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Abstract 
Des ign considerations are presented for an air bearing chopper operating in vacuum with low jitter at high speed. The chopper is 
used for time-resolved crysta llography at synchrotron facilities worldwide and can be configured for para llel or perpendicular 

orientation. Stress due to centripetal acceleration in the disk i s s trongly dependent on speed and disk diameter. Recommended 
practices established for flywheel design are adopted in this paper for reduced risk of disk failure at high speeds. Evaluation of speed 

s tability reveals 560 picosecond jitter at 30 000 RPM. 
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1. Introduction 

Use of a  low-jitter, high-speed a i r bearing chopper spindle 

driven by a frequency-locked speed control has enabled a new 
generation of scientific experiments at synchrotrons worldwide. 

crysta l lography can provide insight into mechanisms of 

molecular function [1]. A s lot in the rotating chopper disk allows 
des ired X-ray pulses to pass while absorbing unwanted X-ray 
pulses. To see molecules in action, a reaction is initiated and the 

dynamic behaviour of a molecule is recorded using short X-ray 
pulses isolated by the chopper. 

 
Figure 1. Perpendicular orientation: beam enters the chopper through a 
window into vacuum chamber, some of the beam travels through a slot 
in the rotating disk, and a chopped beam emerges. 

 

A chopper assembly typically consists of a motorized spindle 
with a  slotted disk rotating in a vacuum to reduce drag on the 
disk [2]. The fi rs t high-speed chopper for X-ray i solation was 

des igned in 1988 and used a  spindle with rol ling element 
bearings [3]. Since then, high-speed choppers for X-ray pulse 

a l ternatives including chopper disk s lot configuration, disk 

material, and orientation of the chopper axis of rotation relative 
to the beam must be considered. Safety must be a priority when 

operating choppers with disks rotating at high speeds, which can 
easily exceed material s trength l imits. A comprehensive 
approach to chopper design that addresses these issues is  
presented.  

 

Traditional X-ray diffraction techniques provide a static view of  2. Chopper spindle 
atomic structure, but by using a chopper, time-resolved X-ray 

Precis ion a ir bearing spindles are well-suited for high-speed 

choppers due to their low error motions and torque ripple. 
Despite the common misconception that a ir bearings are not 
vacuum compatible, s taged capi llary seals can be used to 

provide vacuums down to 10-6 Torr [4]. Rol ling-element and 
magnetic bearings have also been used, but they typically have 
greater error motion than a i r bearings [5]. A rol ling-element 
bearing may exhibit speed ji tter due to variable friction from 
bearings and seals, a problem exacerbated by poor lubrication 
in a  vacuum environment. While harder vacuum and minimal 
bearing friction i s  possible with magnetic bearings, they will 
typica lly involve a  complex control  system with associated 
higher costs and difficulty in operation.  

 
Figure 2. Parallel orientation X-ray chopper. 

 

i solation have improved dramatically in ji tter reduction with 

better bearings, motors, encoders, and controls. Several design  3. Chopper orientation 

Two orientations of the chopper spindle axis of rotation 
relative to the beam are possible—perpendicular and parallel. In 
Figure 1, the chopper spindle axis of rotation is  oriented 
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perpendicular to the beam and a slot i s cut into the face of the 

disk. The alternative is shown in Figure 2 with s lots cut into the 
periphery of the disk. 

With perpendicular orientation (Figure 1), the slot in the disk 
can pass through the center of the disk so that the shutter opens 
twice per revolution. If a single slot is used offset from center, 

the shutter wi l l only open once per revolution. The 
perpendicular orientation disk provides more material to block 
the beam leading to higher X-ray attenuation without affecting 
inertia [3]. Since the entrance and exi t of the s lot block the 
beam, the opening time is half as long as an equivalent slot in a  
para llel disk [6]. This results in improved time resolution, which 
i s  shown in Equations 1 and 2. Window opening time for a  face 

s lot which cuts through the center of a perpendicular orientation 
disk is 

 𝑡𝑝𝑒𝑟𝑝𝑒𝑛𝑑𝑖𝑐𝑢𝑙𝑎𝑟 =
𝑤

4𝜋𝑟𝑓
 (1) 

where t is the opening time, w is the slot width, at a  radius r, and 
f i s  the frequency of rotation. Window opening time for a  

periphery s lot in a parallel orientation disk is 

 𝑡𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 =
𝑤

2𝜋𝑟𝑓
 (2) 

A para llel slotted disk typically has a  much higher slot count to 
rea lize higher frequency chopping. In addition, s lots of different 
width and slot count can be accommodated by translating the 
chopper with respect to the beam radially a long the disk.  
 

4. Chopper disk stress 

Window opening time (resolution) is inversely proportional to 
disk radius and frequency. For a  given s lot width, radius and 
rotation frequency should be selected to avoid failure due to 

centripetal acceleration. For a  flat disk (with no central hole), 
maximum radial and tangential s tresses are equal at the center 

and they are 

 𝜎𝑟𝑎𝑑𝑖𝑎𝑙 = 𝜎𝑡𝑎𝑛𝑔𝑒𝑛𝑡𝑖𝑎𝑙 =
𝜌𝜔2𝑟2(3+𝜈)

8
 (3) 

where 𝜌 i s the density, 𝜔 is the angular speed, r i s the disk 
radius, and 𝜈 is Poisson’s ratio [7]. As  is shown, s tress scales 
with speed and radius squared. According to recommended 

flywheel design cri teria, designed stress at maximum speed 
should not exceed half of the yield s trength—safety factor of 2 

[8]. For the flat disk (with no central hole) using von Mises 
effective stress in the plane s tress case gives 

 𝑆𝑦𝑖𝑒𝑙𝑑 =
𝜌𝜔2𝑟2(3+𝜈)

4
 (4) 

where 𝑆𝑦𝑖𝑒𝑙𝑑 i s the yield strength with a  0.2% strain offset [9].  

In the case of a disk with a  central hole that is at least 5 times 
smaller than overall disk diameter, radial s tress i s zero at the 
edge of the hole and tangential stress is doubled [7].  

 𝜎𝑡𝑎𝑛𝑔𝑒𝑛𝑡𝑖𝑎𝑙~
𝜌𝜔2𝑟2(3+𝜈)

4
 (5) 

Then, von Mises effective stress for the uniaxial case is used 
a long with a  safety factor of 2 to obtain 

 𝑆𝑦𝑖𝑒𝑙𝑑 =
𝜌𝜔2𝑟2(3+𝜈)

2
 (6) 

 
Table 1 Some examples showing the importance of material properties 
when determining maximum safe speed for a chopper disk with 140 mm 
diameter and a small central hole (safety factor of 2). 
 

 

5. Speed stability 

The chopper shown in Figure 3 with a  maximum speed of 35 000 
RPM is  evaluated for long-term speed stability. The synchrotron 

reference frequency i s simulated with an HP 33120A Function 
Generator and an HP 5371A Time and Frequency Analyzer 

records  the period of the encoder reference with 200 ps  
resolution. A histogram of the period error at 30,000 RPM is  
shown in Figure 4 with a  s tandard deviation of 560 ps . This  

s tandard deviation is 0.28 ppm of the 2 000 µs  period. 

 
Figure 3. Spindle driven with Frequency Lock Velocity Control and jitter 
measured with HP 5371A.  
 

 
Figure 4. Histogram demonstrating speed stability at 30,000 RPM. The 
jitter, or standard deviation, of the 10,000-point sample is σ = 560 ps 
which is an error of 0.28 ppm of the period.  

 

6. Conclusion 

Des ign considerations of an X-ray chopper for time-resolved 

crysta l lography are explored including bearing selection, 
perpendicular and parallel orientation, material s trength, and 
speed s tability. A number of requirements are satisfied with a  

versatile design that can be reconfigured to meet the needs of a 
variety of X-ray experiments. Speed s tability between a  

reference frequency and the encoder s ignal is evaluated over 
thousands of revolutions. The ji tter at 30 000 RPM is   
560 picoseconds for over 10 000 revolutions. 
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Density Yield

r Syield

Material Type kg/m3
n GPa RPM

Brass CA260 8 600 0.33 0.45 24 100

Stainless steel 416 7 640 0.28 1.03 39 200

Titanium Ti6Al4V 4 400 0.34 1.14 53 700

Poisson's 

ratio

Max 

speed


