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for hard x-ray applications
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In the 19% CHESS MNewsletter, we re-
ported on our first experiments using
leaded glass momocapillaries to make
hard x-ray beams with a smze ranging
from 50 nanometers up to 5 microns [1].
Father than continue to work with capal-
laries that are far from optimal, we de-
aded to try improving the aptics by em-
plying design tools and comstructing a
computerized glass puller that can make
better engineered and reproducible
parts. We have also been trying to fabr-
cate capillaries from borosilicate material
thatis lead-free, an important issue for
BOTNE X-TaY experiments using x-ray fluo-
rescence, spectroscopy methods, or Laue
diffraction. Below we distuss the msults
we have achieved in making very
straight, nearly parabolic shaped capil
laries as well as the problems we are ex-
periencing to obtain borosilicate glass
tubing with an inner surface smooth
enough to show a high x-ray intensity
gain.
Design Progress

Xerays passing through the capallary
must remain below the critical angle for
efficdent operation as they are com-
prssed to smaller and smaller cmss sec-
tiom before exating the tiny tp. Capillary
tube design starts with specifying an up-
per x-ray energy at which the optic wall
function {e.g. 12 keV], the desired exit
beam size, and the maximum exit beam
divergence. Given these parameters and
the propertes of the x-ray source, a suit-
able design can be made with a two-di-

mensional ray tracing program RATE [2].

This program can take glass parameters
and compute the reflechivity at hard »-
ray wavelengths, but as of yet has no soft
w-ray capability.

For synchmtron applications, we have
found that parabaolic and elliptical ta-
pered capillaries show high gain when
ray traced. We recently have employed
the same tools to determine the tolerance
mn slpe errors, (e, the local deviation
from the design figure that will be
present in any real optic. Figure 1 shows
that for a ray orginating from an on-axis
source point (Ray 1) and a parabolic
taper, only one reflection from the inner
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wall is ngeded to steer the beam through
the tip opeming. If a 5 microradian error
in the slope is artificially added in the
same region where this beam 15 reflected,
then 5 bounces (Ray 2) are required, but
the beam does still suocess fully exit the
capillary. However, increasing this error
o 100 microradians steepens the angle of
the beam relative to the glass until the
cntical angle 15 exceeded and so this situ-
ation shows a net reflection efficiency of
0.1%. We estimate that good perfor-
mance will be obtamed with slope ermrs
ofup to 1/10th of the 50 microradian
slope emor found for Figure 1 so that an
acceptable tolerance for the drawing pro-
cess in the glass puller is amund 5
microradians.

Of course the important question is:
Once we design a capillary optic on pa-
per, will we then be able to successfully
fabricate 1t?

Building a Computerized Puller

The first method we used to obtain
glass capillaries was the “Tuck of the
draw” method. In this method, we
would hang a glass tube m a cylindrical
furnace with a 50 gram weight at the
pulling end. By raising the temperature
of the furnace above the softening point
ofthe glass, gravity acting on the weight
would begin to elongate the capllary un-
til eventually aneedlelike optic would
form as the two parts separated. Such
capillaries were somewhat itregular in
shape, often had crooked tips and were
not very reproducible in manufacture,
Only asmall fracthon of the pulled capil-

(Figure 1) Computed ray tecng of & parsolic
shaped capifsy from &0 on-808 X-ray Source
Rfsreping Me capdiary from & distance of 15 m
The nsite dismeter of e capiilary design is 22
microns andits length is & om. The met throughpur
5 e eakbulsted refscivity of & single bounce mom
ssmool surfice or 89.0%. [ 5 purposefid siope
ermor of 50 mirorsdian is introduced, fen 5
Eounces are nested fo el the nbe. The frough-
A for s ray is 81% and 5 besm of figher diver
gence & created Ban for fre shgle bounce sins-
oo, The suit divergence ofrays 1 5nd 2 are 014
mesd and 35 misd respeciiely.

laries were found to be useful optical
componegnts.

We dedded, thevefore, to build a
drawing station to manufacture capillar-
iem of much higher quality. The new
setup has aleady produced 3 to 28 cm
lomg tapers, but the equipment is actu-
ally capable of pulling up to 1 m long
tapers. Figures 2and 3 respectively
show an outhne of the vertical glass
puller and a view of the capillary during
drawing. The glass pulling process s
controlled by a computer using a
LabWindows interface. The contralling
parameters for a given glass type are
pulling force, furnace temperature, and
furnace position. We also measure the
velocity of the glass leaving the pulling
region to assist in the control process.
All the relevant parameters are sampled
on a 1second time period and logred
dunng the dmaw that generally lasts 15
minutes. A strain gauge ted to the bot-
tom of the desired part keeps the lower
section of the glass in fixed position and
simultaneously measures the apphed
termion.
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Control of the diameter vs. length pro-
file is accomplished by varying the veloc-
ity of the furnace relative to the veloaty
of the glass pulled upwards by the mo-
tor. The furnace moves from battom to
top shaping the glass locally as it moves
steadily upward. Near the base of the
capillary, the furnace is moving rapidly
and httle glass 15 pulled from the heated
zome. Thus the inital capillary diameter
s reduced only by a small amount. To-
wards the end of the dmwng process,
the furnace has reached the tip regon
and is moving more slowly. The addi-
tiomal glass pulled from the heated zone
reduces the diameter still further and
thus shapes the fine tip of the capallary.

When we implemented these general
1deas, we were able to achieve a figure
close to our design value {Figure 4) after
st a few tnals. In subsequent tests, we
have found that the capilary shapes of
succesaive pulls are virtually identical,
showing that this glass puller now can
make reproduable parts.

Metrology

The figure and straightness of the
pulled capillaties were measured using
an optical microscope (Figure 5)
equipped with a translation stage with
05 micron resolution {but runoutin the
bearings of a few microms). Our new
capillaries are straight to within a few
micmns, the experimental error, over a
taper length of up to 28 cm. By scaling
the outside glass diameter to the m=ide
diameter, one can mfer the inner slope
to a few microradians over a length of a
few centimeters. Figure 5 showsa capil-

(Figure 2) Schemsatic drawing of fe 2.1 m high
ass drawing fower. The sl supporing fe
drswang equpment is sttached fo 5 Bige
elecronc \pment rack fololn, I 5
pliss, sfsc:g'u'dﬁﬁiﬁfs. atz. A %m conl?}
rodlsd mofor is moun fed S0 e fop of Greral. A
S&T gauge is mounted af Ge bomom. The
fass nbs is suppoted i betwesn on fishline
witle 5 movesbl umace soffens fe glass
b ohunng the puling process.

lary whase figure 1s bemg measured
and recorded into a kcal computer
file.

Definition and Measurement of X-
ray Gain

The performance of capillary optics
15 determined by three parameters:
exit beam size, beam divergence, and
imtersity gain. The gain is defined as
G=T"AJA), with T the fraction of the
flux leaving the capillary compared to
that entering the capillary {as mea-
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{Figurs 3) A resistve festng cod of generally 3 o
£ cm leng i surrounding the glsss nbe provides
e heat for e drawing process st 600 fo 900 <C.
Computenzed equipment contiok He fumsce
velcity 55 well 55 e gless extension snd fus the
veboily of e glass leaung Me fumsce.

sured through a short straight segmentl.
AfA_is the ratio of the cross sectional
amea at the upstream end (A ) and the
downstream end (A ) of the tapered cap-
illary. Thus the gain factor describes the
et increase of flux area.

The capillanies were tested at station
1. X-rays from a bending magnet were
monochromatized by a double-crystal
monochromator set to 12 keV. The caml-
lary was mounted on a gimbal mount
providing a honizontal and vertical ad-
justment of its optical axis to the beam
center with an accumacy better than 80 x
10* rad. lomization chambers located at
the upstream and downstream ends of
the capillary recorded the inddent and
exit intensihes.

The exit diameters of the borosilicate
capillanies ranged from (.5 to 5 microns.
The initial inside diameter for this glass
was 2B microns. Although the figure of
the optics & very close to optimal, we did
mot measure high gain factos. The masa-
mum gain observed was 31, the average
wvalue was much smaller. Since transmis-
sion of the capillary was very low, we
changed the expenimental setup and re-
peated our tests with a white x-ray beam.
The statistics in our measurements im-
prved significantly but no change in
gain was observed. With white beam the
glass showed some evidence for radia-
tiom damage, 1¢. discoloration from F-
centers. To confirm our results we tried
several newly fabricated tapered capil-
laries of leaded glass, the same material
for which gain factors of up to 960 had
been previously measured using 12.3
keV w-rays. With the very interse white
beam at CHESS the upstream end of the
leaded glass melted and sealed the capal-
lary. Therefore a gain could not be deter-
mined. Inthe future, improved shield-
ing of the upstream end of the capillary
should allow us to carry out white beam
experiments without melting the glass.

Pmblems with Rough Glass Surfaces

After pulling borosilicate glass capil-
laries so dose to the optimal figure, it
was very disappointing to observe a gain
of only 5 to 301 x-ray flux when the de-
sign and ray tracing programs predict a
gain of about 500 for a similar capilary
comdensing a beam from 28 to 1 micron
diameter.

For high performance glass capillaries
there are three ingredients required: a
diameter vs. length profile that ap-
pwaches an ideal taper; a straight guide



tube; and glass that is smooth on an

atomic scale. Since the first two critenia

wem satistied, this inferred that the glass
must not have a smooth surface. Secion-
ing the glass along its length has re-
vealed a very rough mner reflecting sur-
face, that is, the glass shows many ‘par-

ticle-like” defects. Usmg an optical mi-

croscope the size of these features were

determined to be 05 to 2 microns ind+
ameter, located only a few microns apart.

Future Directions and Goals

The obvious next step is to trouble-
shoot the current glass production pro-
cess or try to obtain glass of higher qual-
ity from different mamufacturers. We are
comfident that when good glass is avail-
able, we will be able to make capillary -
ray concentrators with high gain in flus.

Onge the ghss ophics can be made
routinely, we would like to see enough
activity develop to suppaort a micro-
soence beamline at CHESS.
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{above, Figues 4) Obsened capllary damster (+)
vs. g of fe capilky 55 messued wilh sn
opfical microscope. The oufer diameter (00) wes
recorded and scaled 85 8 messwe for fe Ner
dismener (D) profie. The deshed [ine represents
fre parabolic design valve, The profiles devists
onfy siigh fy showng that fre pul ment
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(bsiow. Figurs 5) Metology sefup wilh mcroscops
fesuring Ragh optical ification and 5 i
n'wier?m smggwﬁmmsdom wssdrgp
megsure e fgure of fis capilyy after puling.

The boundariss of the capilary, e e 00 and if
e giass is ranspament slse G i, can be racked
optically o yield £5 size and sorayghiness.




