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Abstract 
The modulation transfer function (MTF) of a shuttered, 18-mm-diameter, proximity-focused microchannel-plate 
image intensifier (MCPn) was measured as a function of time in the shutter sequence. Electrical gate pulses 
were delivered to the MCPII with microstrip impedance transformers for reduced pulse dispersion and 
reflections. Using 30 ps FWHM, 600 nm pulses from a sync-pumped dye, argon-ion laser as a probe, the 
MCPII's shutter speed for point-source (6-pm-diameter) illumination and 230 ps FWHM, -590 V gate pulses was 
measured to be between 200 and 2% ps FWHM. The MTF of the MCPII was measured by analyzing the point 
spread function (PSF) for inputs at several different locations on the MCPII and at different times in the 
shuttering sequence. The best 50% MTF resolution of 16.2 Ip/mm was found with illumination near the edge 
where the gate pulse enters the MCPII and at 120 ps into the shutter sequence. The whole image (18-mm- 
diameter) shutter speed (off-to-off) of the MCPII was measured to be 270 ps. 
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1. INTRODUCTION 
The use of proximity-focused microchannel-plate image intensifiers (MCPIIs) as fast optical shutters has progressed to 
the point where exposures across an 18 mm diameter field stop are nearly 200 ps.' The ability to limit the image 
exposure t h e  to u)o ps makes systems with shuttered MCPIIs capable of performing range gating measurements with 
a resolution of 2.5 inches in air and improving the contrast of images through scattering media by mainIy using bathtic 
photons as opposed to scattered light. Further improvements in the shutter speed of MCPIIs might make them useful 
in medical imaging applications involving light in the near-1R wavelength region. The exposure time, however, is not the 
only hportant factor in making these types of measurements. The modulation transfer function (MTF) or resolution 
of the MCPII in producing these short exposure images is equally important. 

In tbis paper we report on measurements made to determine the resolution of a MCPII as a function of time within the 
shutter for a device with a whole-image shutter speed of 270 ps. In addition, the exposure time for a point-source optical 
input at the center of the MCPII are reported. The duration of the shutter for a resolution element depends largely on 
the duration and amplitude of the gate pulse as it propagates across the MCPII and these are affected by a number of 
things including pulse dispersion and reflections. In previous work' we sought ways to reduce the dispersion and 
reflections of the electrical gate pulse as it was coupled from a 50 D coaxial cable to the MCPII. In the experiments 
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reported here, those techniques along with what we hoped would be a few improvements were used to achieve a 270 ps 
whole-image shutter time. 

M- the resolution of the MCPII while in the shuttered mode can be done in at least two different ways. One is 
to evaluate the image from the MCPII for a resolution pattern input. This leads to the determination of the contrast 
transfer W o n  (CTF). The second is to evaluate the point-spread function of the MCPII for a point-source optical 
input. This leads to the determination of the modulation transfer function 0. Previously we measured the MTF 
of two MCPIIs for shutter speeds ranging from 1 ns to 50 nsf Many of the techniques used to make those measurements 
we= also used to make the measurements reported here. These two cited referencesu contain much of the theory and 
details for how we designed a microstrip impedance transformer (from 50 Q to 4 5  Q) to improve the coupling of the gate 
pulse to the MCPII and for determining the limitations of the resolution of MCPIIs and how we made the MTF 
measurements, so many of those details will not be reported here. We present a description of our experimental setup, 
mcluding the fiber optic/laser input system, the MCPII bias and shuttering system and the CCD camera/frame grabber 
output system, in the next section. 
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2. Experimental Setup 
2.1 Fiber optic/laser input system 
The input light to the MCPII consisted of pulses from a sync-pumped dye laser that were coupled into a 10-m long single- 
mode fiber (SMF) and then focused onto the PC. This arrangement served two purposes. Fist, the 30 ps puke width 
was short enough compared to the shutter speed to serve as a temporal probe for measuring the shutter speed of the 
MCPII. Secondly, the 6 pm spot size on the PC was SUniCiently small to serve as a point-source input for determining 
the MTF of the MCPII as a function of location on the PC and the time within the shutter. 

The optical source was a Spectra-Physics synchronously-pumped, mode-locked, cavity-dumped argon-ion dye laser. The 
emission wavelength from the dye laser was tuned to 600 nm. The laser was externally triggered by a pulse generator 
synchronized to the CCD camera frame grabber to produce pulses at a 30 Hz repetition rate. The light €rom the laser 
was split three ways. One portion of the light was lens coupled into the 10 m SMF with a 6 pm core diameter. Another 
part of the beam was used as a pulse amplitude and t i m i i  monitor by coupling it to a &con detector and then to a Tek 
7104 oscilloscope. The third part of the laser beam was lens coupled into a multi-mode fiber and then to an ampUed, 
100 MHz pin detector which was in turn connected to an amplifier, then to a delay box and then to the trigger input of 
the gate pulser. The gate pulse exiting the microstrip was terminated at the scope for pulse height analysis and thnhg 
The light from the input SMF was imaged k l  onto the photocathode of the MCPII with a Nikkor f/1.4,35 mm lens. 
The energy of the 30 ps FWHM pulses reaching the PC was typically about 15 8, so the energy density on the PC was 
about 53 nJ/cm2. This is below the MCPII's saturation energy density? Changes in the optical power were made (when 
needed) by inserting neutral density (ND) filters between the laser and the fiber. A schematic diagram of the whole 
experimental setup, including the input system, is shown in Fig. 1. The next subsection covers the setup of the MCPII 
bias and shuttering system. 
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23 MCPII bias and shuttering system 
There are four surfaces in the RTC Philips (Model XX 1410 SP 21121-220, S/N 8613780) proximity-focused, 18 mm 
d i e t e r  MCPII that we tested: the photocathode (PC), the MCP's input (Me,,,), the MCPs output (MCP-), and the 
phosphor. These surfaces are all planar and parallel to each other. The MCPII has an S-20 PC with a 50% transmission 
Ni undercoating, a single-plate MCP with gold flashing on the input surface, and a P-20 phosphor. The electrical 
connections to the first three surfaces are all in form of planar tabs that pass through the vacuum seal on both sides of 
the device. All these features help to reduce the inductance and resistance of the PC/MPC, junction and leads, making 
it a better transmission line and enabling the shutter speed of the device to be reduced. 

In the continuously-on (dc) mode, the four surfaces inside the MCPII with electrodes are biased with dc voltages so that 
the PH is at the most positive (relative to the other surfaces) potential and the PC is at the lowest or most negative 
potential. This gradient accelerates photoelectrons generated by the PC towards the PH, and gain is achieved while the 
electrons pass through the MCP along the way. In the shuttered mode, the voltage gradient between the PC and MCPi, 
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Figure 1. Set up diagram of the input laser, shuttered MCPII and CCD readout systems for measuring the resolution 
of the MCPII. 

is established with voltage pulses while the other two surfaces are biased with dc voltages as in the dc mode. The simplest 
way to achieve this bias c o d i a t i o n  is to have the MCPh at ground, the MCP,, and the PH at some positive voltages, 
and then apply a negative voltage pulse to the PC. The magnitudes of the voltages between the PC and MCP,, the 
MCP, and MCP,, and the MCP,, and PH all affect either the sensitivity, the optical gain or the resolution. To ensure 
that the MCPII is normally off except when the gate pulse is applied to the PC, a positive dc voltage (reverse bias) is 
applied to the PC. This prevents photoelectrons from Wing accelerated from the PC to the MCPh outside the gate time. 
High-frequency capacitors can then be used to apply the gate pulses to the PC without floating the gate pulser up to the 
reverse bias potential. 

For the shuttered mode operation, the bias voltages to the PH, MCP&, MCP, and PC were +%SO V, +890 V, 0 V and 
t 50 V (reverse bias). In the dc mode, the PC was at 0 V and the other three surfaces had an additional t 240 V added 
to their shuttered mode voltages. The input gate pulse was approximately -590 V. Pulse dispersion and reflections caused 
by a ten-fold change in impedance, however, cause the amplitude of the gate pulse inside the MCPII to decrease by about 
(50/45)"=3.3 times to -175 V. This amplitude would have been even less - due to more refledions - had we not used 
an impedance transforming minostrip transmission line to couple the gate pulse into and out of the MCPII. 

The impedance transforming microstrip board was designed to gradually lower the impedance of the transmission line 
from that of the gate pulser to that inside the MCPII. The impedance of the PC/MCPh junction with vacuum, e, = 1.0, 
between the surfaces, was found in previous work' to be 4.5 Q, assuming the distance between the PC and the MCPI, 
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, h, is 200 pm. The gate pulser has a source impedance of 50 0, so the microstrip line was made to transform the 
impedance seen by the puke from 50 0 to 4 5  0. The input and output scctioas were fabricated on the same piece of 
microstrip (with a thickness of 0.010" and a relative dielectric constant of 10.2), so a 15" diameter hole (with additional 
slots for inserting the tabs) was cut in the middle (like a key hole) to accommodate the MCPII. Each halE of the 
microstrip board, connected to the coaxial gate pulser cable and to two leads of the MCPII, was composed of three 
sections. The first section (as seen from the gate puker) had a 50 Q impedance, the second section transfotmed the 
impedance from 50 Q to 4 5  9, and the third d o n  had an impedance of 4 5  Q. The lengths of these sections were 3 
cm, 5.2 cm and 4.75 a, respectively. Ideally, to minimize reflections, the length of the second section should be as long 
as possiiie. In our case, though, this length was limited in a practical sense, so the total microstrip board length was 
25.4 cm (10.00"). The MCPII's PC and MCP, tabs were ~ ~ e d e d  to the microstrip's conductors by clam 
together with pieces of lexan. F i e  2 shows a picture of the MCPII (looking at the PC) mounted in a similar 
board (.025" thick so the top conductor is wider than for the 0.010" board) with the high-frequency coupling capacitors 
attached. 
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The gate pulse generator was a Grant Applied Physics modular pulser equipped with a 300 ps speed up module. The laser 
and gate pulse repetition rates were set with an HP 801233 pulse generator and measured with a Philip PM 6669 
frequency counter to be 30 Hz A second 80l2B was triggered by the first and was used to tr&er the video digitizer. 
The next section covers the basics of the CCD Camera readout svstem. 

conductor in the impedance transforming sections has a modified exponential shape. 

23 CCD camera/ frame grabber readout system 
The resolution was measured by acquiring an image of the spot formed on the MCPII's output phosphor, digitizing the 
image with an 8-bit EPIX video digitizer, and then taking the two-dimensional discrete FFT of this spatial data. A profde 
along one axis of the transformed image gives the MTF in counts versus channels. This data is converted to magnitude 
(optical dB) versus frequency (Ip/mm) for presentation. 

The light from the phosphor was coupled onto the Pulnix model TM-540 interline transfer CCD camera (with an 
interlaced RS170 video output) with a microscope lens system. The magnificaton of the lens system was 2X and the NA . - 



was 0.15 (f/3.4). The CCD camera has 510 pixels (17 pm wide) in the horizontal dimension and 492 pixels (13.4 pm tall) 
in the vertical dimension. The EPIX digitizer produced images with 580 (h) x 480 (v) channels per frame. For analysis, 
only the middle 512 x 256 channels were used. The magnification of the lens system made the corresponding image size 
(at the MCPII's phosphor screen) of each digitized channel equal to 7.2 pm in the horizontal dimension and 6.6 p n  in 
the vertical dimension. 

.- 

InitiaUy, the MCPII was removed from the system, the input fiber's image was moved up to the location of the MCPII's 
phosphor, and the input light (85 fW average power) was transmitted through the remaining optical system to determine 
the approximate input spot size and CCD camera resolution. A horizontal profde through the peak of the recorded spot 
(the PSF), which is an average of 10 frames, is shown in Fig. 3. Averaging the results e n h a n d  the S / N  ratio by a b u t  
a factor of 3. The amplitude in counts is directly proportional to the optical power from the phosphor. In this profde, 
the width is about 1.8 channels FWHM or l2 pm. Considering the 2X magnification, this means the spot size of the 
fiber's image was 6 pm. This represents the point source input diameter. 

Next, a discrete mTT of this spatial image was performed. To clean up the frequency domain data, the amplitude of all 
channels in the spatial domain with values of 2 or less were truncated to 0. The maximum possible digitized value is 255 
and the signal was 100 counts, so truncation removed noise that would otherwise manifest itself as an anomalous peak 
in the frequency domain at f = 0 lp/mm. A profde of half of the transformed image is shown in Fig. 4. The relationship 
between each channel in the spatial domain and each channel in the frequency domain is: 

Af = l/(NxAx) 

For N = 512 ch and Ax = 0.0072 mm, Af = 0.27 Ip/mm-ch. By multiplying the number of channels representing the half- 
maximum amplitude of the frequency domain profile, in this case W, by A6 the -3 dB MTF resolution of the CCD 
camera and lens system is found to be 36 Ip/mm. The limiting resolution (the half-width at -13 dB) is found to be much 
greater than 70 lp/mm (the digitizing limit = 255 x .27 = 69 lp/mm). 
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Fig. 3. PSF of input optical pulse at the plane of the 
MCPII's photocathode. 
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Fig. 4. MTF of input optical pulse shown in Fig. 3. 
The -3 dB frequency (resolution) is 36 Ip/mm. 

3. RESULTS 
3.1 dc mode resolution results 
With the input spot size and readout system resolution characterized, we moved on to study the spatial resolution of the 
MCPU in the dc (unshuttered) mode. The input fiber and 35 mm lens were moved back to their original positions and 
the MCPII was put into the system. Images of the MCPLI's PSFs for four illumination sites on the PC in the dc mode 
were obtained with the laser running at a repetition rate of 30 Hz, the same as the video frame rate. The average laser 
power was below 10 pW. The four locations are (looking at the PH): 1) in the center, 2) 1 mm from the right edge, 
vertidly in the center (the 3 o'clock position), 3) 1 mm from the left edge (9 o'dock), and 4) 1 mm from the top edge 
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(12 o'clock). The widths of the PSFs and the MTF data following FFTs are listed in Table 1. The average 50% MTF 
resolution was about 12 Ip/mm - without deconvolving the camera's 36 Ip/mm (50%) resolution, and the average limiting 
resolution is about 28 1p/mm. This matches Philip's specitbtions. The next subsection presents data on the transmission 
of the gate pulse through the MCPII and microstrip limes. 
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3 o'clock 34 14.3 283 

9 o'clock 35 10.8 27.0 

12 o'clock 50 I 8.1 I 23.5 
Table 1. DC mode PSF and MTF values 

33 GATE PULSE TRANSMISSION MEASUREMENTS 
The response of the microstrip board and MCPII to the gate pulse was measured next. The measurement was made 
using an HP 54l2OA sampling oscilloscope. A sampled measurement of the gate pulse without trave&ng through the 
microstrip board was measured first. Its averaged (4 times) pulse is shown in F i e  5. Its width is 230 ps FWHM and 
its amplitude is -590 V. 

The averaged (4 times) response of the MCPII, microstrip board and coupling capacitors to the gate pulse input is also 
shown in Figure 5. The amplitude was multiplied by 5 for a better comparison with the input pulse. The pulse width 
is 232 ps FWHM. The amplitude of the pulse is -lu) V. Although the amplitude loss through the MCPII and microstrip 
was soO%, the shape of the pulse is almost identical to the input's shape, so the microstrip board and coupling methods 
did not cause pulse dispersion. The larger reflection is about -28V. The high perimeter impedance of the MCPII 
(calculated to be 85 Q) could have contributed to the reflections since they are the same polarity as the input pulse. The 
jitter of the gate pulse relative to the light generated trigger pulse was measured to be +- 14 ps. 
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33 Shuttered mode Experimental Results 

33.1 Whole image shutter speed measurement 
The whole image gating speed of the MCPII was measured 
by incrementally "walking" the 30 ps laser pulse through the 
gate pulse. For this measurement the input spot diameter 
was expanded to about 20 mm so that the whole PC was 
illuminated. The gate pulse was initially delayed relative to 
the laser pulse so that the leading edge of the gate pulse as 
it just entered the MCPII coincided with the arrival of the 
optical pulse, and then the delay was decreased until the tail 
of the gate pulse reached the far side of the MCPII at the 
time the optical pulse arrived. 

0.0 0.2 0.4 0.8 0.1 1.0 1.0 1.4 1.6 1.8 2.0 
time (as) 

Fig. 5. Measurements of the gate input pulse and the 
output pulse from the MCPII. The peak voltages are 
-590 V and -1ul V, and the FWHMs are 230 ps and 
232 ps, for the input and output pulses, respectively. 
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The output brightness of the MCPII was measured at various 
times between these limits (down to 20 ps steps). The off-to-off shutter time of the 18 mm diameter MCPII was found 
to be 270 ps. The FWHM of the shutter was 160 ps. These agree with the expected times by considering the following. 
The PC has a reverse bias of 50 V, so the portion of the gate pulse that actually turns the MCPII on - using the output 
pulse in Fig. 6 as a guide - is the part where the voltage is at or below -50 V. The full-width at this voltage is 270 ps, 
and the FWHM, taking -50 V as the baseline, is about 160 ps. The effects of jitter and the 30 ps width of the laser pulse 



were more or less averaged out by our recording process. Periodidy a detectable signal would be seen for delay times 
exceeding 270 ps (or less than 0 ps), Le. 290 ps or -20 ps, but since we looked at the average of 10 pulses, the measured 
output amplitude at these times was essentially zero. 
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3 3 2  Shuttering time for point source input versus location 
The normalized output amplitudes from the MCPII for point source illumination at the four locations on the PC are 
plotted as a function of time in Figure 6. The start times of these profiles were normalized so that they all occurred at 
0 ps in this figure. In real time, the MCPII began turning on at the 9 o’clock location (where the gate pulse leaves the 
MCPII) about 60 ps after it did at the 3 o’clock location (where the gate pulse enters the MCPII). This is consistent with 
the time it takes light in vacuum to travel a distance of 16 mm: 54 ps. In addition to absolute delays, the measured 
shuttering profiles also seem to vary as a function of location. The shutter time (off-to-off) varies from 200 ps at 3 o’dock 
to 2.50 ps at the center and 9 o’clock positions . This implies that the pulse broadened as it traversed the MCPII. The 
shape of the 9 o’clock profde also suggests that the gate pulse was reflected at the far end of the MCPII by an impedance 
greater than 5 Q causing a pulse of the same polarity to travel backwards - adding to the voltage at the center and dong 
the trailing edge of the pulse. The next section examines how the resolution of the MCPII varies as a function of location 
and the time in the gate. 

3 3 3  Resolution versus time in shutter versus location 
The PSFs of the data presented in the last subsection were 
analyzed to determine if the resolution varied as a function 
of location on the MCPII and time in the shutter sequence. 
As an example for the quality of the data, Fig. 7 shows the 
PSFs of the MCPII output for dc mode and shuttered mode 
operation with 9 o’clock illumination. The shuttered data 
was taken at a time corresponding to the center of its 
sequence. Fig. 8 shows the corresponding MTF curves from 
the PSF data. The 50% frequencies of both curves are about 
11 Ip/mm. The noise at the 5% level for the shuttered mode 
curve makes it difficult to pick the limiting resolution 
frequency. It i s  somewhere above the de mode value of 
27 Ip/mm but less than 35 lp/mm. 
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Fig. 6. MCPII output versus time in the shutter 
sequence for the four illumination sites. 
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Fig. 8. MTF curves from the data in Fig. 7. The 50% 
MTF levels are 10.8 Ip/mm and 11.1 Ip/mm, and the 
5% MTF levels are 28.1 lp/mm and 30 lp/mm for dc 
mode and shuttered mode, respectively. 

In Fig. 9, the 50% MTF values are plotted as a function of gate t h e  for the four test locations. The was 
undetermined at the beginning and the end of the shutter sequences because the output signals were too low. The 
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resolution was greatest (16.2 lp/mm) near the middle of the shutter sequence for 3 o'clock illumination. Aside from that 
peak and from drops in resolution during the first and last 70 ps of the shutter sequence for center ilhunination, the 
resolution appears to be fairly constant as a function of location. The resolution generally seems to be between 7 and 
11 Ip/mm for all locations, peaking at the centers of the shutter sequences. 

Fg. 10 shows the limiting resolution (5% MTF) values versus time for each location. Here the variations are a little 
more noticeable. The 3 o'clock and 9 o'clock locations have better limiting resolution than do the center and 12 o'clock 
locations. The limiting resolution in the center of the 3 o'clock shutter sequence (29.7 lp/mm) is actually better than its 
dc mode resolution (28 lp/mm), but the difference is not great. It is evident that the limiting resolution docs change as 
a function of location: it is actually better near the left and right edges than in the center, but it is lower near the top. 
This confirms Philips' specifications which state that there is no degradation of resolution from the center to the edge 
of the PH. The reason for this apparent improved resolution near the edges might just be due to noise since the S/N 
was about 1 at the 5% MTF frequencies. 
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Fig. 10. Limiting resolution vdues for the MCPII as a 
function of time in the shutter sequence for the four 
illumination sites. 

Fig. 9. Shuttered mode 50% MTF values for the 
MCPII as a function of the time in the shutter for the 
four illumination sites. 

4. CONCLUSIONS 

We found that the average shutter speed of a Philips MCPU for a point source input was about 20 ps faster than the 
shutter speed for the whole device. We were expecting this difference to be about 60 ps, and, in fact, the shutter speed 
near the gate pulse input was over 60 ps faster. The Ionger shutter speeds for the other regions of the MCPII are 
probably due to gate pulse dispersion and reflections. 

The 50% MTF resolution of the MCPlI as a function of both location and time in the shutter sequence did not appear 
to vary much as a function of location, but it did vary by about 50% (from 7 to 11 lp/mm) as a function of time in the 
shutter. The resolution was best near the center of the shutter sequence. This agrees with out expectations since the 
energy of the photoelectrons leaving the PC depends on the voltage across the PC/MCPb gap, and the radial dispersion 
of the photoelectrons depends on their energy as well. When the voltage is greater, the dspersbn will be less and the 
resolution will improve. 

The limiting resolution of this device was found to vary more as a function of location than as a function of time in the 
shutter sequence. The lower S / N  near the beginning and end of the shutter sequence did not appear to play as much 
of a part in causing variations in the limiting resolution as did the location, although the noise for all of these 
measurements was significant. Nonetheless, at the center of the shutter sequence at all four locations (where the S/N 
was greatest), the resolution varied by as much as a factor of two depending on whether the illumination was at the top 
edge of the MCPII (16 lp/mm) or at the gate pulse input edge (30 lp/mm). 



I 5. ACKNOWLEDGMENTS 

This research was performed for the Los Alamos National Laboratory's Physics Division. The authors Wish to thank Rick 
D i q  Glen Anthony, and Dr. Cheng-Huei Lht, all of STL, for their help. 

Work supported by the US. Department of Energy, Nevada Operations Office, under Contract No. DE-ACO& 
88NV10617. 

6. REFERENCES 

1 M.C. Thomas, GJ. Yates, P. Zagarino, "Fast Optical shuttering using a MCPII With planar leads and a linear 
impedance transformer microstrip line," SPIE Proceedings Vol. 2273, Ultrahigh- and High-speed Photography, 
Videography and Photonics '94, p. 214. 

M.C. Thomas, P. Zagarino, GJ. Yates, "Dynamic modulation transfer function measurements of gated 
microchannel plate image intensifiers," SPIE Proceedings Vol. , High-speed Photography, Videography and 

2 

Photonics '92, p3-t  


