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A new ultra-fast photomultiplier tube and associated drivers have been developed for use in the
next generation of gamma-ray high pressure gas Cherenkov detectors for inertial confinement fusion
experiments at the National Ignition Facility. Pulse-dilation technology has been applied to a standard micro-channel-plate-based photomultiplier tube to improve the temporal response by about 10×.
The tube has been packaged suitably for deployment on the National Ignition Facility, and remote
electronics have been designed to deliver the required non-linear waveforms to the pulse dilation electrode. This is achieved with an avalanche pulse generator system capable of generating fast arbitrary
waveforms over the useful parameter space. The pulse is delivered via fast impedance-matching transformers and isolators, allowing the cathode to be ramped on a sub-nanosecond time scale between
two high voltages in a controlled non-linear manner. This results in near linear pulse dilation over
several ns. The device has a built-in fiducial system that allows easy calibration and testing with fiber
optic laser sources. Results are presented demonstrating the greatly improved response time and other
parameters of the device. Published by AIP Publishing. https://doi.org/10.1063/1.5039327

APPLYING PULSE DILATION TO A PMT

Currently photomultiplier tubes (PMTs) with an impulse
response function of ∼100 ps are used in Gamma-ray High
Pressure Gas Cherenkov Detectors (GCDs) to investigate the
properties of gamma rays emitted in Inertial Confinement
Fusion (ICF) experiments on the National Ignition Facility
(NIF).1,2 The Pulse Dilation Photo-Multiplier Tube (PD-PMT)
is based on a standard fast PMT manufactured by Photek, and
a prototype3 is able to deliver an impulse response of ∼12 ps.
The standard PMT consists of a photocathode, MCP, mesh,
and anode in an ultra-high vacuum envelope. Conventionally,
electrons are accelerated from the photocathode onto the MCP.
The MCP provides signal gain, and the exiting electrons are
accelerated through the mesh and onto the anode, where the
signal to be recorded is produced. The mesh is grounded and is
a reference for the accelerating potential at the MCP exit. The
mesh also stops the “mirror” charge effects that would otherwise give rise to a precursor signal in the anode. The basic tube
has a response time of around 100 ps. This is difficult to propagate to a recording device (typically 50 m away on the NIF).
Consequently, the signal is used to drive a Mach Zehnder fiber
optic (FO) modulator and to modulate an optical signal that
is easily transported over long distances to a high bandwidth
optical recording system.

Note: Paper published as part of the Proceedings of the 22nd Topical Conference on High-Temperature Plasma Diagnostics, San Diego, California, April
2018.
0034-6748/2018/89(10)/10I137/5/$30.00

The objective of developing this PD-PMT is to increase
the system bandwidth for a short time. The pulse dilation converts a short-lived temporal history to a longer time scale for
a limited time. The technology has been in use on the NIF for
x-ray imaging in devices such as DIXI4,5 and SLOS.6
Pulse dilation has several advantages, including
1. Improved temporal resolution.
2. Elimination of the impulse response function (IRF) of the
PMT on time scales down to ∼20 ps.
3. Lower bandwidth recorder required.
To achieve pulse dilation, the standard PMT design is
modified by increasing the distance from the cathode to MCP
input face from a sub-mm gap to several hundreds of mm,
as shown in Fig. 1. The exact separation can be chosen at
manufacture time and is a compromise between the temporal magnification and record length. For the tube investigated
here, the gap is 500 mm. To ensure the photo-electrons go from
the cathode onto the MCP, an axial magnetic field is applied
that constrains the photo-electrons radially.
In addition, two meshes are added to the tube just after the
photo-cathode. These permit the manipulation of the electron
energies as they leave the photo-cathode region by changing
the voltages on them. The photo-electrons are first accelerated to 2 keV by the voltages between the photo-cathode and
first mesh. Initially the voltage between the first and second
meshes is zero (both at −2 kV). Applying a positive pulse
ramp to the cathode and first mesh with respect to the second
mesh decelerates the electrons with later arriving electrons
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FIG. 1. Pulse dilation tube details. Two meshes are
inserted immediately after the photo-cathode. The second
mesh and MCP input face are connected electrically by a
stainless steel vacuum envelope which is not grounded.

being more highly decelerated. This results in later liberated
photo-electrons having a lower velocity as they leave the second mesh. The resulting bunch of electrons produced from the
event then has differential velocities encoded on it. By allowing the bunch to drift, the slower electrons lag further behind
the early faster ones and the time history encoded in the bunch
(the signal under investigation) is stretched (dilated) as it drifts
down the tube, as shown in Fig. 2. This idea was first proposed
and tried by Prosser 7 in oscilloscopes.
DILATION PULSER

In order that the dilated bunch of electrons has a linear
temporal transformation to real time, it is necessary that the
modulation of the electron velocity as a function of time at the
cathode region is linear. This implies that the voltage change
must be non-linear as the voltage linearly changes the energy.
Consequently a shaped voltage waveform has to be applied
between the two meshes. Also the driver has to be remote
(50 m) from the detector to avoid the neutrons from the experiment. The ramp pulser also has to compensate for the temporal
response of the long cable. By using different ramp speeds, it
is possible to trade off the record length against temporal magnification and hence time resolution. Slower ramps give more
record lengths.
The shaping of high voltage pulses on a sub-nanosecond
time scale is performed with a sophisticated avalanche pulse
generator developed for this application. It is based upon 8
individual pulse generators each of which drives a 100 Ω cable.
Each has a leading edge that rises in ∼100 ps but decays over
100 ns. The individual timing (with a jitter standard deviation
of ∼5 ps) and amplitude are computer controlled. The eight
pulses are added together to drive a 50 Ω cable, giving the
ability to make a variety of ramp shapes. The cable carries the
ramp pulse over 50 m to the PD-PMT detector head. During

calibration, various ramp shapes were tweaked to establish
the optimum shape for linear dilation over a variety of record
lengths. Figure 3 shows some simulated results, generated in
a spreadsheet. These give an idea as to how to generate the
required ramps.
The capacitance between the two meshes (plus some
ceramic in the tube structure) is ∼10 pF. This requires that the
drive impedance be ∼6.25 Ω in order to obtain a rise time on the
meshes of ∼100 ps. This impedance is chosen also because it is
straight forward to generate from 50 Ω. The drive impedance
has to be reduced from the 50 Ω delivered to the head to the
6.25 Ω. In addition, the pulse drive has to float to −2 kV, the
MCP input voltage. These requirements are achieved with two
transformers. The ramp pulse first sees a cable transformer
which provides the floating drive isolation with sub-100 ps
rise time capable of holding off >5 kV. The second transformer is a microstrip line with a PTFE dielectric that progressively transforms and splits the 50 Ω input into eight 50 Ω
parallel outputs near the dilation meshes, thus delivering the
6.25 Ω drive.
MAGNETIC FIELD CALCULATIONS

The purpose of the magnetic field is to ensure that photoelectrons arrive at the MCP and at the same time for electrons
born at the same time. The axial gradient must not be so steep
that electrons are reflected. Additionally the Larmor diameter
of the photo-electrons must be significantly smaller than the
cathode and MCP diameters so that electrons are not lost to
the envelope. This is achieved by around a factor of 9 for the
photo-electrons from the UV photons that are to be investigated. The photo-electron transverse energy is estimated from
the difference between the energy of the longest wavelength
photon that the photo-cathode will detect (∼800 nm) and the
energy that the UV photons from the Cherenkov radiation

FIG. 2. Pulse dilation. The dilation ramp pulse is applied
between the first and second meshes. This progressively
reduces the energy of electrons as they enter the field free
drift region. This results in the bunch spreading out axially
as they drift toward the MCP. The second mesh and MCP
input face are connected electrically by the stainless steel
vacuum envelope which is at the potential of the MCP
input face.
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FIG. 4. Simulation results for the magnetic field, showing where in the PDPMT (shown above) the field applies.

Simple calculations were performed to establish that the
solenoid would operate at 13 mT at the input end with ∼50 V,
within acceptable safety levels for use on the NIF which has a
50 V safety threshold for some supplies. The winding weighs
∼4 kg, within the weight budget allowed for the diagnostic.
In addition, the power dissipation proved sufficiently low that
the solenoid could be operated continuously for hours on a lab
bench without overheating.
FIDUCIAL SYSTEM

FIG. 3. Simulations of the addition of small pulses to generate non-linear
ramps by adjusting their relative timing.

have (∼300 nm). This gives a Larmor radius of ∼0.5 mm for
the 13 mT field at the photo-cathode. The input aperture is
9 mm. The Larmor radius means that the bunch can be up to
11 mm in diameter; however, the rear end detection aperture is
∼6 mm (set by the anode size), so the magnetic field is made
approximately twice as strong at the rear end, as shown in
Fig. 4. This halves the bunch diameter and ensures that electrons from near the edge of the photo-cathode are detected.
The increase in magnetic field strength makes an insignificant
change to the axial velocity and so does not affect the arrival
time.
The axial field of a simple solenoid falls off at the ends
on the scale length of the diameter. Simulations8 of the effects
of magnetostrictive vacuum envelope elements near the input
end of the tube showed that they act like a compensating coil,
extending the uniform field nearer to the end of the solenoid.
In order to reduce the stray fields from the solenoid, a mu
metal screen was used. Simulations8 showed that a 1 mm
thick screen reduced the magnetic field to ∼100 µT at 60 mm
from the tube axis; an acceptable level for use in the NIF
environment.

The nature of a dilated tube makes timing crucial. The
device has to be triggered so that the event occurs at the correct point in the ramp applied to the cathode region. PD-PMT
has an AC coupled electrical monitor of the first mesh voltage and two fiber optic fiducial inputs. The fibers take signals
from the rear bulkhead of the head assembly to the photocathode and inject the light. The input of the PD-PMT is
inaccessible once installed into the GCD. A multi-mode fiber
(Clearcurve® OM2) was chosen. This has a graded index for

FIG. 5. A modeled section of the front end of PD-PMT showing the
photocathode, meshes, and FO fiducial fiber feeds.
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adequate impulse response (<10 ps over 1 m) and is bend tolerant. The lengths of the two fibers were matched mechanically
to <20 ps so that they could be swapped in case of failure.
The fibers point at the cathode without obscuring the optical
access to the cathode required for the GCD system, as shown
in Fig. 5. Two fibers give both redundancy and the ability to
superimpose different timing signals with ease. The NIF can
generate a variety of optical timing signals from its trigger system which can be used for setting up as well as for fiducials
and triggers on a main shot.
MCP GAIN COMPENSATION

When the electrons impact the MCP, they generate secondary electrons in the MCP channels. The number generated
per impact event depends upon the incident energy. Consequently the lower energy electrons later in the dilated bunch
produce fewer secondary electrons than earlier electrons. This
appears as a fall in the gain of the tube as a function of time.
In PD-PMT, this can be compensated for by increasing the
MCP gain during the time that the electron bunch arrives at
the MCP. This is performed by superimposing a shaped pulse
on the MCP voltage. An extra 50 V approximately doubles
the gain. This pulsed compensation is on the dilated time scale
(several ns), not the un-dilated time scale. Consequently the
pulse rise time is within the capabilities of simple pulse generators based on field effect (FET) devices. The slope of the
gain adjustment is nominally linear but can be changed under
computer control. Two preconfigured modes are shown in
Fig. 6.
The compensated shape was achieved empirically by
adjusting the compensating electrical pulse shape so that the
charge in the output signal, resulting from a laser diode pulse, is
independent of arrival time, i.e., the area under the curve of the
output waveform is constant. By applying a voltage waveform
that gives this ramped increase in gain, the recorded charge
from an impulse event is unchanged during dilation. The gain,
as plotted in Fig. 6, was subsequently measured by running
the PD-PMT without the dilation ramp, so that the incident
electron energy is constant, and recording the output signal as
a function of time over the MCP gate duration.

FIG. 6. The MCP gain as a function of time for the two modes: “normal” and
“compensated.”

FIG. 7. Superposition of the laser diode sync., the pulsed ramp monitor, and
PD-PMT output. (a) The laser arrives before the ramp—no dilation, (b) the
laser arrives just as the ramp starts—dilation just beginning, [(c) through (f)]
the dilation progresses as the laser pulse moves through the ramp. Note that
a 0.96 ns shift in the laser timing results in a shift of ∼26 ns in the output
signal. If the gain had been constant, the area under the output signal would
be conserved. No MCP gain compensation is used here. The horizontal scale
is 5 ns/div.

PRELIMINARY RESULTS

The device was tested with a ∼30 ps laser diode injected
into the fiducial system shown in Fig. 4. An oscilloscope displayed 3 signals: the laser diode timing “sync.” output, the
monitor of the pulsed ramp (which is derived from the first
photo-cathode mesh, with respect to the second mesh), and
the output signal of the PD-PMT. The timings of the three
signals were skewed so that the display represented the part
of the pulsed ramp where the laser diode pulse arrived at the
photo-cathode. The scope triggering was from the pulsed ramp
signal so that it appears stationary in subsequent pictures of
the scope output. The relative timing between the laser diode
and the ramp was adjusted using a Highland P400 delay unit
driven by a computer. This allowed the laser diode timing to
be swept through the ramp giving a very visual picture of dilation, especially when shown as a video. Some snap shots from
the video are shown in Fig. 7.
The oscilloscope traces clearly show the effects of dilation and that the IRF, shown in Fig. 8, no longer affects the
recorded data for a 30 ps light source. These results enabled
the empirical tweaking of the pulser generator during calibration to deliver six reasonably linear ramps, see Fig. 9.

FIG. 8. The response of the PD-PMT to the 30 ps laser diode pulse, with no
pulse dilation, showing the IRF of an undilated tube. This is typical for the
PMT on which the tube was based. The horizontal scale is 200 ps/div.
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FIG. 9. Plots of dilated time versus the timing of the incident pulse with respect to the pulsed ramp. The different
ramp speeds are obtained by changing the timing of the 8
individual pulsers. In the case of Ramp 5, the amplitude
was also changed. The slower ramps are used for longer
record lengths but with a corresponding reduction in time
resolution.

As the pulsed ramp is under computer control, the ramps can be
tweaked or replaced at a later date to meet new requirements.
This requires a repetitive light source, but it can be performed
in situ via the fiducial inputs. The current 6 ramps will meet
immediate needs.
The device clearly has significantly more bandwidth than
the standard device, and further tests with shorter laser pulses
have shown more9 and will be published elsewhere.

particularly as fusion yields increase and the predicted burn
duration gets shorter. High voltage fast arbitrary waveform
generation (over a limited parameter space) has been successfully applied to deliver linear dilation over several ns. PMTs,
which typically have similar sensitivity to streak cameras, have
a large dynamic range and can now have similar temporal
resolution.
1 H.

SUMMARY

The application of pulse-dilation technology to a photomultiplier tube has been developed to the state where deployment on the NIF is practical. PD-PMT shows a significant
improvement in temporal response over a standard PMT, albeit
for a limited time, and will enable GCDs to deliver improved
temporal information about the dynamics of implosions
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