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A new technology of thermoplastic glass bending for the manufacture of
cylindrical surfaces of hard X-ray range mirrors
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The paper presents a new technique for thermoplastic bending of glass. The technique makes it possible to
produce cylindrical surfaces with a guide in the form of a parabola, ellipse, etc. for mirrors in the hard X-ray
wavelength range (1 ~ 0.1nm). Three samples of the surface of an elliptical cylinder were prepared using this
technique. The production time for each sample was two days. The deviation of the guide and its local angle from
the calculated values for all samples does not exceed Ay = 0.5um and Aa = 7 - 1077 rad, respectively. It is shown
that when such surfaces are etched for two hours, their accuracy can be improved by more than two orders of

magnitude (Ay = 2nm, Aa = 5- 107 rad).
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Introduction

Starting from the Goebel’s studies [1,2], multilayer cylin-
drical mirrors for hard X-ray radiation with a guide in the
form of an ellipse or parabola are actively used to focus
or collimate the radiation of linear X-ray sources. They are
most widely used in modern diffractometers, allowing to
increase the efficiency of X-ray radiation selection in 10—15
times [3,4]. In order to exclude the aberrations introduced
by the mirror, the deviation Aa = a(X)—acc(X) of the
local angle of the guiding surface @(X) from the calculated
value agc(X) must be a lot less than the divergence of the
radiation incident on the mirror AQ2 = s/L, where S — the
size of the source, L — the distance from the source to
the mirror. The condition Aa = AS2/3 is usually sufficient.
In diffractometers, the apparent width of the anode of
the X-ray tube is S =25—50um, and the distance of the
mirror—anode is about 100 mm. Therefore, the requirement
for angular accuracy has the form Aa < 7107 rad. Here
and further, we take advantage of the fact that for the hard
X-ray range (A ~ 0.1 nm), the grazing incidence of radiation
on the mirror should not exceed ¥ = 0.05rad. This
requirement follows from the fact that multilayer structures
reflect radiation with a reflection coefficient R close to
unity for periods d > 2nm, and for smaller periods R
quickly drops to zero. From Wolfe’s law—Bragg follows
sin = 1/2d < 0.05. Therefore , the equality is fulfilled
with good accuracy: tgy =0 =Yy’(x), where y(x) — is
the guide of the cylindrical surface.

Previously, we have developed a number of methods
for manufacturing cylindrical mirrors with a given surface
shape: methods of thermoplastic and elastic bending of
glass, as well as the replica method, especially effective
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in the manufacture of large batches of mirrors [5-9]. To
implement the replica method, a template is required
that defines the shape of the manufactured surface. In
the manufacture of the template, we use the methods
of thermoplastic and elastic bending of glass bars. The
previously used method of thermoplastic bending provides
accuracy at the level of Aa <7- 10~ rad, however, the
method is extremely time-consuming and time-consuming
(on the order of several weeks). This is due to the
fact that part of the measuring equipment is located in
the hot zone at a temperature of 550—600°C. The elastic
bending method allows you to achieve a fairly high accuracy
Aa = (2—5) - 1073 rad, however, the sample is in a stressed
state and may change its shape over time due to the aging
of the glue. In addition, the technique is also very time-
consuming and time-consuming.

In this paper, we propose a much simpler and more
effective technique of thermoplastic bending, which allows
for 2—3 a day to make a stress-free sample with an accuracy
of Aa =7-1077rad. This accuracy is quite sufficient for
working with laboratory sources (in particular, for the
manufacture of mirrors for diffractometers). For those
cases where higher accuracy is required, such surfaces
can serve as starting points for further correction of their
shape by ion or ion-plasma etching methods. We have
developed such methods and repeatedly tested them in
practice. Their main advantage is that they do not spoil,
and in some cases even improve the initial micro-roughness
of the surface [10-12]. By etching, it is possible to bring the
accuracy of the surface shape to any predetermined value
in the presence of appropriate methods of measuring the
shape.
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1. Bending technique

The methodology is based on the following fact, estab-
lished by us experimentally. An elastically curved glass
bar retains its shape after cooling when heated slowly
to a temperature of T = 550—600°C in a homogeneous
temperature field. The essence of the technique is to
replace the calculated distribution of curvature K*(x) with
a polyline inscribed in K*(x).

The method comprises: A glass sample in the form of a
parallelepiped is cantilevered in a bending device (Fig. 1).
With its elastic bending under the action of a force F applied
at the point Xo, the curvature K(x) and the guide y(x) of the
resulting cylindrical surface (at y’ < 1) have the form [13]:

K(X) =y = Ao — X), (1)
y = (A/2)x*(xo — x/3), (2)
where A= F/El, | =ab’/12, F — force, E — Young’s

modulus, a and b — the width and thickness of the bar.

An area with coordinates Xpig, Xfn is selected on the
sample, inside which it is required to obtain the calculated
distribution of curvature K*(x). This interval is divided
by n intervals (in this paper n=3). Bending is carried
out in N stages.
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Figure 1. Diagram of the bending technique.

At the first stage, we bend the glass so that the curvature
at the points Xs, and X; is equal to the calculated K*(Xiy)
and K*(X). Substituting these values into (1), we obtain a
system of equations:

{K*(Xﬁn) = Ay(Xo — Xfin)> )

K*(Xl) = Ao(Xo — Xl).

Solving this system of equations, we find Ay, Xo. Sub-
stituting them into (2), we find the value of the shift
Yo = (Apx3)/3 at the point Xg, to which we need to move
the glass along the y axis to fulfill the condition (3). Further,
with a screw installed at the point X, under the control of a
micrometer, we shift the sample by Yo and conduct a cycle:
heating to T = 550°C — cooling to room temperature.

At the second stage, the point of application of force is
X = Xj. It is necessary to shift the glass along the y axis
by the amount of y; so that the curvature at the point X,
becomes calculated:

K*(x2) = Ao(Xo — X2) + Ar(X1 — X2). (4)

The first term on the right in the expression (4) — is
the curvature at the point X, formed after the first stage.
From the equation (4) find A;, substitute in (2) and find
y1 = (Aix})/3. Next, with a screw installed at the point X,
under the control of a micrometer, we shift the sample by
y1 and conduct a cycle: heating to T = 550°C — cooling.

At the third stage, the point of application of force is
X = Xp. It is necessary to shift the glass along the y axis
by the amount of y, so that the curvature at the point Xpqg
becomes calculated:

K™ (Xbeg) = Ao(Xo — Xbeg) + At (X1 — Xbeg) + Ao(X2 — Xpeg)-
(5)
The first two terms on the right in the expression (5) —
are the curvature at the point Xy, formed after the first and
second stages. From the equation (5) find Ay, substitute
in (2) and find y, = (Ax3)/3. We shift the glass by y»
along the y axis and conduct a heating— cooling cycle.
This completes the process.

2. Making an elliptical cylinder

According to this method, the problem of manufactur-
ing a sample with a surface in the form of an ellip-
tical cylinder was solved. Calculation guide — ellipse
section y = (b/a)(a? — x?)%3, a =240mm, b =4.5mm,
—170 < x < —110mm. In the laboratory system (Fig. 1),
the coordinates of the points Xpig, Xfin, Xmas» X1, X2 are
chosen equal, respectively 10, 85, 195, 50, 28 mm. The
calculated value of Xy is 180mm. The calculated values
of the offsets Yo, Y1, Y2 at the points Xg, X1, X are equal
to 2260, 49 and 16um. To increase the accuracy of
measurements, it is advisable to install the micrometer not
at the points X, X1, X2, but near the edge of the glass at
the maximum possible value of X = Xyeas (Fig. 1). In this
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case, the measured values are Y = (Xmeas/Xi)Y; noticeably
exceed y; and are equal to y; = 2448, yj =191 and
y; = 111um.

According to the formulas (1)—(5) the expected deviation
of the final curvature K (polyline curve Fig. 1,5) from the
calculated K—K* (Fig. 2,a). Integrating it, we obtain the
expected deviation of the local angle and the guide from
the calculated values (Fig. 2, and c). It can be seen from
the figure that these values do not exceed 0.025 mrad and
0.15 um, respectively.

In accordance with the above calculations, experiments
on glass bending were carried out. The glass produced by
the Bor Glass Factory was used, which is manufactured
using the technology of casting on liquid tin (,float glass®),
having a roughness at the level of 0 ~ 0.5 nm.

A glass bar cut from such glass, having a thickness,
width and length equal to 5, 40 and 220 mm, respectively,
was cantilevered in the bending device (Fig. 3) with a
bar /. Then at the point Xo with the help of a bar and
screws 2 shifted by the amount of y; under the control of
a micrometer sensor 3 with a division price of 1um (set
at the point Xpmess). After that, the sample was placed in
a muffle furnace, where the heating — cooling cycle was
carried out. At the second stage, the bar 2 moved to the
position X; and shifted by the amount of yj. At the third
stage, the bar 2 moved to the position X, and shifted by the
amount 3.

The bending was carried out on three samples. On
the first sample, after each stage, the dependence of the
local derivative on the coordinate was measured on the
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Figure 2. The expected deviation of the curvature (a), the local
angle (b) and the guide (c) of the manufactured surface from the
calculated values.
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Figure 3. Photo of the bending device: 1, 2 — metal bars, 3 —
micrometer.
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Figure 4. Deviation of the local angle from the calculation for the
ellipse after 1, 2 and 3 stages of bending (curves /-3); Xi, Xa —
points of application of force at 2 and 3 stage.

optical stand [14] (Fig. 4). The measurement accuracy
Aa = 2-107>rad. The figure shows a step-by-step approx-
imation of the sample shape to the calculation. Two other
samples were bent with the same parameters, but without
intermediate measurements.

It can be seen from Fig. 5 that on all samples the deviation
of the measured profile from the calculation (curves 7-3)
does not exceed Ay* = 0.5 um, and the angular accuracy is
Aa* = 0.07 mrad, which is 2—3 times worse than expected
(Fig. 2). At the same time, this accuracy fully satisfies
the requirements for the accuracy of the shape of mirrors
for laboratory X-ray sources and, in particular, mirrors for
diffractometers.

Fig. 5,b, draws attention to the fact that in the region
X = —147 mm, a dip is observed on all samples, which may
indicate the presence of the same dip on the original surface
of the glass. To test this hypothesis, a glass sample was
cut out, located next to (at a distance of 20 mm) with the
sample number I, and its profile was measured (curves 4,
Fig. 5). If we assume that the initial profile on all three
samples is the same and subtract it from the curves /-3,
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Figure 5. Deviation of the guide (a) and the local angle (b)
of the manufactured surface from the calculated values for three
samples (curves /-3). Relief (a) and its derivative (b) for the
original surface (curves 4), taken on the same glass next to the
samples /-3.

then the deviation of the guide and the local angle of
the manufactured surface from the calculated values will
be Ay = 0.25um and Aa = 0.02—0.03 mrad, respectively.
This practically coincides with the expected values of A
and Ay’ (Fig. 2, b, ¢). This leads to an important conclusion:
before applying this technique, it is necessary to measure
the curvature of the initial surface Kini(X) and take it into
account in calculations.

Thus, the proposed technique allows you to create cylin-
drical surfaces with a deviation from the calculated guide
and the local angle Ay* = 0.5um and Aa* = 7- 107> rad,
respectively. However, such manufacturing accuracy is by
no means the ultimate. In the present study, the working
area of the sample was divided into 3 intervals (n=3). If
we increase the number of intervals, then the deviation of
the obtained curvature, and hence the values Aa* and Ay*
from the calculation, will decrease inversely proportional
to n>. By doubling the number of intervals (n = 6) and
taking into account the initial profile Kiy(X), it is possible,
within the same equipment, to obtain the following values:
Ay* = 40nm, Aa* = 1- 107 rad.
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Figure 6. a — RIBE etching technique with focusing slit: 7 —
metal slit, 2 — initial surface, 3 — design guide, 4 — etching
profile; b — etching profile across the slit width 8 (curve 1)
and 4mm (curve 2) in 10 min.

3. Modeling of the etching process of
the manufactured surface

The bending technique is fully described above. Sec.3
we decided to include in order to assess how much it is
possible to reduce the deviation of the curved surface from
the calculation by the reactive ion-beam etching (RIBE)
technique with a focusing slit. The reactive ion-beam
etching (RIBE) technique is described in detail in [11,12].
For further consideration, it is essential that after the
focusing slit, an etching zone is formed on the sample in
the form of a rectangle, the long side of which is equal to
the length of the slit (60—80 mm). The etching velocity
distribution v(x) across the slit does not change along
the y axis (Fig. 6), and the width of the distribution v(X)
decreases with decreasing width of the slit.

We have created a program that allows us to simulate the
etching process in such a (one-dimensional) geometry [15].
The sample moves relative to the slit in the direction of
the x axis at a speed of w(x) (Fig. 6). At the input
to the program, the initial distribution Ay(x) and the
experimentally measured distribution v(x) are set. At
the output, we get a new distribution after etching Ay*(x),
the law of motion of the sample relative to the slit w(X) and
the total etching time.
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Figure 7. Deflection of the guide surface after thermoplastic
bending (curve I, left scale) after etching for 80min with a
focusing slit 8 mm wide (curve 2, right scale) and subsequent
etching for 6 min with a focusing slit width 4mm (curve 3, right
scale) from the calculated guide.

Fig. 7 shows the results of model etching. The guide
obtained after bending the sample number I (curve I,
Fig. 5,a) was taken as the initial guide surface. At the first
stage, etching was carried out using a slit with a width
of 8mm for 80min. At the second stage, the resulting
profile was etched for 6 min using a slit with a width
of 4mm. The corresponding etching profiles measured on
the profilometer of the model 130 [16] are shown in Fig. 6, b.

The deviation of the profile obtained after etching
from the calculation of Ay*(x) is shown in Fig. 7.
After the first etching stage, the value of Ay*(x) de-
creased by about 20 times compared to the original
(Ay;;(x) =500nm, curve /) and was 20nm (curve 2,
right scale). After subsequent etching with a gap of 4 mm,
the value of Ay*(x) decreased by about 20 times and
amounted to 1-2nm (curve 3, right scale). We note that
the glass surface after etching cannot be used as a mirror
surface, since micro-roughness develops to the values of
2—5nm during etching. However, such surfaces can be
used as a template for the replica method.

Conclusion

1. The paper presents a new technique of thermoplastic
bending of glass. The technique makes it possible to
produce cylindrical surfaces with a guide in the form of
a parabola, ellipse, etc. for mirrors of the hard X-ray
wavelength range (1 ~ 0.1nm).

2. According to this technique, three samples of the
surface of an elliptical cylinder were made. The man-
ufacturing time of each sample was two days. The
deviation of the guide and its local angle from the calculated
values for all samples does not exceed Ay = 0.5um and
Aa = 7 - 1073 rad, respectively.
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3. It is shown that when etching such surfaces for 2h,
their accuracy can be improved by more than two orders of
magnitude to the values Ay* = 2nm, Aa* = 5- 1077 rad.

Acknowledgments

The study was performed using the equipment of the
CCP IFMRAN.

The authors express their gratitude to V.I. Luchin for a
useful discussion of the sutdy.

Funding

The work was carried out with the financial support of
the RGNF grant No. 21-72-30029.

Conflict of interest

The authors declare that they have no conflict of interest.

References

[1] M. Schuster, H. Gébel. J. Phys. D: Appl. Phys., 28, 270 (1995).

[2] M. Schuster, H. Gobel. Adv. X-Ray Anal.,, 39, 57 (1996).

[3] PF. Fuster. X-Ray Scattering from Semiconductors (Imperial
College Press, London, 2000)

[4] YuN. Drozdov, A.A. Akhsakhalyan, A.D. Akhsakhalyan,
E.B. Klyuyenkov, L.A. Mazo, Al Kharitonov. Poverkhnost’.
Rentgen., sin-khrotron. i nejtron. issled. 5, 33 (2005) (in
Russian).

[5] AD. Akhsakhalyan, B.A. Volodin, E.B. Klyuenkov,
V.AMuravyev, N.N. Salashchenko, A..  Kharitonov,
E.A. Shamov. Poverkhnost’. Rentgen., sinkhrotron. i nejtron.
issled. 1, 112 (2000) (in Russian).

[6] A.A. Akhsakhalyan, A.D. Akhsakhalyan, V.A. Muravyev,
AL Kharitonov. Poverkhnost’. Rentgen., sinkhrotron. i nejtron.
issled. 1, 51 (2002) (in Russian).

[7] A.A. Akhsakhalyan, A.D. Akhsakhalyan, D.G. Volgunov,
S.V. Gaponov, N.A. Korotkova, L.A. Mazo, V.L. Mironov,
V.A. Muravyev, N.N. Salashchenko, A. Kharitonov.
Poverkhnost’. Rentgen., sinkhrotron. i nejtron. issled. 1, 78
(2003) (in Russian).

[8] A.A. Akhsakhalyan, A.D. Akhsakhalyan, E.B. Klyuenkov,
V.A. Muravyev, N.N. Salashchenko, A.I. Kharitonov. Izvestiya
RAN. Ser. fizicheskaya, 69 (2), 174 (2005). (in Russian).

[9] A.A. Akhsakhalyan, A.D. Akhsakhalyan, A.L Kharitonov,
E.B. Kluenkov, V.A. Murav’ev, N.N. Salashchenko. Central
Europ. J. Physics. CEJP, 3 (2), 163 (2005).

[10] M.S. Mikhailenko, N.I. Chkhalo, S.A. Churin, M.A. E. Pestov,
V.NN. Polkovnikov, N.N. Salashchenko, M.V. Zorina. Appl.
Optics, 55 (6), 1249 (2016), DOL 10.1364/A0.55.001249

[11] A.A. Akhsakhalyan, A.D. Akhsakhalyan, Yu.A. Weiner,
D.G. Volgunov, M.V. Zorina, E.B. Klyuenkov, A.l Kaskov,
M.  Kuznetsov, ILM. Nefedov, N.N. Salashchenko,
A Kharitonov. Izvestiya RAN. Ser. fizicheskaya, 76 (2), 196
(2012). (in Russian).

[12] A.A. Akhsakhalyan, A.D. Akhsakhalyan, Yu.A. Weiner,
D.G. Volgunov, M.V. Zorina, E.B. Klyuenkov, M.I. Kuznetsov,
N.N. Salashchenko, A.I Kharitonov. Poverkhnost’. Rentgen.,
sinkhrotron. i nejtron. issled. 6, 28 (2012) (in Russian).



948 XXVI International Symposium ,,Nanophysics and Nanoelectronics“

[13] D.V. Sivukhin, Obshchii kurs fiziki (Nauka, M., 1974), v. L

[14] AA Akhsakhalyan, A.D. Akhsakhalyan, D.G. Volgunov,
M.V. Zorina, M.N. Toropov, N.I Chkhalo. Poverkhnost’.
Rentgen., sin-khrotron. i nejtron. issled. 7, 93 (2015) (in
Russian).

[15] A.D. Akhsakhalyan, LM. Nefedov. Trudy XVIII Mezhdunar.
Simpoziuma,,Nanofizika i nanoelektronika“ (Nizhny Nov-
gorod, Russia, 2014), p. 289. (in Russian).

[16] A.D. Akhsakhalyan, N.N. Salashchenko. Poverkhnost’. Rent-
gen,, sinkhrotron. i nejtron. issled. 10, 3 (2019) (in Russian).

Technical Physics, 2022, Vol. 67, No. 8



