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This PDF file includes: 

• Visualization 1. Illustration of pulse picking with a MEMS device 

• Note 1 and Fig. S1. Schematic of the optical layout at the APS Sector 7-ID beamline 
where the MEMS-based x-ray modulator was demonstrated.   

• Note 2 and Fig. S2. Oscilloscope trace of x-ray pulses measured by slow APD in 324 bunch 
mode. 

• Note 3 and Fig. S3. Electron injection at 324 bunch mode. 

• Note 4 and Fig. S4. Comparison of single-pulse APD signals when the MEMS device is 
on and selecting individual pulses in both hybrid and 324-bunch modes. 

• Note 5 and Fig. S5. Illustration of cleaning up DTW with fine detector slits. 

• Note 6 and Fig. S6. Spatial distribution of diffracted x-ray when it is off and on by scanning a 
fine slit in front of the detector and at 1.1 m from the MEMS device.   

• Note 7. Discussion of the heat-load issue in x-ray beams.  
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Note 2. Time-resolved measurements in densely filled bunch modes, e.g., 324 bunch mode at 
APS, is a challenge due to the short separation of x-ray pulses.  We show here an example, that 
measurement in 324 bunch mode is hindered by the limitation of detection (Fig. S1).  As 
mentioned in the main text, the pulse separation in 324 bunch mode is 11.37 ns.  The APD used 
here is relatively slow, about 13 ns FWHM in response time.  As a result, the measured scope 
trace is smeared out, making it impossible to extract the information about single x-ray pulses. 
Also note that, in most x-ray experiments nowadays, 2D area detectors have replaced point 
detectors for efficiency and fast throughput.  The gating time of the fastest 2D detectors is still on 
the order of 100 ns.  The solution addressing the limitation of slow detectors is provided by 
MEMS device, as presented in the main text. 
 
 

 
 
Fig. S2. Oscilloscope trace of x-ray pulses measured by slow APD in 324 bunch mode. An APD with 
a characteristic response time of 13 ns FWHM was used to measure the x-ray pulses diffracted off MEMS 
devices in 324 bunch mode. The device was aligned to the Bragg angle and turned off.  The oscilloscope 
traces in the case with no x rays (black) were also measured for comparison. The separation between each 
valley (APD response to x-ray pulses) is 11.37 ns, but the waveform is smeared out due to the response 
time of APD longer than the pulse interval. 
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Note 3. In the APS 324-bunch mode, electron bunches are topped up once every 12 hours.  
Between the top-up events, the electron bunch charge in the storage ring decays over time.  Here, 
we show that we can track the process of bunch refill with a sufficiently fast APD. This APD has 
a fast response time of 1.0 ns FWHM, and can clearly resolve single bunches, as shown in Fig. 
S3a.  In this particular “fill-on-fill” event, we note that not all the bunches are refilled.  Instead, 5 
of the bunches in Fig. S3a was refilled, manifesting an increase in the APD signal (more 
negative), while the rest of the bunches have little change of APD signal. In the next refill event, 
a different subset of bunches will be refilled.  To track the refilling, we took a series of 0.2-ms 
long measurements every 3 seconds during a fill-on-fill process.  The APD signal measured for 
the 5 refilled bunches (marked in Fig. S3a) was plotted against elapsed time in Fig. S3b.   The 
increase of the APD signal occurs at different times for different bunches, with a span of about 
80 s.  An overview of the refill process is provided in Fig. S3c, where the time of bunch refilled 
is summarized for all bunches that are injected with electrons.  The summary reveals that the 
refill process follows a semi-periodic pattern based on the index of the bunches but has little 
correlation to the remaining amount of electron charge.  As a result, the distribution of x-ray 
intensity is not uniform among all the bunches.  With the MEMS device picking out a single 
pulse, the x-ray intensity can be accurately measured using a photon-counting detector, as 
described in detail in the main text. 

 

 
 

Fig. S3. Electron injection in the APS 324-bunch mode. (a) Oscilloscope traces of x-ray pulses in the 
324-bunch mode before and after a bunch refill event. (b) X-ray pulse intensity of 5 x-ray bunches 
(marked in a) as a function of elapsed time characterized by the amplitude of the APD signal.  The sudden 
increases of the x-ray pulse intensity mark the occurrences of the refilling into the bunches.  Note that not 
all bunches are refilled at the same time, and some bunches are not refilled.  (c) Time of refill for about all 
refilled x-ray bunches (accounted for about half of the 324 bunches in the storage ring).  
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Note 4. We demonstrate that MEMS devices are capable of picking a single x-ray pulse from the 
352 MHz septuplets in hybrid mode.  The oscilloscope trace of the single picked pulse is shown 
in Fig. 5b in the main text. Here we overlay this trace with the single x-ray pulse measured in 
324 bunch mode (88 MHz pulse train, shown in Fig. S4). Since the 1.0-ns width of the DTW is 
much smaller than the 11.37-ns spacing of the pulse train in 324 bunch mode, the APD signal 
measured in this mode is considered to be clean (without interference from the neighboring x-ray 
bunches). The fact that the APD signal measured from the hybrid mode overlaps the single pulse 
picked from the 324-bunch mode, as shown in Fig. S4, demonstrates the extradentary capability 
of MEMS devices picking a pure single x-ray pulse in hybrid mode. 
 
 

 

Fig. S4. Comparison of single-pulse APD signals when the MEMS device is on and selecting 
individual pulses in both hybrid and 324-bunch modes. Oscilloscope traces of single-pulse x-ray 
measured using resonating MEMS devices at the 324-bunch mode and hybrid mode. The amplitude of the 
APD signal measured in the APS hybrid mode was scaled for comparison.  
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Note 5. The effect of structural distortion of the single-crystal resonator of MEMS devices can 
be mitigated using fine detector slits, as illustrated in Fig. S5.  The distortion due to the surface 
dopant layers induces a minor change of lattice parameter so that the rocking curve shows a 
shoulder reflection at a 2θ angle approximately 0.0012° higher than the Bragg peak.  By placing 
a fine detector slit of 10 μm in front of the APD detector, the angular acceptance of the detector 
is limited to 0.009° around the Bragg peak.  The shoulder peak is thus blocked by the silts and 
only the Bragg peak component was pass through to the APD.  On the other hand, if the 
structural distortion instead induces a minor tilt of the lattice, the corresponding distortion peak 
would occur at different θ position but at the same 2θ position.  The method using a fine detector 
slit would then have little improvement on the measured rocking curve or DTW. 
 
 

 

 
Fig. S5. Illustration of cleaning up DTW with fine detector slits. MEMS devices have 
characteristic rocking curves with central Bragg peak and shoulder reflections. Placing a detector slit 

of 10 μm in front of the APD detector limits the angular acceptance so that only the central Bragg 
peak was measured. 
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Note 7. For a typical flux of 1012 photon/s, the maximum power absorbed by the device at 
the lower energy end (8 keV) should be around 600 µW.  The upper limit of the temperature 
rise can be 2.8 K at 8 keV.  We also tested the devices in the APS unfiltered whitebeam (at 
100 W/mm2) using a heat-reducing chopper of about 1.5% duty cycle.  The devices were in 
perfect order after hours of the whitebeam exposure. Therefore, the operation at synchrotron 
sources should not be affected by the heat-load issues.  However, the operation of the MEMS 
devices at XFEL source needs to be validated.  At current LCLS with the low-frequency 
operation at 120 Hz, a MEMS multiplexer may experience the same ‘drum head’ effect as the 
current single-crystal multiplexer.  But the diffraction occurs before the crystal responds to 
the heat and the transient heat dissipates before the arrival of the next photon pulse.  With a 
higher average power and much shorter pulse spacings (down to 1 µs) at the future LCLS-II-
HE source, the feasibility of the MEMS-based needs to be tested experimentally.   


