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Abstract

GM/CA at the APS has developed microcrystallography capabilities for structural biology 

applications. The robust, quad, mini-beam collimators, which enable users to rapidly select 

between a 5, 10 or 20 micron diameter beam or a scatter guard for the full focused beam, are 

coupled with several powerful automated software tools that are built into the beamline control 

system JBluIce-EPICS. Recent successes at beamlines around the world in solving structures from 

microcrystals (2 – 10 microns) have led to increased demand for high-intensity micro-focus 

beams. We have designed a new micro-focus endstation to increase the intensity in mini- and 

micro-beams at GM/CA by one to two orders of magnitude to meet this growing demand. The 

new optical design is based on the well-established approach of using two-stage demagnification. 

The existing bimorph mirrors, arranged in a Kirkpatrick-Baez geometry, focus the beam onto slits 

located upstream of the sample whereby the slit aperture defines a secondary source, that is 

reimaged with a second pair of mirrors. This design incorporates two focal modes: a mini-beam 

mode where the beam is focused to 20-micron diameter and a micro-beam mode where it is 

focused to 5-microns. The size of the secondary source aperture can be varied rapidly (seconds) to 

adjust the beam size at the sample position in two ranges 20 – 3 micron and 5 – 1 micron. The 

second set of mirrors will each have two super polished ellipses allowing quick (minutes) 

interchange between modes.

1. Introduction

The application of microcrystallographic techniques for structure determination of biological 

macromolecules originated with the pioneering experiments at ID13 of the ESRF [1]. At the 

National Institute of General Medical Sciences and National Cancer Institute Structural 

Biology Facility at the Advanced Photon Source (GM/CA@APS), we developed the quad-

mini-beam collimator that allowed users to rapidly select a 5, 10, or 20 μm diameter beam or 

a larger variable beam size with a scatter guard aperture [2,3]. We also developed the 

JBluIce-EPICS GUI and software tools that allow users to fully exploit the rapid beam size 

change [4,5]. These tools have been applied to challenging projects and resulted in the 

determination of several high impact structures [for example, 6,7,8,9]. Recently, we 
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demonstrated a reduction of radiation damage with micro-beams when energetic 

photoelectrons deposit a significant fraction of their energy outside the footprint of a 15-18 

keV X-ray beam [10]. However, methodologies to fully exploit this effect remain to be 

developed, and access to a high energy (>25 keV) micro-beam will facility this potentially 

important new approach. In the past several years beamlines around the world have begun 

offering or are planning to offer microcrystallography capabilities [11]. To meet the growing 

demand for a highly brilliant beam with a size in the range of 1 -20 microns GM/CA is 

developing a new micro-focus endstation.

2. Endstation specifications

A large part of the success of the mini-beams at GM/CA is the ability for users to rapidly 

change the beam size. The specifications for the new endstation include extending the range 

over which users can rapidly change the beam size. To achieve this goal, the new 

specifications include both mini-beam and micro-beam modes covering the range from 1-20 

μm, and the capability for rapid (seconds) change of the beam size within a mode and fast 

(<10 minutes) change between modes. The optical specifications for the micro-focus 

endstation are summarized in Table 1.

3. Optical layout

One could use a variety of different refractive or reflective optics to achieve a 1-μm beam 

size. However, to meet our specifications for rapid beam size change over a wide energy 

range, we concluded that reflective optics and two-stage demagnification was the best 

approach [12,13].

X-ray mirror technology has generally improved slowly over the past thirty years. The 

advent of adaptive optics such as “bimorph mirrors” [14] in the early 2000s significantly 

reduced the achievable slope error. Recently the development of “super polishing” 

techniques such as Elastic Emission Machining (EEM) from Osaka University [15] 

(commercialized by JTEC Corp.) and Ion Beam Profiling (IBP) developed at the ESRF [16] 

(commercialized by SESO) have proven to be far superior to conventional chemical-

mechanical polishing approaches.

The proposed layout for the new endstation is shown in Figure 1. The major components of 

the design are a pair of existing upstream mirrors (~66 m), two sets of slits (~70.5 m and 

~73 m), a set of downstream mirrors (~74.7), and the sample goniometer (75.5 m). Both sets 

of mirrors are arranged in the Kirkpatrick-Baez (KB) geometry. The upstream mirrors image 

the source onto one pair of slits thereby creating a secondary-source whose size is defined 

by the slit aperture so long as the aperture is smaller than the beam size at the slit position. 

The downstream mirrors image the secondary-source to the sample position. Single stage 

demagnification is sufficient to achieve a 1-μm beam in the vertical direction; however, the 

secondary source improves beam stability over directly imaging the source and simplifies 

rapidly increasing the beam size. Two-stage demagnification in the horizontal direction is 

required due to the large horizontal source size.
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In the micro-beam mode, the upstream, bimorph mirrors curvature is adjusted to image the 

source to the upstream slit position (~70.5 m). The micro-focus mirrors curvature is chosen 

to image this secondary source to the sample position. The horizontal and vertical slit 

(secondary source) positions were chosen such that when the slits accept the full focused 

beam, the two-stage demagnification results in a circular beam of 5-μm diameter at the 

sample position. The beam size at the sample can be varied rapidly (seconds) from 5 μm 

down to 1 μm by closing the secondary source slits.

In the mini-beam mode, the upstream mirrors curvature is adjusted to image the source to 

the downstream slits (~73 m), and the micro-focus mirrors curvature is selected to image the 

downstream secondary source to the sample position. Here the slit positions were chosen so 

that the two-stage demagnification results in a circular beam of 20 μm diameter. The beam 

size at the sample can be varied rapidly (seconds) from 20 μm down to ~3 μm by closing the 

secondary source slits.

Switching between the micro- and mini-beam modes requires changing the curvature of the 

mirrors, which takes several minutes. The upstream, bimorph mirrors curvature is adjusted 

by recalling previously determined individual electrode voltages. The micro-focus mirrors 

curvature must be changed to image the respective secondary source to the sample position. 

If the micro-focus mirrors are bendable (mechanically or bimorph), then this can be 

achieved by recalling previously determined settings. However, to maximize the flux into 

the 1-μm beam it may be necessary to re-optimize the shape of the micro-focus mirrors. 

Alternatively one could use a super-polish technique to create two elliptical surfaces side-

by-side on the same face of the mirror, which would provide the proper shapes for both the 

micro- and mini-beam modes. The focal length of the mirror could be changed by a fast 

(<30 sec) lateral shift between the two ellipses.

The intensity for a given beam size was calculated over the energy range of 5-40 keV using 

the parameters listed in Table 2. Calculated intensities and experimental values for the 

current single stage focusing on beamline 23-ID-D are compared in Table 3. The intensity 

spectrums for various beam sizes are plotted in Figure 2. The calculations took into account 

several factors, most of which are energy dependent: the source size, divergence and white 

beam intensity onto the monochromator; the monochromator bandwidth; the mirror 

reflectivity, angle of incidence and slope errors; the mirror and slits acceptance apertures; 

the geometrical magnification; the Be-window absorption; and the Al attenuators that 

preferentially absorb the Si(111) lower harmonic while allowing the Si(333) harmonic to 

pass. The upstream mirrors provide harmonic rejection over the full energy range by 

selecting either the mirror coating (SiO2, Rh, Pt) or mirror angle. The plots also show the 

advantage of using a Si(311) monochromator for energies above 20 keV; however, there is a 

significant decrease in intensity for lower energies.

4. Alternative approaches to rapid beam size change

A small adjustment to the mirror angle would shift the focal position downstream of the 

sample thereby increasing the beam size at the sample. However, all the endstation 

equipment following the mirrors would require realignment to the beam. While the 
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realignment could be automated, it would be difficult to accomplish for a 1-μm beam and 

would take several minutes. In addition, changing the mirror angle without changing the 

curvature would introduce a geometrical aberration, and the beam would have an 

asymmetric profile.

Another approach to increasing the beam size would be to shift the 2nd source position 

without changing the micro-focus mirrors curvature. This would shift the final focal position 

downstream of the sample and therefore increase the size at the sample position. However, 

this too would introduce geometrical aberrations and an asymmetric tail. In both of the 

above approaches, an additional consequence of shifting the focal position is that any off-

focus structure in the beam would be observable at the sample position.

5. Conclusion

The proposed design is tailored to meet the growing needs of the macromolecular 

crystallography community for intense mini- and micro-focused beams. The final design of 

micro-focusing optics most likely will depend on a combination of a bendable optic or side-

by-side elliptical surfaces with either EEM or IBP polishing techniques. However, the mini-

beam and micro-beam modes require significantly different super-polished ellipses, and it is 

unclear at present whether the differences are too great to allow two super-polished ellipses 

on the same surface.
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Figure 1. 
The optical layout of the new endstation showing the two secondary source positions 

required for the mini-beam and micro-beam modes of operation. The top panel 

schematically illustrates the optical components, and the bottom panel depicts the elevation 

view of the endstation.
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Figure 2. 
The predicted intensity spectrum for various beam sizes of the micro-focus upgrade. The 

mini-beam family of curves derived from the 20 μm focused beam are shown with solid 

lines: pink (circle) 20 μm, brown (triangle) 10 μm, aqua (square) 5 μm. The micro-beam 

family of curves derived from the 5 μm focused beam are shown with dashed lines: black 

(squares) 5 μm and green (diamonds) 1 μm. The vertical line at 20 keV defines the boundary 

between using the monochromator fundamental reflection for Si(111), and the third 

harmonic Si(333). Aluminium foil of varying thickness is used to attenuate the fundamental 

such that the ratio of ISi(333)/ISi(111) > 1000 for all energies. The 1 μm beam with Si(311) 

monochromator crystals is shown with a dashed red line (stars). For reference the current 

mini-beam intensities are shown at 12 keV with a single symbol matching the shape and 

color of the same sized mini-beam curve. The two green open diamonds represent the micro-

focus intensity obtained with a Fresnel zone plate for the radiation damage experiments [10]. 

The dotted grey curve is the product of the four mirror reflectivity curves where the angle of 

incidence and reflective coating of each mirror is selected to maximize the total reflectivity.
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Table 1

Optical specifications for the micro-focus endstation.

Beam size minimum ≥ 1.0 μm; maximum 20 μm (FWHM)

Energy range (keV) 6-35 using Si(111) and Si(333) or Si(311)

Harmonic rejection >104, existing mirror system provides sufficient rejection

Micro-beam mode 1 – 5 μm with rapid (seconds) user selectable size change

Intensity in 1 μm beam Increase at least 50-fold over current 1 μm beam*

Mini-beam mode 5 – 20 μm with rapid (seconds) user selectable size change

Mini-beam intensity Increase at least 5-fold over current mini-beam values*

Mode switching Quickly (<10 minutes) under user control

Positional stability: 10% RMS of focal size, 1 – 100 Hz

Intensity stability: 1% RMS noise, 1 – 100 Hz

See Table 3 for details.
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Table 2

A summary of the parameters used to model the beamline performance.

Horizontal Vertical

Source position 1.25 1.25 m

Total photon source size at 12.0 keV (FWHM) 647.4 21.5 μm

Total photon source divergence at 12.0 keV (FWHM) 29.1 13.8 μrad

Upstream (1st) mirror positions 65.80 66.75 m

Mirror length 1.05 0.60 m

Mirror slope error (RMS) 1.00 0.96 μrad

Micro-beam 2nd source 69.61 70.92 m

Mini-beam 2nd source 72.56 73.12 m

Downstream (2nd) optics 74.88 74.56 m

Mirror length 0.20 0.30 m

Mirror slope error (RMS) 0.20 0.20 μrad

Sample 75.50 75.50 m
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