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We study theoretically and experimentally the gating performance of photocathode-gated image tube. A
cross-correlation method is proposed to analyze the rising and falling speed and width of the image tube
gain. Femtosecond pulses generated by a fiber laser are used as the light source of ultrahigh temporal
resolution and trapezoid electrical signals are applied to a photocathode electrode as gating pulses. By
adjusting the time delay between the laser pulse and the electrical gating pulse, various acceleration
procedures for the photoelectrons generated at the photocathode can be observed. The photoelectrons
arriving at the multichannel plate (MCP) with different kinetic energies receive different gain according
to Eberhardt’s MCP gain model. The gain profile is obtained by measuring the output light power of the
fluorescent screen at the output port of the tube. The theoretical analysis and experimental result show
that the shape of the output gain curve of the image tube is deformed and the width is broadened in
comparison with the symmetric electrical gating pulse. © 2009 Optical Society of America
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1. Introduction

Gated image tubes are widely used to supervise the
process of fast phenomena in biological, chemical,
and physical reactions. Wang et al. proposed a two-
dimensional fluorescence lifetime image system with
nanosecond time resolution by using a gated image
tube for pattern analysis of chemical samples [1,2].
Webb et al. developed a similar system with a higher
time resolution (~100ps) to study anatomical fea-
tures of biological or chemical tissues [3]. Davies
et al. used a gated image tube to analyze the dynamic
instability growth and other plasma phenomena of a
magnetized Z-pinch [4]. There are two methods to
realize the gating ability of image tubes; one is to ap-
ply a high-voltage pulse on a microchannel plate
(MCP), the other is to apply a high-voltage pulse

0003-6935/09/183337-07$15.00/0
© 2009 Optical Society of America

100.4550, 110.2970, 120.1880, 320.7100.

on photocathode. There have been reports studying
the gating performance of MCP gated image tubes.
Ito et al. studied the time properties of MCP by
computer simulation [5]. Failor et al. studied MCP
gating features and calculated the output gain curve
of image tube for Gaussian gating pulse [6]. So far,
less attention has been paid to the gating features
of photocathode-gated image tubes. In this paper,
we study its gating performance theoretically and
experimentally. The paper is organized as follows.
Analysis of the dynamic process of photoelectrons
inside the tube is performed and the gain profile de-
formations, including broadening and tilting effects,
are calculated in Section 2. In Section 3, an experi-
mental system is developed to verify the theory by
using femtosecond laser pulses to cross correlate
the electrical gating pulses. Section 4 is the discus-
sion of theoretical and experimental results. Section 5
is the conclusion.
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2. Theory

Figure 1 shows the typical structure of the image
tubes and the time nodes of the dynamic process
when photoelectrons propagate in the image tube.
The photocathode is a kind of photoelectrical materi-
al. When it is exposed to light (optical signal) the
photoelectrons will emit. The photoelectrons, whose
spatial distribution corresponds to the image of the
input optical signal, are accelerated by the electrical
field between the photocathode and the MCP front
panel formed by the gating pulse and are multiplied
when they pass through the MCP. They are
accelerated further by the electrical field between
the MCP rear panel and the anode (fluorescent
screen) and lighten the fluorescent screen, producing
output light.

The dynamic process of the electrons inside the
tube can be divided into three subprocesses (phases).

1. Phase I, gating/accelerating subprocess.

At time ¢ = 0, an electrical gating pulse is applied
onto the photocathode and its front edge forms a
time-varied acceleration field between the photo-
cathode and the MCP front panel. At time ¢ = A¢,
a femtosecond laser pulse reaches the photocathode
and photoelectrons emit. At time # = A¢ + ¢pc, photo-
electrons reach the front panel of the MCP.

2. Phase II, electron multiplication subprocess.

When the electrons propagate through the micro-
channels in the MCP, they hit the inside walls of the
microchannels and obtain multiplication. The elec-
trical field inside the MCP is constant. The electrons
will transit through the MCP in time #ycp.

3. Phase III, imaging to screen subprocess

The electrons obtain acceleration from the con-
stant electrical field between the MCP rear panel
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Fig. 1. Typical structure of a photocathode-gated image tube and
the process of electrons propagating in the tube.
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and the anode (fluorescent screen) and finally lighten
the fluorescent screen in time #pg.

Based on the above subprocesses, we analyze the
basic mechanism of the gating characteristics of
photocathode-gated image tubes. As mentioned in
phase I, At is the time delay of the femtosecond laser
pulse with respect to the electrical gating pulse.
Photoelectrons generated by laser pulse will obtain
different acceleration rates for different A¢. For ex-
ample, if At is small, electrons will be mainly accel-
erated by the electrical field formed by the front edge
of the gating pulse. The acceleration will therefore be
small and time varied. If A¢ is moderate, the elec-
trons will be accelerated by the field formed by the
flat top of gating pulse. The acceleration of electrons
will therefore be large and constant. For an exces-
sively long At, the electrons will totally miss the ac-
celeration of the gating pulse and will propagate
through the distance relying on their original energy
at the photocathode. The electrons with different ki-
netic energies obtain different gains in the MCP in
phase II, according to Eberhardt’s MCP gain model
[7], and this results in different light power outputs
at the fluorescent screen in phase III. By adjusting
the time delay between the laser pulses and the gat-
ing pulses and measuring the related output light
power at the fluorescent screen, the gain character-
istics of the image tubes can be known.

The purpose of using a femtosecond laser is as fol-
lows. The output signal is the cross correlation of the
target signal (i.e., gating pulse) and the reference sig-
nal (i.e., laser pulse ~100fs in width). Since the time
duration of the reference signal is 4 orders smaller
than that of the target electrical gating pulse
~1ns in width, the femtosecond pulse can be re-
garded as an ideal impulse with infinite small time
duration and the output of cross correlation becomes
the exact shape of the target signal.

Another point to mention is that the photoelec-
trons generated at the photocathode will reach the
MCP relying on their original energy even though
there is no acceleration electrical field. But the pro-
pagation time is relatively long. For example, with
the parameters in this paper, this free propagation
time is ¢ = L/vg = ~5.7ns, where L is the distance
between the photocathode and the MCP front panel
(2mm) and v is the initial velocity of photoelectrons
(for 780nm incident light, vq = /2E/m, = 3.511
x10*m/s). So usually a reverse voltage (e.g, +40V)
will be applied to the photocathode to avoid this kind
of free propagation. However, when we implemented
the gating pulse generator, we found that adding a
DC bias voltage might deteriorate the impedance
matching between the gating pulse and the photo-
cathode. Therefore, in our experiment the DC reverse
bias voltage was removed.

For phase I, Einstein’s photoelectric effect equa-
tion is used to describe the emission process of the
photocathode:



hv = (1/2)m,v? + hyy, (1)

where h =6.626 x 103 m?kg/s is the Planck
constant, m, = 9.109 x 1031kg is the mass of an
electron, and v is the lowest frequency of incident
light to help photoelectrons emit from the surface
of metal. For multialkali material S25 of the photo-
cathode, the maximum response wavelength is
~1000 nm [8], so vy = ¢/1000 nm, where c is the light
speed in vacuum.

As the wavelength of the incident light is known,
the kinetic energy of photoelectrons can be calcu-
lated. For 780 nm light, the corresponding kinetic en-
ergy is 5.61 x 10721J or 0.351 eV, which is similar to
the result in [7], and the velocity of the photoelec-
trons is vy = 3.511 x 10*m/s.

When photoelectrons transit from the photo-
cathode to the MCP front panel, the acceleration of
the photoelectrons should be time varied at

a =eV(t)/m,L, (2)

where e is the electron’s charge, V(¢) is the voltage of
the gating pulse, and L is the distance between the
photocathode and the MCP front panel. Suppose the
time delay between the electrical gating pulses and
the femtosecond pulses is At and the propagation
time of the electrons from the photocathode to the
MCP front panel is ¢pc. The velocity and propagation
distance of electrons satisfy the following equations:

o(At+7) = vy + A “a(At + t)dt, (3)

L:/tPCv(AtJrT)dT:/tPC dr/ra(Atth)dt. (4)
0 0 0

By solving the nonlinear Eq. (4) with the numerical
arithmetic method, the propagation time ¢pg(At) ver-
sus different time delay A¢ can be obtained. The in-
put electrical gating pulse is designed close to an
ideal trapezoid shape with the same rising and fall-
ing time of 0.3ns and full width at half-maximum
(FWHM) of 6ns, as shown in Fig. 2. The overshoot
and ripple in a real electrical pulse are neglected
in order to better understand how the propagation
time tpc(At) is influenced by the rising and falling
edges of the electrical pulse. The start time for the
gating pulse to be applied is 7ns. This setting helps
to clarify the performance of the photoelectrons dur-
ing the whole gating period.

The calculated tpc(At) is shown in Fig. 2, which
can be divided into different regions with respect
to A¢. In the region of At <1.3ns, the emitted
electrons obtain no acceleration at all and
tpc(At) = thee, Where e = 5.7ns. In the region of
1.3ns < At < 7ns, the electrons will partially obtain
acceleration and this results in a relatively slowly de-
creasing curve of propagation time versus time delay.
In the region of 7ns < At < 13 ns, the electrons will
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Fig. 2. Waveform of the electrical gating pulse and the propaga-
tion time of electrons versus different time delays between laser
pulses and electrical gating pulses.

be fully accelerated by the electrical field formed
by the flat top of gating pulse and, therefore, propa-
gation time reaches the minimum. In the region of
At > 13ns, the electrical pulse vanishes quickly.
As a result, the electrons only obtain very limited ac-
celeration during the propagation and transit
through almost the whole distance relying on their
original kinetic energy. This forms a sharp rising
edge of propagation time tpc. The difference at the
rising edge and falling edge of gating pulse will cause
the aberration and broadening of the gain curve of
the tube, as will be proved in the following parts.

For the behaviors of the electrons in phase II, the
equation deduced by Eberhardt can be used to
describe the relation between the MCP gain and
the incident electron energy in Eq. (5) [7], which is
then simplified by using a constant A to represent
all constant parameters:

G = 6,(V/nV, k=1
=7[(nVpr + V) /nV JH(V/nV, k=D
= A(ank + V)k, (5)

wheren, V,;, V, V., and k are the number of dynodes
(in this calculation n = 16), incident energy of elec-
trons (eV), voltage on the MCP (800V), the minimum
potential for unity secondary emission ratio, and the
parameter describing the structural characteristics
of the MCP (in this calculation £ = 0.75), respec-
tively. The normalized gain of the MCP with time de-
lay can be calculated as shown in Fig. 3.

For phase III, the propagation time #ycp(At) in
the MCP and the time tpg(At) from the MCP rear
panel to the anode can be calculated simply by the
Newtonian motion equation, noting the voltages at
the MCP (800V) and the anode (fluorescent screen,
6000V) are constant.

According to the above analysis, the propagation
process of photoelectrons in the three dynamic
phases can be summarized as follows. When the
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Fig. 3. Normalized gain that the electrons obtain when they pass
through the MCP with different incident energy caused by differ-

ent time delays.

photoelectrons excited by laser pulses emit at time
t = At, they will reach the anode (fluorescent screen)
and be converted to light at time ¢ = A¢ + ¢pc +
tmcp + trs with gain G(At). Because G(At) on the
MCP gain curve actually represents the output gain
at time ¢, the measured output gain G, (¢) at the
output of the fluorescent screen can be obtained by
using such a time mapping At = At + tpc + tyep +
trg =t as follows: G(At) = Gyui (At + tpc + tycp+
tps) = Goui(t). The normalized output gain curve
Goui(t) with time mapping is shown in Fig. 4. The
gating pulse is 6 ns in width with 300 ps rising and
falling edges.

There are two issues to be addressed. One is the
change of gain shape as shown in Fig. 4. Compared
with the symmetric shape of the electrical gating
pulse, the shape of the output gain curve is deformed
and broadened. The rising and falling edges of the
gain curve are ~0.2ns and ~0.5ns, respectively.
The FWHM of the gain curve is broadened to
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1
® !
@
3 |
o
2 \ dos
5 \ £
o [
5 \ )
2 10857
) N
g o
) E
0.4 ©
ks \ 2
N et
=
. |
0 } 1 1 1 1 1 1 ‘ L L L 0
] 1 2 3 4 5 B 7 8 9 10 1

Time delay between laser pulse & gating pulse At (ns)
Fig. 4. Normalized output gain curve versus time when consider-
ing all three subprocesses of the electrons in the gated image tube.
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6.3ns. Further, the falling edge of the gain curve
has been elongated in comparison with the steep ris-
ing edge. Such an elongating effect is due to the quick
increase of the propagation time of electrons in the
image tube at the rear edge of the gating pulse.

The second issue is the background noise in the
gain diagram in Fig. 4. The existence of background
noise can be explained as follows. In order to achieve
a better impedance match between the gating pulse
and the photocathode electrode, we removed the DC
reverse bias voltage, which can prohibit the elec-
trons’ free propagation from the photocathode to
the MCP. Therefore, even though there is no gating
pulse to turn on the image tube, the photoelectrons
generated by femtosecond laser pulses will reach the
MCP with their original energy and obtain gain in
the MCP. These “useless” photoelectrons will finally
reach the fluorescent screen of the tube and form the
background noise. In Fig. 4, the normalized value of
background noise is ~0.33 and the signal-to-noise
ratio (SNR) is therefore ~3.

The performance of the output gain curve can be
further studied by changing the input gating pulse
width. Figure 5 shows the details for input gating
pulses with widths of 0.5ns, 0.8ns, 1.5ns, and
4.5ns. The relation between rising edge, falling edge,
and width of the output gain curve and the width of
the input gating pulse is shown in Fig. 6. The calcu-
lated result shows that the rising edge and the falling
edge of gain will not change if the input gating pulse
is wide enough (for 300 ps input rising and falling
edges, the input width should be greater than
0.8ns). If the input gating pulse is very narrow
(e.g., 0.5ns), the rising edge and the falling edge of
gain will decrease slightly. For ¢;, > 0.8ns, the
relation between output gain width, ¢,,;, and input
gating pulse width, ¢;,, is linear, as in Fig. 6(b),
and is given by

tout = tin + 0.22ns. (6)

3. Experiment

The schematic layout of the experimental system
is shown in Fig. 7. The output pulse width of the
femtosecond laser is ~100fs centered at 780nm
and the repetition rate is 40 MHz (fiber laser FFL-
780 by Precision Photonics Corporation). The output
power of the laser is ~10 mW. The power meter used
is a lightwave multimeter with power meter card
HP81533A and detection head HP81520A.

For the optical route (dashed line in Fig. 7), a
movable mirror and a 50:50 beam splitter (BS1)
are used to delay the laser pulses precisely and
the second 50:50 beam splitter (BS2) is used to pro-
vide a signal for the photodetector to synchronize
with the electrical gating pulse. BS1 and BS2 attenu-
ate the light power by 9dB (6dB by BS1, 3dB by
BS2) to limit the light power to an appropriate level
for the photodetector.
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Fig. 5. Normalized gain curve of the image tube versus different input widths of gating pulses: (a) 0.5ns, (b) 0.8ns, (¢) 1.5ns, and

(d) 4.5ns.

For the electrical route (solid line in Fig. 7), the
synchronous output of the laser is generated by an
internal photo detector. It passes through a pulse re-
shaper and amplifier to meet the requirement of the
following 3.3V digital circuits. A 40 MHz repetition
rate of laser pulses is too high for the fluorescent
screen, which has a relaxation time of a few millise-
conds, so the shaped synchronous signal passes
through a frequency divider to reduce the repetition
rate from 40 MHz to 10 Hz. A delay device has been
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inserted to generate time delay: 200ps, 400ps...
25.6ns, which can be regarded as a coarse delay
and the set including the moving mirror and BS1
is used to generate a precision delay. With the coop-
eration of these two parts, laser pulses can scan the
whole time duration of the electrical gating pulse.
Since the width of the electrical pulse is about
6.1ns, shown in Fig. 8(a), and the interval between
two adjacent laser pulses is about 25 ns, only one la-
ser pulse will “see” the electrical gating pulse and the
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Fig. 7. Schematic layout of the measurement of the gating response in the photocathode-gated image tube.

rest of the laser pulses will not work during the mea-
surement until the next gating pulse comes.

The measured light power output by the image tube
is shown in Fig. 8(b). This power is only a small por-
tion of its real value due to the low coupling efficiency.
The resolution of the power meter is 10 pW, which is
much smaller than the measured data. The time step
of scanning is 200 ps. The timing jitter of the electrical
route is less than 100 ps. The gain region is approxi-
mately 6.4 ns (FWHM) which is close to the theoreti-
cal estimation. The average power at the gain region
is ~31.5nW and the average power of background
noise is ~17.5nW. The SNR is 31.5/17.5 = ~1.8,
which is smaller than the estimation. The ripple of
background noise in Fig. 8(b) might be caused by
the ripple after the trailing edge of the gating pulse
in Fig. 8(a). The output gain width of the image tube
versus the different width of the input gating pulses
was also measured, as shown in Fig. 9. The measured
data fit the theoretical estimation well.

4. Discussion

There are some issues to be discussed. The first is
about the noise. The noise mainly consists of follow-

5 ns/div

/ [ Fall edge: 295ps
\/\f\, Rise edge:

356ps
L Neg Width: 6.08ns

(a)

Fig. 8.

Power ()

ing five factors: intrinsic noise of the proposed cross-
correlation method, intrinsic noise of the image tube,
noise fluctuation of the image tube, noise induced by
the fluctuation of the gating pulse, and noise induced
by timing jitter. The formation of intrinsic noise of
our measurement method has been explained in
the end of Section 2. In Fig. 8(b), this noise is
~17.5nW. The intrinsic noise and the noise fluctua-
tion of the image tube are ~30pW and can be ne-
glected. These three kinds of noise form the
theoretical background noise of the output gain
curve. The noise induced by fluctuation of the gating
pulse and timing jitter cause the fluctuation of the
gain curve in the actual experiment. Since the pro-
posed cross-correlation method requires an integral
process in the time domain, the fluctuation of the vol-
tage of the gating pulse will cause the fluctuation of
the gain curve. Timing jitter will also cause the fluc-
tuation of the gain curve. The noise induced by the
gating pulse and timing jitter is ~4nW in Fig. 8(b).

The second issue is about the decrease of the SNR.
The experimental result of the SNR is ~1.8 as mea-
sured in Section 3, which is smaller than the theo-
retical SNR (~3) as estimated in Section 2. The
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(a) Input gating pulse and (b) measured output light power at the fluorescent screen. Dashed-dotted line is the average power at

the gain region and the dashed line is the average power of background noise.
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decrease of the SNR is probably caused by two rea-
sons: the first is the mismatch of the repetition rate
between the two correlated signals. The repetition
rate of laser pulses (40 MHz) is higher than that of
the electrical gating pulse (10 Hz). The photoelec-
trons generated by these “needless” laser pulses still
obtain gain according to the gain curve in Fig. 4 and,
therefore, the background noise has been lifted. The
second reason is nonlinearity of fluorescent efficiency
of the screen. The efficiency of electrical photoconver-
sion of the fluorescent screen is dependent on the en-
ergy of the electrons hitting it. However, it is difficult
to measure with the devices available in our lab. It
will help determine which aspect is the main reason
for the decrease of the SNR to use a high-speed
Pockel cell or an acousto-optic modulator to directly
reduce the repetition rate of the laser pulses.

The last issue to be discussed is the difference be-
tween the theoretical gain curve in Fig. 4 and the real
measured output curve in Fig. 8. The rising and fall-
ing edges of the theoretical gain curve are ~0.2ns
and ~0.5ns, while the measured rising and falling
edges of the output curve in Fig. 8 are ~300 and
~600 ps, respectively. The FWHM of the theoretical
gain curve is 6.3 ns while the measured FWHM of the
output curve in Fig. 8 is 6.4 ns. These differences are
due to the existence of overshoot and ripple in the
practical gating pulse, which is different from the
ideal trapezoid shape of the gating pulse for simula-
tion. The vibration in the gain region (approximately
6-13ns) in Fig. 8(b) is due to the plank capacitance
structure of the image tube which resulted in the im-
pedance mismatch between the electrical gating
pulse (designed for 50 ohm resistance load) and the
photocathode electrode (capacitance load).

5. Conclusions

In this paper, the dynamic process is analyzed when
the electrical gating pulse is used to turn on the
photocathode-gated image tube and the theoretical
calculation is verified by using a femtosecond laser
to cross correlate the electrical gating pulses.

The theoretical analysis shows that, when a sym-
metric input gating pulse is applied to the image
tube, the output optical gain curve will be a deformed
curve and the width will be broadened in comparison
with the width of the input gating pulse. The rising
and falling edges of the gain curve are independent
on the gating pulse width when it is wide enough
(e.g., >1.5ns). For a narrow gating pulse (e.g.,
<800 ps), however, the rising and falling edges of
the gain curve will be slightly affected by the gating
pulse width. The experimental verification also
shows that the measured width of the gain curve
has broadened to 6.4 ns in comparison with the input
electrical gating pulse (6.1 ns in width). The falling
edge of 600 ps and the rising edge of 300 ps of the gain
curve indicates that a deforming effect happens
during the gating process.

The theoretical analysis and experiment exhibit
that the proposed cross-correlation method is effec-
tive to study the gating performance of the image
tube. It will be helpful for researchers to use the im-
age tube properly. For example, the broadening of the
gain curve will lead to the distortion of the image.
The shape of the gating pulse should be carefully
set for specific applications.
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Municipal Education Commission (06SG15), and
the Key Disciplinary Development Program of
Shanghai (T0102).
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