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Detectors and diagnostics for multiprobe radiography using high-energy short-pulse lasers

Zhehui Wang, P-4, LANL; zwang@lanl.gov

(Updated: Oct. 10, 2023)

Multiprobe radiography requires the following diagnostic capabilities at minimum: radiographic
source diagnostics, spectroscopy, imaging, and tomography diagnostics. Depending on the
repetition rate of the radiation sources, the diagnostics may be a single-shot diagnostic, such as
photographic (radiochromic and X-ray films for high energy photons) films, or a multiple-shot
diagnostic for repetitive source operations, such as a high-speed framing camera. Due to the
drastically different detector physics of electrons, photons at different energies (keV to 10s of MeV
in the radiography context), heavy ions such as protons, alphas, and neutrons, see, for example,
Ref. [1, 2] for an overview, different types or configurations of detectors and constructions may
be required for multiprobe radiography applications. Some of the common detector metrics include,
independent of the particle/photon species, sensitivities or efficiency, energy resolution, spatial or
temporal resolutions and others. Some unique detection scenarios arise in a multiprobe
radiography setting, for example, crosstalk mitigation and particle identification (ID) when X-ray
and higher energy photons, relativistic electrons, neutrons, other hadrons, and heavy particles
coexist at the detector location.

In terms of signal output, photographic films, CR-39 plastic, and image plates (IPs) can be
characterized as non-electronic and passive types. These detectors, while older than electronic
devices such as photo-diode arrays (PDAs), charge-coupled device (CCD) cameras,
complementary metal-oxide semiconductor (CMOS) cameras, efc. are still used today due to, in
part, their low cost, easy construction, design and configuration flexibility, large number of
material choices, and/or relatively high immunity to electromagnetic pulses (EMP) and other laser-
induced transients and background. For example, in comparison with a scintillator fiber detector
with a CCD readout, IPs have several other advantages in a pulsed high-power laser environment
[3]: the scanning size can be as small as 50 um per pixel, which allows a much higher electron
energy resolution than that of a scintillator array in a magnetic spectrometer, where each fiber is
typically more than 500 um in diameter. IPs are reusable and more cost effective. IPs do not require
vacuum electrical feedthroughs or a cooling system, which is often used for a CCD to reduce the
thermal noise at room temperature. Meanwhile, readout of photographic films, CR-39, and image
plates requires additional steps such as chemical processing or a microscope or image plate scanner
to convert the raw non-electronic signals into electronic formats, which are needed for computer
processing of the data. These additional signal postprocessing steps may limit non-electronic
detectors to single-shot experiments, with the exception when multiple pinholes or viewing angles
are available, and time-gating of the signals is possible. As electronic devices such as CCD and
CMOS cameras continue to improve in performance, including in spatial and temporal resolutions,
sensitivity, and reduced noise [4], they are now gradually replacing the non-electronic detectors in
the state-of-the-art ICF and HED experiments [5]. Bypassing the need for signal conversion in the
electronic devices makes them particularly suitable for repetitive experiments with a short turn-
around time, or for time-resolved multiprobe radiography. When scintillators are used for radiation
detection, optical CCD and CMOS cameras are natural choices, serving both as the optical
detectors and readout devices.
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The radiographic source diagnostics share many common requirements and hardware with laser-
driven ignition experiments such as NIF, OMEGA [6], and Z [5, 33], the three flagship HED
facilities in the US, even though the optimization objectives may be slightly different. A recent
collection of review articles on diagnostics for inertial confinement fusion [23] has rich
information about ICF and HED diagnostics [24, 29, 34], analysis [32], imaging methods [28] and
collaborations [5]. For multiprobe radiographic imaging applications, one optimization is towards
better radiation sources including X-ray, electron, positron, proton or neutron yield at different
energies, and directional emission towards the targets to be radiographed, while ignition
experiments are tailored preferentially towards higher neutron yield, as a net result of nuclear
fusion. The neutron, X-ray and y-ray emissions are likely to be isotropic to the 0™ order in
campaigns to optimize fusion yield.

Below we highlight various X-ray, neutron, electron, ion detectors that have proven use.
Innovative combinations of these existing detectors, together with different radiation sources, may
be the first steps in advancing multiprobe radiography and applications.

A bremsstrahlung X-ray spectrometer (BMXS) was developed, see Figure 1, to measure the hot
electron energy distribution and to infer the hot electron temperature, which can be hundreds of
keV in petawatt scale laser experiments. To measure the hot electron size, 2D images of Ka
fluorescence from buried fluor layers were used to infer the hot electron source size at a given
depth. Two techniques are currently used for 2D imaging: spherically bent Bragg crystals using a
CCD or image plate detector and pinhole imaging using Ross pair [6b] filters using an image plate
or gated scintillator detector.
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Figure 1. A bremsstrahlung spectrometer (BMXS) for hot electron energy distribution measurement. A
differential Z filter stack within the Pb+plastic housing is designed to detect X-ray with hundreds of keV
energy. The Monte Carlo code Integrated Tiger Series (ITS) was used to construct response matrices for
both the target and the detector. Image adopted from Ref. [6].

For the symmetric implosion experiments in OMEGA using 60 beams, the temperature of the
suprathermal electrons and the temporal dependence were measured with a time-resolved, four-
channel hard X-ray detector (HXRD) [19] and two time-integrated imaging-plate diagnostics high-
energy x-ray imager (HEXRI) [25] and BMXS [26]. Typical temperatures measured for the
suprathermal electrons can be fit to single-temperature Maxwellian distributions with central
temperatures in the range of 50 - 100 keV.
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Figure 2. (Left) Simplified set up for the HEXRI [25]. (Right) (n,y) flux in HEXRI detectors within a 50
ns window, per n source, per MeV, produced by the target positioner, hohlraum design #2, neutron
pinhole, and hohlraum design #2 + LPI collimators [27].

Scintillators are used in gamma-ray and high-energy X-ray detectors [1, 48]. Effects of Cherenkov
radiation is also explored for relativistic particles [20]. The High-Energy X-Ray Imager (HEXRI)
system within the NIF facility is composed of two scintillators placed on the equatorial plane
(6=90°) at ¢=89° and ¢=348.7°, at 6 m from the target chamber center (outside the target chamber
wall) [27]. A novel scintillator-based x-ray spectrometer for high-repetition-rate laser plasma
interaction experiments were reported in [35].

Neutron action detectors are a class of passive detectors [1]. Many materials become radioactive
(emitting alpha, beta or gamma-rays) or activated when exposed to neutrons [37]. Determination
of neutron absorbed dose is made by measuring decay products of the activation foil (typically B-
or y-rays) using, for example, high-purity germanium detector. Neutron activation cross sections
are material (isotope) and neutron energy sensitive. Many materials, such as H-1, Al-27, Fe-56,
In-116m, Cu, V-52, Au-198, Sulfer-32, P-31, can be used as neutron activation detectors. In
comparison with a camera which requires electricity to operate, a neutron activation detector is a
simpler passive neutron-flux-integrating detector, and can be made very compact or large area
(conform to the neutron flux). Meanwhile, the impurities of the activation materials can complicate
the neutron-induced signal interpretation. In addition to neutron absorption cross section, selection
of the neutron action materials also depends on the signal (B- or y-rays) decay time. Neutron action
detectors have limited use for time-resolved or high-repetition-rate measurements.

Neutron Imaging System (NIS) was designed for NIF led by LANL [38-40], and was based on the
penumbral detection scheme [41]. NIS can detect both the primary 14 MeV neutrons and the
lower-energy downscattered neutrons in the 6—13 MeV range. NIS, Figure 4, consists of an
aperture array, alignment system, scintillator, data acquisition and analysis system, and the camera
system. The camera system consists of the fiber optic and lens optical relays, the camera and the
gated microchannel plate image intensifiers MCPII, and the charge coupled device (CCD). NIS
uses a precisely aligned set of apertures near the target to form the neutron images on a segmented
scintillator, 16 cm square BCF-99-55 scintillator that is 5 cm thick and composed of 250 um
diameter, 5 cm long round fibers. An earlier design used capillary array filled with a liquid
scintillator [42], see Figure 3.
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Figure 3. (Left) A neutron imaging device deployed in the OMEGA laser facility. (right) Recoil proton
tracks produced when 14- and 2.45-MeV neutrons scatter hydrogen nuclei in the scintillator. Images
adopted from [42].

The neutron point-spread function in NIS, calculated by using SCINFUL [31], can be fit by a
double Gaussian with 0.021 and 0.284 mm sigma values. The images are recorded on a gated,
intensified charge coupled device. Although the aperture set may be as close as 20 cm to the target,
the imaging camera system will be located at a distance of 28 m from the target. At 28 m the
camera system is outside the NIF building. Because of the distance and shielding, NIS is able to
obtain images with little background noise. The imager is capable of imaging downscattered
neutrons from failed capsules with yields greater than 10'* neutrons. The shielding also permits
the NIS to function at neutron yields above 108, which is superior to most other diagnostics that
may not work at high neutron yields, in particular when the NIF plasmas ignite.
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Figure 4. A schematic of the NIS system designed and built by LANL [40].



For a hit by a single 14 MeV neutron, about 180 photons leave the end of the 0.58 numerical
aperture (NA) fiber in which the neutron interacted [40]. The reducer transmits a factor of 0.49 of
the light to the MCPII because of the transmission loss and NA mismatch. The total number of
photons per scintillator fiber reaching the MCPII is therefore 88, which results in roughly 8.8
photoelectrons per scintillator fiber per neutron. There are additional losses from coupling the
MCPII phosphor to the CCD. However after the increase in the light per fiber from the MCPII, the
further degradation of the DQE is minimal. The estimated DQE for detecting a single 14 MeV
neutron at NIF is roughly 0.26. This number decreases for the lower energy neutrons that make up
the downscattered image.

The fabrication and inspection of the NIS-3 neutron imaging aperture for the National Ignition
Facility (NIF) prior to first use were completed in December 2018 [45]. The 16 layer aperture
contains an array of 87 openings, manufactured by scribing 100 profiles along 20-cm lengths of
thin gold foils. The openings consist of 15 penumbral and 72 triangular apertures. The 16 layers
are then assembled into a single 15-mm x 16.6-mm x 200-mm component. Images produced from
the array of apertures must be deconvolved in order to remove distortions caused by the extended
length of the aperture. In order to deconvolve the image, the as-built aperture profile must first be
characterized by measuring the scribed apertures at multiple places along their length.

Proton Beam Imaging Energy Spectrometer (PROBIES) is a simple repeating step-filtered
structure for the detection of MeV-energy proton beams [46]. In contrast to CR-39 plastic detectors,
which are passive MeV proton and heavy charged particle detectors and require chemical post-
processing of signal and microscope readout, PROBIES can be fielded in with a scintillator and
imaging setup to collect proton beam information in high-repetition rate experiments, Figure 5.
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Figure 5. Two PROBIES designs with a radiochromic film stack (RCF) and interleaving filters, (a); with
scintillator or RCF on a single detector by spatially arranging filters of different thicknesses, (d); an
example RCF stack response for a three film stack showing the minimum breakthrough energy and Bragg



peak energies, (b); and Example of resulting proton beam data recorded on Radiochromic film (RCF)
where films deeper in the stack record higher energy proton beam profiles, (c). Image adopted from [46].

Alternatively, inexpensive CMOS image sensor (CIS) detectors were demonstrated for real-time
electron (beta-ray), heavy ions detection [47]. It was also shown that low-cost CIS are sensitive to
MeV and higher energy protons and a-particles by using a *°Sr S-source with its cover glass in
place. Indirect, real-time, high-resolution detection is also feasible when combining CIS with a
ZnS:Ag phosphor screen and optics. Noise reduction in CIS is nevertheless important for the
indirect approach.

Figure 6. (Left) Selection of a thin ZnS:Ag phosphor screen (upper left corner) for the experiment. The
objects shown from left to right, top to bottom, together with a US 1-cent coin are (a) a “half’-layer thick
ZnS:Ag phosphor; (b) CR-39 not developed; (c¢) EJ-232Q-0.5%BZP plastic scintillator; (d) CR-39
developed after exposure to an 241Am for 10 s and 1 min (spot size = 6 mm); (¢) a double-layer thick
ZnS:Ag phosphor. (right) (a)-(c) Indirect detection of o’s from an 241 Am source using a Nikon D800
camera sensor at ISO of 640, 800, and 1000 for (a)-(c), respectively. (d) Direct detection of B’s from a 90Sr
source using a webcam CMOS sensor. Images adopted from [47].

Imaging plate detectors have been used for ion spectroscopy. A Thomson parabola ion
spectrometer (TPIE) or Thomson spectrometer for ions has been designed and used to measure
ions of different charge-to-mass ratios in multi-terawatt laser-driven experiments at the Laboratory
for Laser Energetics (LLE) at the University of Rochester [7]. This device used parallel electric
and magnetic fields to deflect particles of a given mass-to-charge ratio onto parabolic curves on
the detector plane, see Figure 7 for an illustration. Variations to this ion deflection design, such as
wedge-shaped electrodes and overlapping electric and magnetic fields have since been introduced
(8, 9].

The positions of the ions on the detector plane can be used to determine the ion energy. Fujifilm
BAS-TR imaging plates was used as a detector in the Thomson parabola [7]. The imaging plate
sensitivity was calibrated by using monoenergetic proton and alpha particle beams from the SUNY
Geneseo 1.7 MV tandem Pelletron accelerator by National Electrostatics Corporation Model
5SDH [10], see Figure 8 for an example. The monoenergetic particles range from 0.6 MeV to 3.4
MeV for protons and deuterons and from 0.9 MeV to 5.4 MeV for alpha particles.
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Figure 7. (a) Schematic of a Thomson Parabola ion spectrometer (TPIE) using parallel magnetic and
electric fields to spatially disperse ions of different energies and charge-to-mass ratio. The load door is for
inserting the ion detector, such as an imaging plate or a photographic (X-ray and others) film. (b) The key
dimensions of the spectrometer and an example of an ion trajectory. Figure adopted from [7].

—
=NA

(b)

oF
E E
E E
c c

S S 20
o k7]
L] Q
= &=
@ Q
o o
© <

2 S 4of
c c
=) =)
] ©
= =

60

150 0 80 40 O
Intensity (arb.units) Intensity (arb. units)

Figure 8. An example of Thomson parabola magnetic position calibration for different ions. (a) Proton data,
in which radiochromic film was used on the detector plane. Figure (b) Alpha particle data, in which a
Fujifilm imaging plate was used on the detector plane. Note that for a given exposure at a given energy,
both the 1+ and 2+ charge states of helium-4 are clearly visible. Figure adopted from [7].

The response of imaging plates (IP) to protons of various energies reported in [7] was similar to
the data reported previously by using ions produced by high-intensity lasers [11, 12]; however, the
IP sensitivity reported here is 8%—37% lower than reported previously [11]. The principal
difference was that the measurements in Ref. [7] were made using monoenergetic beams from an
accelerator rather than ions produced in ultra-intense laser-matter interactions. Part of this
discrepancy may be due to IP fading effect and/or differences in IP reader sensitivity. Ref. [7] also
extended on the previous experiments by including IP sensitivity calibration for both deuterons
and alpha particles.

MeV electrons, positrons, and protons can be produced when the laser intensity I > 10" / A2 W
cm 2 reaches a solid target. Here the laser wavelength A is in um. A series of low-cost compact
electron and ion spectrometers were reported by using Fuji BAS SR2040 image plates as detectors
[3, 13]. The spectrometers used permanent magnets, instead of electromagnets, to spatially



disperse electrons, positrons, and protons of different energies. Several versions have been
developed by varying the magnetic field strength, ranging from hundreds of gausses to about 1 T.
By changing the magnetic field strengths, the spectrometers can be tuned to measure electrons of
10’s — 100’s of keV, or at higher magnetic fields, measure MeV and higher energy electrons above
100 MeV. Examples of two versions of magnetic spectrometers using IPs, together with a
scintillator and CCD based spectrometer are shown in Figure 9. Extensions of the work, modified
electron-positron proton spectrometers (EPPS), have since been used in other facilities including
OMEGA EP [14,15] and NIF, with applications to astrophysics [17].
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Figure 9. (Left) A comparison of three electron spectrometers developed at LLNL. (a) The scintillator-based
spectrometer, which used a scintillating fiber array coupled to a fiber-front CCD camera. (b) The high-
field that used image plate detector, and (c) A low-field magnetic spectrometers. (Right) A comparison of
electron and proton dispersion in the spectrometer with a 0.8 T magnetic field. Images from Ref. [13].

A Dual-Channel Highly Ordered Pyrolytic Graphite (DC-HOPG) X-ray spectrometer was
described for high energy short-pulse laser experiments [18]. The instrument used a pair of
graphite crystals for two X-ray channels. A low energy “Cu channel” was optimized for self
emission from low-Z materials, such as Cu Ka (8 keV), in first diffraction order and a high energy
“Ag channel” was optimized for high-Z materials, such as Ag Ka (22 keV), in second diffraction
order. The emissions from the target were detected using a pair of parallel imaging plates
positioned in such a way, see Figure 10, that the noise from background is minimized and the
mosaic focusing is achieved. BAS- MS 2040 imaging plates were used as detectors. After data
acquisition, the imaging plates were scanned with Fuji FLA7000 scanner. The digitized images
were then converted to Photo Stimulated Luminescence units (PSL) using the following formula
given in the Fuji manuel.

Tests of the diagnostic on the Titan laser (I ~ 10?° W/cm?, t = 0.7 ps) showed excellent signal-to-
noise ratio (SNR) > 1000 for the low energy channel and SNR > 400 for the high energy channel.
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Figure 10. (Left) The layout of a Dual Channel Highly Ordered Pyrolytic Graphite (DC-HOPG) X-ray
spectrometer. TIM stands for “Ten-inch manipulator”. (Right) Calibration curve. DC-HOPG detector was
calibrated against a single-hit CCD (SHCCD) detector. Image credit [18].

Gated microchannel plate (MCP) X-ray imaging has more than three decade of history and is now
used at nearly every HED facility worldwide [5, 50]. Gating time as short as 30 ps was
demonstrated in the 1990s. NIF currently has eight airbox gated MCP detectors operable in any
DIM location [51]: four gated x-ray detectors (GXDs) with CCD readouts and four hardened
GXDs (hGXDs) with film readout. OMEGA (LLE) now has eight gated x-ray framing cameras.
Four are called X-ray framing camera (XRFC): two have 30 ps gating time and two have 100 ps
gating time. Sydor Technologies, Inc offers XRFCs with fast or slow detection heads for frames
ranging from 40 ps to 1000 ps in duration. OMEGA also has four single-frame cameras (SFCs)
built by Sydor Technologies, Inc. The camera captures up to 16 sequential, temporally gated
images, a short movie of nanosecond-scale phenomena. A streaked X-ray spectrometer was
described in [30].

The X-ray emission from the center of the target can be measured temporally and spatially and
spectrally resolved using an x-ray framing camera (XRFC) [21]. In an OMEGA-60 experiment
[22], the XRFC spatially and temporally resolved the X-ray emission, using a 4 x 4 pinhole array
to produce 16 enlarged images of the target on a microchannel-plate detector, which was covered
with four strips of gold film. A 200-um Be foil and a thin (12-pm) Ti foil placed in front of the
detector, combined with the spectral response of the diagnostic, restricted the range of recorded
X-rays to ~3 to 7 keV.

By using pulse-dilation technique, 5 ps gating resolution has been demonstrated [52]. Dllation X-
ray Imager (DIXI) implemented pulse-dilation technique for high-speed X-ray framing camera at
the National Ignition Facility (NIF). DIXI is sensitive to x-rays in the range of ~ 2 -17 keV [53].
The pulse-dilation technique allowed DIXI to achieve a temporal resolution of less than 10 ps, a ~
10x improvement over conventional framing cameras that do not use electron pulse dilation
technique on the NIF (=100 ps resolution). Sub-ps temporal resolution was traditionally only
attainable with 1D streaked imaging.
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Figure 11. (Left) Pulse-dilation process starts with photoelectron generation from the photocathode when
X-ray and other photons are intercepted. Photoelectrons are then accelerated with a time varying electric
field (hv rf) and the resulting energy dispersion causes the signal to stretch axially as it traverses the drift
region resulting in stretched electron pulsed before sampling by a gated microchannel plate or (PMT as
indicated). Image from [52]. (right) Temporal evolution of the X-ray spot measured by DIXI from a titanium
target by a TITAN laser, with 1 1m wavelength, 1 ps pulse duration, 100 J pulse energy and a focal spot of

FWHM =15 um. Image adopted From [53].

Some of the common issues or challenges with the multiprobe diagnostics including harsh
radiation environment as the laser power and electric pulse power continue to increase. More X-
rays, high-energy X-rays, neutrons, and energetic particles are generated experimentally, and most
of them may not end up being detected. Furthermore, noise reduction, background subtraction,
gain controls, higher detection sensitivity, particle identification, improvements in dynamic range,
and improvements in resolution may be needed [1, 2].

There are ample opportunities for innovations as well, with detectors being an essential element.
Multiprobe imaging and tomography can potentially obtain three-dimensional (3D) information
with many different options in terms of multiple particle species, polychromatic or multi-energy
particle spectra [2], which may be advantageous over single-probe mono-energetic sources.
Polychromatic properties of the X-ray and high-energy X-ray sources alone offer attractive
possibilities if the energy spectra of the sources can be controlled and measured with sufficient
accuracy. For radiography of focused-scale experiments of ~1-10 g/cm? aerial densities using, for
example, Colorado State's rep-rated laser, or Texas Petawatt, being able to deliver a known
spectrum of MeV X-rays would be important [36]. In short, when detector innovations are coupled
with source performance, data analysis, and different optimization schemes [54], i.e. by adopting
the holistic approach [55], the whole can exceed the sum of its parts [5]. Additional factors, such
as the cost and timeliness determined by project milestones and schedules, also need to be
accounted for.
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