢.nm
£ 8
2 sl oL axis and a flux density of 5x 10" photons/s/0.03 mAwas

e S P e expected to be illuminated on the lens. The exposure time
L o o ———e was 1 h.

i i B3 : After the 1 h exposure, the most upstream part of the
lens, composed of glue, was discolored. The glue turned yel-
low from its initial color of dark green and small density
fluctuations were seen, as shown in Fig. 7. Only two micro-

(b) lenses(the glue parts for a length of about 2 tmvere af-
fected by this effect. Therefore, the focusing capability

FIG. 6. (a) Image of a gold mestGood Fellow Co). using lens No. 2 with ~ Seemed not to be affected so much.
a magnification factor of about 3.2 at an x-ray energy of 17.1 k@y.
Simulated mesh image by a ray-trace calculation and the observed image

overlapped. The distortion from the lattice was well reproduced in the simu-
ation P IV. DISCUSSION

A first focusing test using the undulator radiation of
measuring the distortion of the mesh image from the latticeSPring-8 has been done for two types of x-ray refractive lens
The distortion was less than 10% inside a diameter of 300n thin glass capillaries. On@gens No. 3 contained bubbles
am. in a glue whereas the othdens No. 2 contained bubbles in
glycerol inside a glass capillary with inner diameters of 0.2
and 0.8 mm, respectively. Using x rays of 18.3 keV, the
undulator source image was investigated at the focal plane in

Lens No. 1 was formed with glues and the stability of terms of the focus size, the gain, and the transmissi¥ity

the glue was not known. To check the stability in an ex-lens No. 1. The spherical aberrations and field distortions
tremely high x-ray flux and a high radiation damage, a lensvere carefully examined by taking the images of the gold
with the same ingredient as lens No. 1 was placed into thenesh(for lenses Nos. 1 and)2

optical axis. This experiment was also done at BL47XU of  For both lenses, the images of the gold mesh showed
SPring-8 with an undulator gap of 10 m(mear the mini- close resemblances to that obtained from ray-trace calcula-
mum of 8 mm. The monochromator was set so that thetions assuming perfect spherical microlenses. This fact sug-
third-order harmonics, 18 keV, were transmitted into the ex-gested that the “microcapillary lens” reported here is suit-
perimental station. The lens was adjusted to the x-ray opticadble for fabricating a series of spherical microlenses. It has

C. Test of radiation damage
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