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For the first time, single-crystal diamond planar refractive lenses have been
fabricated by laser micromachining in 300 pm-thick diamond plates which were
grown by chemical vapour deposition. Linear lenses with apertures up to 1 mm
and parabola apex radii up to 500 pm were manufactured and tested at the
ESRF ID06 beamline. The large acceptance of these lenses allows them to be
used as beam-conditioning elements. Owing to the unsurpassed thermal
properties of single-crystal diamond, these lenses should be suitable to
withstand the extreme flux densities expected at the planned fourth-generation

X-ray sources.
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1. Introduction

Since the end of the 20th century, the intensive development
of X-ray refractive optics instrumentation and tools has given
birth to X-ray refractive lenses (Snigirev et al, 1996; Lengeler
et al., 1999; Shabel’'nikov et al., 2002; Schroer & Lengeler, 2005;
Snigirev et al., 2009) which have proven to be compact, in-line,
stable, easily aligned, and coherence-preserving for micro-
and nano-beam focusing applications on third-generation
synchrotron radiation sources. Over half the beamlines at
the European Synchrotron Radiation Facility now employ
refractive lenses as beam-shaping and beam-conditioning
optics, including new monochromatization (Vaughan et al.,
2011) and harmonic rejection schemes (Polikarpov et al.,
2014). In view of the global trend towards the development of
ultimate storage rings, and in particular the proposed ESRF
machine ‘Phase II’ upgrade programme, there is a growing
need for ‘front-end’ beam-conditioning optics to reduce beam
divergence and size prior to its downstream beamline propa-
gation. This requires X-ray optics fabricated from materials
that can withstand extreme heat and radiation loads while still
providing effective focusing. Diamond, as will be shown in the
following paragraph, can satisfy all the requirements provided
that a suitable lens-manufacturing technology is available.
The refractive index n of a material may be described by the
formula n =1 — § + iB, where the refractive index decrement §
is associated with the phase shift of the X-ray beam (i.e. the
material’s ability to refract X-rays), and 8 is associated with
the X-ray absorption in the lens material (in other words

diamond processing; laser micromachining.

characterizes the transparency of the lens). For a beam
traversing a slab of the material, /8 is the ratio of the phase
shift that occurs to the loss of intensity (Tummler, 2000).
Better optical performance is obtained in materials with high
values of §/8, and for typical synchrotron hard X-ray energies
such as, for example, 10 keV, the §/8 ratio of 1000 in diamond
is reasonably high and not far below that of beryllium (4000)
which is currently the most widely used material for the
manufacture of X-ray refractive lenses. However, the value of
6 in diamond is twice that of beryllium so that, for the same
lens geometry, two times fewer diamond lenses are required to
achieve the same focal distance in the experimental setup (in
accordance with the formula F = R/2N§, where F is the focal
distance and N is the number of lenses). In addition, diamond
is an attractive choice of material for use in white- or pink-
beam applications due to its high thermal conductivity (x), low
thermal-expansion coefficient («), high temperature stability
and chemical inertness. Materials can be thermo-mechanically
ranked by the figure-of-merit («/«) (Khounsary et al., 1992;
Fernandez et al., 1997). At room temperature, /o for diamond
is ~100 times better than that of beryllium. This high figure-
of-merit of diamond dramatically reduces the deleterious
effects of heating due to absorption in white beams, so we
anticipate a widespread future application of diamond for
X-ray free-electron lasers and upgraded third-generation
synchrotrons. A detailed summary of the relevant heat-load
properties of diamond lenses can be found by Snigirev et al.
(2002), while diamond plates are already in use for high-heat-
load monochromators (Khounsary et al., 1992), at synchrotron
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undulator beamlines (Yabashi et al., 2007; Griibel et al., 1996;
Fernandez et al., 1997; Als-Nielsen et al., 1994) and at X-ray
free-electron lasers (Shu et al., 2013; Stoupin et al., 2013, 2014).

Despite all the benefits offered by diamond as the refractive
lens material of choice, a stumbling block to its immediate use
is its difficult processing: diamond presents a substantial
challenge as it is both the hardest material of the periodic
system and extremely chemically inert. Over the last decade,
several attempts have been made by different groups to
fabricate diamond planar lenses for nano-focusing purposes,
mainly using polycrystalline diamond. The first planar
diamond lenses (Snigirev et al., 2002) were made by a transfer
moulding technique (Bjiorkman et al., 1999; Ralchenko et al.,
1999), and these were followed by kinoform planar refractive
lenses (Nohammer et al., 2003) fabricated by electron-beam
lithography and reactive-ion etching (RIE). The desired
focusing performance was not achieved due to the low quality
of the lenses that resulted from both fabrication methods:
scattering occurred due to distortions, roughness of the lens
surface, deviations from the ideal shape of the lens, and
faceting caused by the RIE process. In addition, these planar
lenses could only be manufactured with very modest depth,
e.g. 40 um (Nohammer et al., 2003). Subsequent attempts to
improve the quality of the diamond lens (Isakovic et al., 2009;
Fox et al., 2014) were more promising. Lenses manufactured
by the transfer moulding technique (Malik et al., 2013) with
polycrystalline diamond (Fox et al., 2014) showed an improved
quality and uniformity, reaching focal line-widths down to
210 nm for an 11 keV beam energy. However, the maximum
lens thickness in this case was ~30 um, which is far less than
is required: consider the horizontal source divergence of the
future-generation synchrotrons (such as the upgraded ESRF)
which is ~10 prad, with the distance from the source to first
beamline optics of ~30 m, so for a planar lens to accept all of
the beam it must have a depth of at least ~300 pm. In addi-
tion, the optical performance of polycrystalline diamond
lenses, made by moulding techniques, is inevitably limited
by the strong diffuse X-ray scattering resulting from the
randomly oriented diamond crystal grains formed as the
polycrystalline diamond plate is grown, the slope and the
roughness of the etched side walls of the ‘mould’ and, under
certain conditions, the possibility that diamond is transformed
to other forms of diamond during etching instead of being
fully removed from the surface (Bello et al., 2000). It should
also be noted that small (1-10 pm) grain-size polycrystalline
diamond, and in particular the nanocrystalline diamond which
is present at the initial diamond-mould growth interface, have
thermal conductivities that are a fraction of that of single-
crystal material due to phonon scattering at grain boundaries
and (in the case of nano-material) the presence of a high
proportion of sp>-bonded (i.e. graphitic) carbon.

Here we recall that a major factor in the choice of diamond
as an X-ray lens material is its excellent thermal properties,
which is not the most important consideration in nano-
focusing applications. Because of the present poorly devel-
oped technology available for diamond micro-fabrication,
diamond planar refractive nano-lenses are unable to compete

in quality and focus resolution with their silicon counterparts.
Accordingly, we are at present concentrating our efforts on
single-crystal diamond lenses for beam-conditioning optics,
as here a large lens depth and homogeneous material are
essential while some non-ideality in the lens surfaces may be
accepted. For this, a laser-cutting approach appears to be very
promising. First attempts were made using glassy carbon
material (Artemiev et al, 2006), where the lenses were
manufactured by direct surface evaporation using laser beam
heating. With this method the available lens depth increased
dramatically to 1000 pm, but further work on smoothing the
laser-cut lens profiles was required. Nevertheless, with the
improvement of laser machining techniques since 2006, and
especially with the introduction of femtosecond laser micro-
machining, it has become possible to produce lenses in
diamond with a qualitatively new low level of surface micro-
roughness. Here we report on planar compound refractive
lenses produced by laser cutting of single-crystal diamond.

2. Lens fabrication

The lenses were fabricated using commercially available
single-crystal diamond plates of size 3 mm X 3mm. These
plates were grown by chemical vapor deposition (CVD) and
supplied by Element Six Ltd (Ascot, UK; product reference
No. 145-500-0248). Parabolic lens profiles were machined by
MicroUsinage Laser (Grattentour, France; http://www.micro-
usinage-laser.com/) using a tripled Nd-YAG laser (355 nm)
with a combination of precision galvo-mirror beam steering
and translation of the diamond support stage. Graphitic debris
formed by absorption of the focused laser beam is usually
cleared using a high-pressure nitrogen gas jet, although for the
lenses described here this technique was not used. Remaining
graphitic plumes were removed from the diamond by hot
mineral acid cleaning.

Two compound refractive lenses (CRLs) (Snigirev et al.,
1996) with variable numbers of single lenses in a row were
laser machined in the diamond plate (Fig. 1). The focal
distance for both these CRLs was 13 m at an X-ray energy of
12.4 keV. One row (CRL,) consisted of two single lenses with
radius of the parabola apex of 200 um; the second row (CRLs)
consisted of five single lenses with radius of parabola 500 pm.
The geometrical aperture of both CRLs was 1 mm, while the
depth of the structures was equal to the diamond plate
thickness of 300 pm. The thickness of the diamond between
the apexes of successive parabolas was 75 pm. This figure
could be substantially reduced, but in these first fabrication
tests a conservative value was used to ensure no breakage of
the lenses during handling. Crossed-polarizer imaging of the
processed diamond plate showed no evidence of stress
resulting from the laser cutting of the lens profiles. The
scanning electron micrograph (SEM) (Fig. 1) shows good
quality of the lens side walls, although some ‘scallop’-like
roughening of the surface can be seen at the parabola apex:
this roughening clearly resulted from the combination of the
laser pulsing and guidance during the cutting process.
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Figure 1

(Left) SEM of the diamond lens, produced by laser-cut technology, and (right) the lens mechanically clamped in a holder for the X-ray beamline tests.

3. Measurements

The diamond planar CRLs were tested at the Micro Optics
Test Bench (Snigirev et al., 2007) at the ID06 beamline of the
ESRF. The beam was produced by an in-vacuum undulator
and desired X-ray energies selected by a cryogenically cooled
Si (111) double-crystal monochromator. The vertical and
horizontal source sizes were 40 um and 900 um (full width at
half-maximum, FWHM), respectively. The diamond CRLs
were located at L; = 55 m from the undulator source and were
mounted on motorized stages enabling all necessary transla-
tion and rotation alignments. The lenses were oriented so as to
focus in the vertical direction, and an upstream vertical slit size
adjusted to avoid radiation impinging on the lenses outside
their effective aperture (Kohn et al., 2003). The size of the
horizontal slit used corresponded to the depth (300 pm) of the
diamond plate. Two sets of diamond CRLs were tested, named
SET#1 and SET#2; these had nominally identical geometries,
but SEM images of the lens arrays showed some slight
variation in the roughness of their
profiles resulting from variations in the
laser processing. The measurements of
the CRL efficiencies and sizes of the

CRL sets are presented in Table 1. The image distance L, was
~8.3 m; therefore a source demagnification factor of 6.6 was
achieved, while the effective aperture A.g of both CRLs was
650 pm at this energy. The focal spot obtained with the CRL
SET#2 was slightly worse than that of SET#1, and this
correlated with the slightly rougher surface profiles observed
in the SEM images for SET#2. Fig. 3 shows the focusing by
the CRL, SET#1. The vertical size of the image is 5.7 pm
(FWHM), which corresponds to an X-ray effective source size
of 40 pm measured using the boron fibre interferometer
technique (Kohn et al., 2000). The focal depth was of the order
of a few centimetres. As expected, the intensity gain for CRLs
was lower than that of CRL, as CRLs has more individual
lenses.

The uniform intensity of the images of the focused beam
shows the high quality of the lens side walls, i.e. their uniform
verticality. Unfortunately, the measured gain of 35 is almost
one half of that of the calculated value: we attribute this
to undesirable scattering resulting from the ‘scallop’-like

focal lines were performed using a high-
resolution X-ray CCD camera (0.64 pm
pixel size), while the CRL’s effective
apertures were measured by scanning
a 10 pm-wide vertical slit through
the image plane of the lenses while
recording the beam intensity with a
silicon pin-diode. The layout of the
experiment is shown in Fig. 2.

The measurements of the width of the
focal line in the vertical direction

Undulator S1

Monochromator

e

Table 1
Experimental results at energy 10.3 keV.
FWHM Gain Gain
CRL Set number (um) (calculated) (measured)
L . B SET#1 5.7 73 35
CRL,: N = 2 lenses with R = 200 pm SET#2 63 73 34
L . _ SET#1 6.2 46 23
CRLs: N =5 lenses with R = 500 pm SET#2 76 46 2

X-ray

S2 Diamond plate Pin-dice

(FWHM) and the intensity gain were .
performed at the energy range from 7

to 12 keV. The results of the measure-

ments conducted at 10.3 keV for both Figure 2

lens arrays CRL, and CRLs of the two

/ X-ray
CCD
vV H
600x300 pm
55m 83m ‘
I

Layout for the ID06 beamline measurements.
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(a) X-ray image of the focal line produced by CRL, (two single lenses)
SET#1. The horizontal size of the image is 300 pm, which corresponds to
the relief depth of the diamond plate. (b) Measured profile of the focused
X-ray beam at 10.3 keV. The vertical width of the focal line is 5.7 pm
(FWHM), which almost corresponds to the initial source size 40 pm.

roughness of the lens surfaces. As the laser is pulsed and its
beam movement is not fully continuous, larger amounts of the
material evaporate at the stop points, producing the scalloped
lens profile.

Let us consider this roughness as a sine-modulated devia-
tion d(x) from the ideal parabolic profile in the direction
which is normal to the lens’ surface. In this case

d(x) = d, sin |:27T %x)} 1)
where d, is the magnitude of the deviation, L(x) is the arc
length of the parabola; T is the period of the deviation and x is
the coordinate across the optical axis. The arc length of the
parabola with radius of curvature at the parabola apex R is

R|x 2\ X 2\
Lx)=—3{=(14+— In| — 1+— . 2
0 =" R( +R2> +nR+<+R2> @

Fig. 4(a) shows the sine-modulated profile with the magnitude
of dy = 1 pm and the period of T = 22 pm together with the
ideal parabolic lens profile. The calculated intensity distribu-
tions along and across the optical axis for focusing by an ideal
and the distorted (dy = 1 um) lens profiles are shown in
Figs. 4(b) and 4(c). These figures are only an illustration of the
influence of the lens profile on the focusing quality, as we
assumed here a plane wave from a point source which has
been focused by two single lenses of radius R = 200 um in the
same geometry as for the real experiment. However, even this
slightly simplified modelling shows that the presence of the
described deviation d has a strong negative influence on the
optical properties of the lenses in terms of the focal line width

60

- - - -ideal profile
—— sine-modulated profile

40 4

Distance along the optical axis, mm

Distance across the optical axis, pm
(@

Distance along the optical axis, mm

Distance across the optical axis, um

Q)

Distance along the optical axis, mm

Distance across the optical axis, pm

(©

Figure 4

(a) Calculated ideal parabolic and sine-modulated (dy = 1 pm) lens
profiles. Theoretical intensity distributions along and across the optical
axis for focusing by (b) an ideal and (c) the distorted (dy = 1 pm) lens
profiles.

and gain: the width of the focal line is much broader and with
less intensity for the deviated profile, and the focal depth is
much sharper for the lens with the ideal profile. The effect is
more pronounced if d is greater than 0.5% of the lens radius
or, in other words, the negative influence is stronger for lenses
with a small radius of curvature of the parabola apex R.
Returning to our experimental results, taking a roughness
value of 2d, = 2.5 pm, consistent with the SEM images of the
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lens apexes, the theoretical gain calculations are very close to
those obtained experimentally.

Two-dimensional focusing was also realised by placing
SET#1 and SET#2 in the cross geometry. A focal spot of 12 pm
vertically and 120 pm horizontally was thus obtained. Closing
the primary slits located at 28 m from the source down to
10 pm reduced the horizontal spot size to 30 um. SET#1 and
SET#2 diamond plates were also installed aligned in tandem
along the beam axis to achieve vertical focusing by a total of
N = 4 single lenses all with radii R = 200 um. In order to keep
the same imaging distance, the energy was changed to
14.6 keV. A focal line width of ~8.9 pm (FWHM) with a gain
of 20 was measured.

The focusing properties of the CRL, SET#1 were also
studied at an X-ray energy of 7.6 keV. The image distance L,
was ~4.3 m providing a source demagnification in the order
of 13. In this case, the measured vertical width A = 3.1 um
(FWHM) of the focal corresponded to an X-ray effective
source size of 40 pm. It is worthwhile to note here that the
angular resolution of our CRL is defined as A/L, and equals
0.72 prad, and the experimental result A = 3.1 pm means that
the effective optical ‘slope errors’ of the lens are at least less
than this value. Drawing the analogy to X-ray mirrors, where
the r.m.s. slope of the figure error (Church & Takacs, 1995) is
defined by A/2.36 x 2L,, we obtain a value of 0.15 prad for the
lenses. This figure error is comparable with that of high-quality
X-ray mirrors, while our approach to refractive optics can be
achieved with far less cost and requires less surface perfection.

4. Conclusions

The present study demonstrated that laser micro-fabrication
technology provides a straightforward method for the fabri-
cation of single-crystal diamond refractive lenses with large
acceptance (here 300 pm). The depth of the lenses can be
increased by using thicker plates of single-crystal diamond
which is commercially available grown by CVD to thicknesses
to >1 mm; however, the difficulty of precise laser cutting
increases rapidly with increasing plate thickness. Comparing
polycrystalline materials (diamond or beryllium) with single-
crystal diamond, single-crystal is preferred as it is free of the
X-ray diffuse scattering from grain boundaries, voids, inclu-
sions and other scattering centres which reduce the amount of
radiation in the focal spot. Planar single-crystal diamond
lenses with large depths are capable of withstanding extreme
photon flux levels due to their extremely high thermal
conductivity and shock resistance, low thermal expansion
coefficient and high temperature stability: they therefore have
a great future for free-electron lasers.

It is worth noting that one-dimensional beryllium lenses are
easily available (http://www.rxoptics.de) and are already in use
for white-beam collimation inside optics hutches (Theveneau
et al., 2013). However, they are almost at their application
limit as front-end optical devices, particularly in view of the
coming Phase-II ESRF upgrade program. From this point of
view, diamond could be used on fourth-generation synchro-
tron sources for refractive lenses placed inside the beamline

front-end as beam-conditioning optics for beam pre-focusing
(i.e. collimation) or expanding (Snigirev et al, 1997). In
particular, such front-end optics will be in demand for the
reduced emittance of future ultimate synchrotron storage
rings, while a wide divergent beam will remain a requirement
for a number of experimental techniques. However, we should
note the lack of a well developed manufacturing technology
for two-dimensional diamond lenses, which keeps beryllium as
the immutable and fundamental material for two-dimensional
refractive lenses.

Clearly, individual diamond plates with lenses of design
such as those tested here can be stacked in tandem along the
optical axis, forming long CRLs with a tunable number of
lenses. This approach allows the use of different combinations
of identical CRL-array diamond plates to achieve the total
number of lenses required by the experiment.

We stress that due to the absence of a well developed
diamond electronics industry as compared with that existing
for silicon, RIE technologies are less well developed for
diamond. Laser cutting could therefore be preferable for the
fabrication of diamond lenses as compared with the devel-
opment of deep RIE processes that also require the deposition
of highly etch-selective mask material to obtain acceptable
side-wall roughness and pattern fidelity. We believe the quality
of the laser-cut surface profiles can be significantly improved
by using recent ultraviolet femtosecond lasers and we are
currently pursuing this with industrial partners in order to
produce smoother surfaces with more precise geometric
profiles that will increase the resolution, efficiency and gain
that can be obtained with these CRLs. If successful, diamond
refractive lenses can also be applied to hard X-ray microscopy
and nano-probe techniques with high transparency and
enhanced effective aperture [as Ao ~ (1/8)"%, where the
absorption coefficient 8 is low for diamond which is a very
low-Z material].

The authors express their gratitude to the ID06 beamline
staff for helping in performing these experiments, especially to
C. Detlefs and P. Wattecamps, and Ch. Saulnier and Ch.
Carriere of MicroUsinage Laser for discussions on optimizing
the diamond laser cutting. Special thanks also go to Dr V.
Ralchenko from GPI RAS. The work was supported in part
by the Ministry of Education and Science of the Russian
Federation (contract No. 14.Y26.31.0002 and 02.G25.31.0086).
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