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ABSTRACT An ultrafast x-ray detector consisted of an electron pulse time-dilation device, a combined
electromagnetic lens system, a microchannel plate (MCP) gated imager, and an electrical pulse generator is
reported. The time-dilation device is used to magnify the temporal width of the electron beam created from
the photo-cathode (PC), and then the combined electromagnetic lens system images the dilated electron
beam onto the MCP. Finally, the MCP imager samples the dilated electron signal and outputs corresponding
visible light. A measured temporal resolution of 80 ps for the detector is achieved while the electron pulse is
not dilated. The resolution is improved to 12 ps while an excitation pulse with 3.1 V/ps rising edge gradient
is used to drive the PC to dilate the electron pulse. Moreover, the gain uniformity of the detector is also
tested, which shows the gain is decreased gradually with the excitation pulse propagating on the PC and the
drop in gain is about 1.7 ×.

INDEX TERMS Gain uniformity, pulse-dilation, temporal resolution, x-ray detector.

I. INTRODUCTION
X-ray imagers based on the gated microchannel plate (MCP)
are two dimensional ultrafast detectors, and have been used
in the inertial confinement fusion (ICF) or fast Z-pinch exper-
iments successfully [1]–[8]. Such imager forms microstrip
lines on the MCP to transmit the gating pulses. The inci-
dent signal is sampled and gained by the MCP while the
gating pulse travels on the microstrip line to achieve the
time-resolved [9]. The imagers with 35-100 ps resolution
have been developed in the past decades [9], [10]. How-
ever, that temporal resolution does not meet the current ICF
needs, such as the imploding ICF cores with 100 ps dura-
tion x-ray emission ‘‘hotspots’’ [11], [12]. The ‘‘hotspots’’
cannot be detected in detail by those imagers. A new faster
imager is demanded to capture ‘‘hotspots’’ precisely. Lately,
an ultrafast x-ray imager with name of DIXI has been devel-
oped [13]–[15]. It uses an electron pulse-dilation to improve
the temporal resolution to be better than 10 ps. Different
from the traditional imager with photo-cathode (PC) directly
deposited on the MCP, the PC is divided from MCP in the
DIXI, and there is an anode mesh between them. The gap
between PC and mesh is an electron acceleration region, and
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the area from anode mesh to MCP is an electron drift space.
A negative direct-current (DC) bias voltage plus a pulse
voltage are loaded on the PC, while the mesh is grounded.
Therefore, an electric field varying with time is achieved
between them. The potential difference between PC andmesh
is decreased gradually while the photoelectron emits from
PC, which produce an electron energy dispersion. The elec-
tron generated earlier obtains higher energy than the later one,
and travels with a larger speed in the electron drift space.
Then, the electron temporal width is magnified while they
are arriving at the MCP. Finally, the MCP imager samples
the dilated electron signal and outputs corresponding visible
light [15]. And a higher temporal resolution is achieved.

An ultrafast x-ray detector using electron pulse-dilation is
presented, and the temporal resolution as well as the gain
uniformity are provided in this paper. The detector here is
extended and improved from the previous one [16]. There are
five different points in this detector compared to the previous
camera, as shown in Table 1. Firstly, the photo-cathodes of
previous camera were formed on a quartz glass window with
diameter of 56 mm. The x-ray cannot pass through the silica
window. Therefore, it was an ultraviolet (UV) PC, and cannot
be used in the ICF experiments to measure x-rays. It can be
used in the laboratories for the camera’s performance testing
only. Here, the photo-cathodes are deposited onto a C8H8 film
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TABLE 1. Differences between present detector and previous camera.

with diameter of 90 mm to form an x-ray PC. Moreover, each
UV PC with 8 mm width was used in the previous camera,
and the valid PC length was about 34 mm. In this detector,
the width of each x-ray PC is 12 mm, and the valid PC length
is lengthened to 68 mm. The PC sensitive area here is larger
than that of the previous UV PC. The current detector can
capture the ICF ‘‘hotspots’’ with a longer record in time to
obtain a more detailed and precise ICF results [17]. Certainly,
the larger PC sensitive area can bring a larger size for the
ICF implosion image, and a higher spatial resolution could
be achieved [17]. Furthermore, only one magnetic lens was
used in the previous camera. In this paper, there are two large
aperture magnetic lenses to form a combined electromagnetic
lens system, which can bring a higher spatial resolution and a
larger imaging area with high quality. In addition, the image
ratio for the electrons from PC onto MCP was 1:1 in the pre-
vious camera. In the present detector, an image ratio of 2:1 is
formed, which can achieve a larger PC size while using the
same MCP. Finally, the PC was driven by a negative pulse
with 350 ps rising edge in the previous camera to obtain the
electron time-dilation. In the current detector, a positive pulse
with 1.4 ns rising edge is used. In the ICF experiment with
about 1-2 ns duration, the rising edge with 1.4 ns is better
than that of 350 ps.

II. DETECTOR ARCHITECTURE
The ultrafast x-ray detector is composed of four parts, an elec-
tron pulse time-dilation device, an electrical pulse genera-
tor, a MCP gated imager, and a combined electromagnetic
lens system, shown in Fig. 1. The electron pulse time-
dilation device is consisted of three strip-line photo-cathodes,
a grounded anode mesh, and an electron drift region. The
microstrip transmission line x-ray photo-cathodes are formed
by 80 nm gold deposited on the C8H8 film with 90 mm
diameter. Each PC has 12 mm width, and a 10 mm gap for
the two adjacent cathodes is used. The PC excitation pulse
outputted from the electrical pulse generator is transmitted to
the input port connector of the time-dilation device, and then
to a microstrip transmission line with tapered structure man-
ufactured on the printed circuit board. The tapered transmis-
sion line is connected with PC by a gold foil. Finally, the PC
excitation pulse is transmitted to the PC to achieve an electron
time-dilation. In the output side, the tapered transmission
line guides the PC excitation pulse to the output terminal.

FIGURE 1. (a) Structural diagram of the ultrafast x-ray detector.
(b) Photograph of the ultrafast x-ray detector.

The accelerating gap from PC to mesh is 1.5 mm. An exci-
tation pulse overlapped with a negative DC high voltage are
applied on the PC, while the anode mesh is ground potential,
which creates an electron energy dispersion. The mesh is
electroformed nickel with a spatial frequency of 10 lp/mm.
An electron drift space with length of 50 cm is used between
mesh and MCP. The electrons generated earlier travel faster
in the drift space, which produces a dilated electron beam.

The combined electromagnetic lens system is formed by
two identical electromagnetic lenses with a large aperture.
This system images photoelectrons from PC onto MCP,
and an image de-magnification of two times is achieved.
Such imaging system can obtain a better imaging qual-
ity and focusing ability of optical electronic, and it has
been successfully used in the streak cameras and electron
microscopes [18]–[20]. The front electromagnetic lens with
an excitation current of 0.198A ismounted at the place 7.5 cm
from the PC. The gap between the back lens and the MCP is
4 cm, and the excitation current applied on the back lens is
0.31 A. Each electromagnetic lens has 1320-turn copper coil
windings. The outside surface of the windings is enclosed by
a soft iron shield with a 4 mm lens gap in the inner round
surface. The outer diameter, inner diameter, and axial length
of the lens are respectively 256 mm, 160 mm, and 100 mm.
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The magnetic field passes through the 4 mm lens gap to the
electron drift space. Then, a magnetic lens is formed, which
leads to achieve a non-uniform axisymmetric magnetic field.
The on-axis magnetic field strength distribution generated by
every lens is an approximate normal distribution [16].

TheMCP gated imager is made up of a gatedMCP, a phos-
phor screen, and a charge-coupled device (CCD). The MCP
with 56 mm diameter and 0.5 mm thickness is used. The
diameter of the MCP pore is 12 µm, and the bias angle of
the MCP is 6◦. The microstrip transmission lines are coated
with 5000 Å copper overlaid by 1000 Å gold on the MCP
surface. The gating pulse moves along the transmission line
to sample the incident signal, and then a MCP gate width is
achieved [21]. Each MCP transmission line has a width of 8
mm, and a gap of 3 mm between two adjacent transmission
lines is formed. Similar to the time-dilation device, the gating
pulse is transmitted from the input port to the MCP transmis-
sion line by a tapered microstrip transmission line. The other
MCP surface is also deposited with copper and gold, and the
whole surface is ground potential. The gained electrons are
outputted from this groundedMCP surface to hit the phosphor
screen. The phosphor screen with 4 kV positive DC voltage
is mounted 0.5 mm to the MCP output surface. The CCD
is contacted with phosphor screen, and captures the visible
image.

The electrical pulse generator outputs a gating pulse to
MCP and an excitation pulse to PC. Firstly, some avalanche
transistors are constructed as Marx bank circuit to create
high voltage pulses with short rise time. One high voltage
pulse is outputted to the pulse time-dilation device and used
to drive PC. The other high voltage pulse is transmitted to
an avalanche diodes shaped circuit to produce MCP gating
pulse [22]. The PC excitation pulse with a gradient of 3.1 V/ps
is achieved, shown in Fig. 2(a). The MCP gating pulse shape
is shown in Fig. 2(b), has an amplitude of −1.8 kV and a
width of 225 ps.

III. TEMPORAL RESOLUTION MEASUREMENT
The temporal resolution is considered as the width of the gain
curve. The measured setup for the temporal resolution was
described in the previous paper [16]. The actual application
of this detector in ICF experiment is detecting x-rays. How-
ever, we lack x-ray source for the temporal resolution and
gain uniformity measurement. Therefore, the performance is
characterized utilizing a UV laser, which has been used in the
previous camera test [10], [13], [16]. The temporal resolution
or gain uniformity is almost the same as that acquired by
x-ray test. The incident x-ray or UV laser is converted to pho-
toelectrons. The x-ray will produce a larger electron energy
distribution. However, the initial electron energy distribution
is much less than the energy dispersion achieved by the
time-dilation device. Therefore, the performance difference
caused by the x-ray or UV laser test could be negligible. The
performance is mainly determined by four factors, the PC
bias voltage, the PC excitation pulse gradient, the drift length,
and the MCP gate width [13]–[16]. The laser system can

FIGURE 2. (a) The shape of the excitation pulse applied on PC with a
gradient of 3.1 V/ps. (b) The MCP gating pulse shape with an amplitude
of −1.8 kV and a width of 225 ps.

output 800 and UV 266 nm laser beams. The 266 nm laser
pulse with width of 130 fs is firstly delayed by the air optical
path and then reflected by a 45 degree UV total reflection
mirror M2. The reflected light travels to the fiber bundle with
thirty different length fibers to output thirty laser pulses at
different time. Here, the time-delay of 10 ps between each
two neighboring fibers is used. Finally, the thirty laser pulses
are imaged from fiber bundle to PC by the convex lenses L1
and L2 to generate thirty photoelectron pulses with different
birth time. The 800 nm laser pulse is reflected by an infrared
45 degree total reflection mirror M1, and the reflected light
propagates to a PIN to create an electrical pulse. This electri-
cal pulse triggers the electrical pulse generator to output PC
excitation and MCP gating pulses. The delay circuit adjusts
the electrical pulse trigger time to synchronize the thirty
laser pulses with the PC excitation pulse rising edge. Then,
the dilated electron pulses are synchronized with the MCP
gating pulse to achieve a gating image.

While a −3 kV DC voltage is for the PC, and −700 V
DC voltage is applied on MCP. The fiber bunch static image
is shown in Fig. 3(a). While there is a −3 kV DC volt-
age for the PC, and a −400 V DC bias voltage overlapped
with the gating pulse for the MCP, the fiber bunch gating
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FIGURE 3. (a) Static image of the fiber bunch, the PC is applied
with −3 kV DC voltage, and a −700 V DC voltage is on MCP. (b) Gating
image while the PC is without excitation pulse, the PC is applied
with −3 kV DC voltage, and the MCP is with a −400 V DC bias voltage plus
the gating pulse. (c) Gating image while the electron beam is dilated,
the PC is with excitation pulse plus a −3 kV DC bias voltage, the MCP is
applied with the same voltages as that for (b). (d) Signals out of the fiber
bunch gating image while no electron beam dilated in (b) and gating
image while the electron beam is dilated in (c).

image without electron beam dilated is shown in Fig. 3(b).
Furthermore, while the PC is with a −3 kV DC bias plus
the excitation pulse, and the MCP is applied with the same
voltages as that for Fig. 3(b), the fiber bunch gating image
with electron pulse-dilation is shown in Fig. 3(c). The images
in Figs. 3(a)–3(c) are original picture outputted from CCD.
The gating results in Figs. 3(b) and 3(c) are calibrated by
the static image in Fig. 3(a), and the calibrated gating image
intensity is plotted as shown in Fig. 3(d). The square points
in Fig. 3(d) are the experimental results from Fig. 3(b), and
the circle points are from Fig. 3(c). The lines are the Gaussian
fits for the points. It can be seen from Fig. 3(d) that while the
electron pulse is not dilated, a temporal resolution of 80 ps is
achieved for the MCP imager. And the temporal resolution of
the ultrafast x-ray detector is improved to 12 ps with electron
pulse-dilation technology.

IV. GAIN UNIFORMITY MEASUREMENT
In the ultrafast x-ray detector, there are two factors which
could influence the gain uniformity. One is that the excitation
pulse is experienced with gradually decreased amplitude

FIGURE 4. (a) Static image of the microstrip line cathode, only a −3 kV DC
voltage is on the PC, and the MCP is with a DC voltage of −700 V. This is
an integral image with 5 shots. (b) Gating image of the microstrip line
cathode without pulse-dilation, a −3 kV DC voltage is on PC, and the
gating pulse plus a −400 V DC voltage is on MCP. It is a 40 shots integral
image. The MCP gating pulse propagates from left to right. (c) The final
microstrip line cathode gating image without pulse-dilation, while (a) is
used to calibrate (b). (d) Horizontal line out of the image in (c).

while it transmits on the PC, which will affect the gain uni-
formity. The other one is the MCP gain uniformity caused by
the gradually reduced gating pulse. The experimental setup of
the gain uniformity resembles the temporal resolution tested
setup, but has two differences. In the gain uniformity experi-
mental setup, the fiber bunch is not used, and the laser width
is different. The UV laser pulse used in the gain uniformity
measurement has 10 mJ energy and 6.5 ns width. There is a
3.2 ns flat-top. A concave lens is used to spatially expand
the UV light, and then the expanded UV pulse irradiates
the PC to excite photoelectrons. The PC excitation pulse
is synchronized with the UV light at the flat-top center.
A delay time of about 17.3 ns is used between the MCP
gating and PC excitation pulses, it is the same as that in
the temporal resolution measurement. While the PC is only
with a DC voltage of −3 kV, and the MCP is with a DC

158560 VOLUME 7, 2019



H. Cai et al.: Ultrafast X-Ray Detector and Its Gain Uniformity

FIGURE 5. (a) Microstrip line cathode gating image with electron
pulse-dilation, the PC is with an excitation pulse plus a −3 kV DC voltage,
and the MCP is with the same voltages as that for Fig. 4(b). It is a 40 shots
integral image. (b) The final microstrip line cathode gating image with
pulse-dilation, while Fig. 4(a) is used to calibrate Fig. 5(a). (c) The results
for horizontal line out of the image in (b).

voltage of −700 V, the microstrip line static image is shown
in Fig. 4(a). While there is only a −3 kV DC voltage on the
PC, and theMCP is with a−400VDC voltage plus the gating
pulse, the microstrip line gating image without electron beam
dilated is shown in Fig. 4(b). The MCP gating pulse travels
from left to right along the transmission line. The images
in Figs. 4(a) and 4(b) are original pictures. While Fig. 4(b)
is calibrated by Fig. 4(a), the final calibrated microstrip line
gating image without pulse-dilation is shown in Fig. 4(c).
The results for horizontal line out of Fig. 4(c) are shown
in Fig. 4(d). The red circle points aremeasured results, and the
blue line is an exponential fitting curve. Fig. 4(d) shows that
the drop in gain is 3.5× on theMCP transmission line. It is the
gain uniformity of the MCP gated imager. The MCP gain is
greatly influenced by the voltage applied onMCP. The gating
pulse has voltage loss as it transmits alongMCP transmission
line, which leads to the dropped MCP gain [23].

While PC is with a −3 kV DC bias voltage plus the
excitation pulse, andMCP is applied the same voltages as that
for Fig. 4(b), the microstrip line gating image with electron
pulse-dilation is obtained, as shown in Fig. 5(a). The final
microstrip line gating image with electron pulse-dilation is
shown in Fig. 5(b). It is obtained by calibrating the gating
image in Fig. 5(a) using the static image in Fig. 4(a). Finally,

the results for horizontal line out of the image in Fig. 5(b)
are acquired, as shown in Fig. 5(c). It shows that the gain is
dropped 1.7 × along the MCP gating pulse traveling direc-
tion. It is the gain uniformity of the ultrafast x-ray detector,
and is better than that of the MCP gated imager, which is
due to the increasing numbers of electrons along the MCP
transmission line caused by the gradually decreasing tem-
poral magnification. The amplitude of the excitation pulse
is reduced while the pulse travels on PC, which leads to a
decreasing excitation pulse gradient. The decreasing pulse
gradient produces a gradually decreasing temporal magnifi-
cation factor along the PC transmission line [16], which leads
to a gradually increasing electron density. At the electron
drift space end, a MCP with the gate width of 80 ps is
used to sample the dilated electron pulse. In the 80 ps gate
time, the number of electrons passing through the MCP will
be increased while the electron density is increased. Then,
the output signal intensity along the MCPmicrostrip line will
be raised gradually owing to the increased electron number.
Therefore, the gain uniformity of the detector with electron
pulse-dilation is better than the gated MCP gain uniformity.

V. CONCLUSION
An ultrafast x-ray detector with electron pulse-dilation is
described. This detector has a higher temporal resolution than
the conventional MCP gated imager. The gating image is
acquired in single shot by using a fiber bunch with thirty
different length fibers, which can avoid temporal resolution
measurement error caused by timing jitter between different
shots. While the PC is only with a −3 kV DC voltage,
and a −400 V DC bias plus the gating pulse is on MCP,
the temporal resolutionwithout electron beam dilated is about
80 ps. While an excitation pulse is used to drive PC, a higher
temporal resolution is achieved. The resolution with electron
pulse-dilation is 12 ps. The gain uniformity is also one of
the most important parameters. It could be used to get better
quantitative precision for the x-ray image in the ICF experi-
ment [24], [25]. The gain uniformity of the detector is tested,
and the results show that the gain is dropped 1.7× along the
pulse transmitting direction.
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