
Development of gated fiber detectors for laser-induced strong
electromagnetic pulse environments

Po Hu1,2,3,4 • Zhi-Guo Ma4 • Kai Zhao4 • Guo-Qiang Zhang5 • De-Qing Fang4 •

Bao-Ren Wei4 • Chang-Bo Fu4 • Yu-Gang Ma2,4

Received: 9 February 2021 / Revised: 22 April 2021 / Accepted: 29 April 2021 / Published online: 9 June 2021

� The Author(s) 2021

Abstract With the development of laser technologies,

nuclear reactions can happen in high-temperature plasma

environments induced by lasers and have attracted a lot of

attention from different physical disciplines. However,

studies on nuclear reactions in plasma are still limited by

detecting technologies. This is mainly due to the fact that

extremely high electromagnetic pulses (EMPs) can also be

induced when high-intensity lasers hit targets to induce

plasma, and then cause dysfunction of many types of tra-

ditional detectors. Therefore, new particle detecting tech-

nologies are highly needed. In this paper, we report a

recently developed gated fiber detector which can be used

in harsh EMP environments. In this prototype detector,

scintillating photons are coupled by fiber and then

transferred to a gated photomultiplier tube which is located

far away from the EMP source and shielded well. With

those measures, the EMPs can be avoided which may result

that the device has the capability to identify a single event

of nuclear reaction products generated in laser-induced

plasma from noise EMP backgrounds. This new type of

detector can be widely used as a time-of-flight (TOF)

detector in high-intensity laser nuclear physics experiments

for detecting neutrons, photons, and other charged

particles.
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1 Introduction

With the development of high-intensity laser (HIL)

technologies, it is possible today to create plasma envi-

ronments for fundamental nuclear studies or nuclear

applications [1–10]. For example, in inertial confinement

fusion experiments, multiple ns-pulse-width HILs can

compress targets which are composed of deuterium or tri-

tium to densities as high as 10,000 times of theirs initial

[11], and then igniting nuclear reactions. High-energy

neutrons and protons can be produced in this process

through reactions DðD; nÞ3He, DðD; pÞ3H, or DðT; nÞ4He,
etc. In laser Coulomb explosion experiments [12, 13], a fs-

pulse-width HIL hits on deuterium nano-clusters, strips

their electrons, and then cause coulomb explosion of the

deuterium ions. Nuclear reactions are triggered when D

ions start colliding with each other. Nuclear reactions have

also been observed in the so-called laser plasma collider

scheme [3, 6, 14], where plasmas induced by ns-pulse-
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width HILs collide with each other head on head. With

more and more HIL facilities running or under construc-

tion, this new interdisciplinary, so-called laser nuclear

physics, will have a brilliant future.

However, methods of detecting nuclear products

induced by HILs are still limited and needed urgently. In

over 100 years of nuclear and particles physics history,

various types of detectors have been developed for differ-

ent environments, such as scintillating photon-based

detectors (e.g., plastic, liquid, and gas scintillator), semi-

conductor-based detectors (e.g., Si, high-purity germa-

nium, and diamond), and traced detectors (for example,

CR39) [15, 16]. However, most of these detection tech-

nologies cannot be used directly in HIL environments

because of the following difficulties.

In a typical high laser experimental environment, elec-

tromagnetic pulses (EMPs) [7, 17, 18] can interfere with

many types of traditional detectors, and cause them dys-

function. When a high-intensity laser focuses on a target, it

interacts with the target’s materials and causes the emission

of photons (or, in other words, electromagnetic waves) at

almost any frequency. The photon spectra could cover

radio frequency, microwave, infrared, optical, X-rays, as

well as c-ray domains. For semiconductors, bias voltages

are needed when running them. However, in high-EMP

environments, the electromagnetic fields of the EMP can be

much larger than applied bias voltages (fields), causing

errors or even damage to the detectors. The same problems

appear in photomultiplier tubes (PMTs) too. EMP fields

could highly distort the fields applied between a PMT’s

dynodes and then cause its dysfunction. Therefore, even

scintillators themselves may also work under EMPs, but

due to the dysfunction of PMTs coupled to them, tradi-

tional setups still cannot work in strong EMP environ-

ments. EMPs can also cause dysfunction of electronics,

including amplifiers, amplitude-to-digital converters

(ADCs), and computers. Particularly, strong microwaves

generated during laser–target interactions are recognized as

a threat to electronics and computers [19].

Trace detectors like CR39 [20–23] or Thomson spec-

trometers which record particles with image plates [24, 25],

etc. are not sensitive to the EMPs. Therefore, they have

been widely used in HIL experiments today. However,

their detecting sensitivities are very limited, and they are

not so convenient to be used too. Detecting nuclear reac-

tion products down to a single particle in an HIL envi-

ronment is still challenging. The development of new

robust radiation detectors is very important for further

progress in laser nuclear physics.

In this paper, we present a recently developed gated

fiber detector (GFD) that can be used in strong electro-

magnetic environments [26]. In the second section, the

structure of the GFD will be described, and in the third

section, online testing results will be given, followed by a

summary.

2 Structure of the gated fiber detector

A schematic of a gated fiber detector (GFD) is shown in

Fig. 1. The GFD has the following main parts, a reflective

layer, a scintillating layer, a vacuum sealing glass window,

a photon-coupling cone, a fiber, and a gated photomulti-

plier tube (gPMT).

2.1 Reflective layer

The reflective layer has two functions. First, it reflects

the scintillating light, and then highly improves the light-

collecting efficiency. Second, it can reflect the original

laser to protect electronics and PMT followed. Wave-

lengths of HILs today are normally in the range 200–2000

nm with intensities up to 1022 W/cm2 [27], compared with

a typical PMT’s working scintillating light intensity of

10�9 W/cm2, or in other words, detecting a single photon.

If a small amount of the original photons from the main

laser enters the PMT, it can cause the PMT to be blind,

which may require a long recovery time, or make the PMT

totally damaged in the worst case. Even after diffuse

reflecting inside a laser target chamber, the straggling light

intensity may be reduced by several orders of magnitude.

However, it is still too strong for a PMT to accept it

directly and can kill the PMT easily.

A thin layer of aluminum, polytetrafluoroethylene

(PTFE), or barium sulfate (BaSO4) can be used for this

purpose [28–31]. With a few lm Al, charged particles can

relatively easily pass through. For light with a wavelength

in the range of [ 200 nm, a 20 lm layer of Al can reduce

the original incoming laser intensity by more than 10�6

times. At the same time, this layer can reflect the scintil-

lating light with an efficiency of approximately 80%–99%

[28, 30], which means that the scintillating light-collecting

efficiency can be almost doubled.

Al can be oxidized relatively easily if exposed to the

atmosphere. The oxidized layer (Al2O3) could be as thick

as a few lm. The oxidization will not cause problems here

due to the following facts. On the one hand, the oxidized

layer can also stop the original laser. On the other hand, the

surface toward the scintillator is airtight, and this side

cannot be oxidized. It can still serve as a mirror to reflect

the scintillating light that lasts for a very long time.

A list of reflectors that are frequently used in scintilla-

tors is listed in Table 1. As shown in the table, a reflecting

coefficient of 0.99 is achievable.
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2.2 Scintillator layer

For different physical purposes, one can choose different

materials for the scintillating layer. For HIL applications,

normally a fast rising time is required. Therefore, we prefer

fast response scintillators like plastic, as well as inorganic

ones including LYSO (ðLuYÞ2SiO5 : Ce), YAP (YAlO3),

YAG (Y3Al5O3), and LSO (Lu2SiO5 : Ce), etc. [30]. The

properties of them are listed in Table 2.

If there has a high neutron flux in the background,

inorganic scintillators are preferred. Organic scintillators

normally have a high percentage of hydrogen inside.

Neutrons have a very high scattering cross section on

hydrogen, which results in high background noise.

If using GFD to detect charged particles, a vacuum is

necessary. Therefore, after the scintillate layer, a quartz

glass window is employed to separate the target chamber

vacuum from the atmosphere.

Hygroscopic scintillating materials are not convenient to

be used. They have to be sealed completely to prevent them

from catching moisture in the air. When used for detecting

charged particles, the sealing materials would be a dead

layer causing an extra measurement uncertainty. Therefore,

non- or low- hygroscopic scintillators are preferred. The

hygroscopic property of different scintillators is also listed

in the Table 2.

2.3 Fiber coupling

In a typical HIL experiment, EMPs are very strong near

the targets. With an increase in the distance to the target,

the EMP becomes weaker, roughly following inverse

square law. The closer the detectors and electronics to the

target, the stronger the EMP they will suffer. Furthermore,

because of the limited space, electronics cannot be shielded

fully to avoid impacts from EMPs. Therefore, by using an

optical fiber to transfer the scintillating light to a distant

Fig. 1 (Color online) Schematic drawing of a gated fiber detector

(GFD). a is the full view of the GFD, and b–d are the zoom-in

structures of different parts. As shown in (c) and (d), it has a reflecting
Al foil layer, a scintillating layer, a quartz glass window for sealing

vacuum, and a photon-coupling cone for collecting scintillator

photons. The length of the fiber is adjustable, which can transport

scintillating photons to a desired distance, and then avoid strong

EMPs in the target area. The gPMT can be turned off at the moment

when the EMPs arrive to further reduce the EMP effects

Table 1 A list of reflectors

commonly used for scintillating

experiments

Reflector Refl. Coeff. (@440 nm) Thickness (mm) Reference

PTFE tape 0.99 0.06 [28, 29]

Magnesium oxide 0.98 1 [32]

Barium sulfate 0.98 0.12 [31, 32]

Titanium dioxide paint 0.95 0.14 [29]

Aluminum foil 0.79 0.025 [28]

Tyvek paper 0.98 0.11 [28]
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location from the target, EMPs can be reduced, together

with better shielding for electronics with more materials.

One expects a much smaller background noise by using

fiber.

When choosing an optical fiber, the main factors are its

transmission attenuation at different wavelengths and the

numerical aperture (NA). As shown in Table 2, wave-

lengths of scintillators for general purposes are in the UV

region of approximately 300–500 nm. Therefore, UV fibers

made from quartz or liquid can be used. For a fiber which

has a specific NA, only scintillating light with an incident

angle h [33],

h� arcsin NA � n1
n2

� �
� hmax; ð1Þ

can pass through it, where n1=n2 is the refractive index of

the light cone and fiber, respectively.

For quartz fibers, the larger the diameter, the harder it is

to bend. Therefore, quartz fibers with diameters larger than

1.5 mm are hardly found in markets. Liquid UV fibers can

be made with diameters greater than 10 mm. However, the

transmission attenuation of liquid UV fibers is normally

larger than that of quartz UV fibers. A typical liquid UV

fiber has an attenuation of 0.4 dB/m at 400 nm, compared

with that of quartz, 0.05 dB/m.

2.4 Light-coupling cone

It can be proved that lens coupling does not have a

higher efficiency than the end-to-end coupling method. In

fact, if a lens is used to focus the scintillating light onto the

ends of a fiber, even the light intensity on the fiber’s ends

increases, the angle spreading increases at the same time.

Therefore, the light-collecting efficiency does not increase

at all, because fibers can only accept light with an incident

angle smaller than hmax in Eq. (1), Therefore, we designed

a light-coupling cone, rather than a lens, to improve the

light-collecting efficiency.

Materials like quartz or polymethylmethacrylate

(PMMA) can be used to make the cones for their low

attenuation in the ultraviolet range. The structure of the

light-coupling cone is illustrated in Fig. 1d. At the scin-

tillator end, because of the reflective layer which is

described in the previous subsection, the light-collecting

efficiency is almost doubled. In addition, the cone’s side

surface is painted to reflect the scintillating light. Painting

materials such as EJ-510, Al, Ag, and BaSO4 can be used

because of their reflection coefficients in the wavelength

range of 300–600 nm.

2.5 Gated PMT

To overcome the strong EMPs caused by original main

laser pulses, as well as other possible laser-related back-

grounds, such as laser-induced neutrons, a gated PMT

detector will be used.

A gPMT is a photomultiplier tube with a gating circuit.

The ‘‘gate’’ here is different from normal detector gates.

Normally detectors’ output signals are gated. Thus, one can

choose to use or not use an output signal, but the detector

itself is always on and working. If very strong EMPs

coming, only gating outputs does not help. While here it is

designed to be that the detector itself, specifically the bias

voltage of the PMT’s dynodes, is gated to be power on or

power off. Once an EMP coming, the bias of the PMT is

turned off, and this will protect the detector as well as the

following electronics components from impact or even

damage by the EMP.

As shown in Fig. 2, we used a circuit that can close the

PMT’s bias voltage in 8 ns, and turn it on to a working

condition in 70 ns. The time window that keeps the

detector working, Tw, is 100 ns\Tw\1. In typical HIL

experiments, EMPs may last from a few ns to tens of ns.

Therefore, the gated PMT here can provide protection to

detecting electronics.

The time evolution of the EMPs and massive particle

signals to be detected are shown in Fig. 3. As shown there,

EMPs and massive reaction products to be detected are

generated at time T ¼ 0. Because the massive particles

have a slower speed than the EMPs, they arrive at gPMT

Table 2 Comparison of major parameters of different type scintillators which have relatively fast light decay times

Properties LYSO LSO Plastic (EJ200) YAP:Ce YAG:Ce PWO CsI LaBr3:Ce

Density (g/cm2) 7.1 7.35 4.51 5.37 4.57 8.3 4.51 5.29

Photon yield (photons/MeV) 33200 30000 10000 10000 8000 120/40 34000/18000 52000

Decay time (ns) 36 40 2.1 25 70 30/10 30/6 20

Peak wavelength (nm) 420 420 425 370 550 425/420 420/310 356

Refractive index 1.81 1.82 1.58 1.95 1.82 2.20 1.79 1.9

Hygroscopic No No No No No No Slight Yes
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position earlier than the massive particles. Therefore, by

sending a gate signal from a gate generator, one can make

the gPMT not respond to the EMP signals, but respond to

the massive particle signals.

The massive particles here could be neutrons or charged

particles. In fact, besides massive particles generated at

around T ¼ 0, any particles, including photons, which have

different TOF, can be detected in this setup. For example,

photons emitted from excited nuclei, that is, nuclear iso-

mers, have a longer TOF than the original EMP. Therefore,

this type of photons, as well as other massive particles that

are generated at a larger time T of course, can be recorded

in this manner.

3 Simulation of scintillating photon collection

A numerical simulation was carried out to optimize the

light-collecting efficiency of the cone. A home-written

programmer based on the ROOT is used. From the scin-

tillator, a random scintillating ray was generated, which

then travels inside the light-collecting cone with a diffused

surface. At i time, the ray hits the cone’s surface or

reflective mirror layer, the corresponding reflection coef-

ficient Ri is recorded. Once the ray hits the exit window,

depending on the angle h between the ray and the surface

of the exit window, the value I ¼ I0
Q

i Ri is recorded as the

light intensity that passes through the fiber if h� sinðNAÞ,
or discarded if h[ sinðNAÞ, where I0 is the intensity of the
original scintillating ray. The following simulation input

parameters are assumed: reflection coefficient of the side

painting Rp ¼ 98%; reflection coefficient of the reflective

mirror layer Rm ¼ 98%; the scintillator diameter (entrance

window) Ds ¼ 10 mm; the fiber (exit window) diameter

1� de� 15 mm; and isotropic emitting angle of the scin-

tillating photons. The light-coupling efficiency g as a

function of De and the NA is shown in Fig. 4. One can see

that g is high at De ¼ 8 mm. Only liquid fibers are avail-

able with such high De. Quartz fibers with De ¼ 1:5 mm

and NA ¼ 0:5 are available, and the coupling efficiency

g[ 1% can be expected by using them.

In Table 3, light-collecting efficiencies for different core

diameters and NAs are listed. As shown there, with a

smaller diameter, light-collecting efficiency reduces

quickly as diameter dropping. In fact, according to the

second thermodynamic law, the percentage of the photons

which has incident angle h\hmax keeps as a constant

Fig. 2 (Color online) Schematic of the timing sequence of the gPMT,

which works in the normal on model. This gPMT can respond to a

gate signal quickly. Specifically, it can turn off the power supply to

the PMT in 8 ns and turn it on in 70 ns. The time window Tw can be

tuned in the range of 100 ns\Tw\1 by the width of the gate signal.

In this normal on model, the PMT is shut down in the time window

Tw

Fig. 3 (Color online) Schematic space–time drawing of photons and

massive particles traveling after lasers bombard a target. At time

t ¼ 0, both photons and massive particles are generated simultane-

ously. The photons move at a speed of c ( red line), while the massive

particles move at a lower speed (green line). By sending a gate signal

(the yellow line) to the gPMT, photon signals from the EMP can be

vetoed, while the massive particle signals can be recorded by the

gPMT

Fig. 4 (Color online) Simulation results of light-collecting efficiency

by a cone with an entrance window diameter of 10 mm, a height of 8

mm, and a variable exit window diameter. The cone was coupled to

fibers with NAs of 0.11, 0.22, 0.3, and 0.5. The reflective efficiency is

set to be 98%
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whatever shape of the reflection surfaces are. Therefore, if

the reflecting efficiency of the surfaces is 100%, the col-

lecting efficiency will remain constant as well, regardless

of the size of the existing window’s diameter. It is the

reflected times N that reduce the collecting efficiency

dramatically. This is because of the collecting efficiency

g / rN . Even if r is close to 1, r ¼ 0:98, the power rN

decreases rapidly. Clearly, the smaller N, the higher the

collecting efficiency g / rN . With rough surfaces and dif-

fusing reflection, a ray goes randomly, which results,

N ¼ Atot
Aex

; ð2Þ

where Atot is the area of the light-coupling cone’s outside

surface and Aex is the area of the existing window. From

the Eq. 2 one can find that N could be very large! A mirror

surface together with a carefully designed geometry may

be helpful.

To optimize the light-collecting efficiency g, the

dependence of the cone length L was also studied, as shown

in Fig. 5. When L ! 0, the light entrance window touches

the existing window, and then

lim
L!0

g / Aex
Ain

; ð3Þ

where Ain is the area of incoming window. When L

increases, an increasing number of scintillating photons

have a higher chance of reaching the exit window with

angles close to p
2
, which results in a higher g. However, the

longer the L, the more times of reflection. Because of not

perfect reflection efficiency, an increasing number of

photons will be lost during their path to the existing win-

dow, and then result in g drops. This effect can be found in

Fig. 5. For different NA fibers, there is an optimized

length. For NA ¼ 0:5, g has a peak value of approximately

L ¼ 6 mm.

4 Testing on a HIL beam line

The GFD was tested on a Xing Guang III (XG-III) laser

facility located at the Science and Technology on Plasma

Physics Laboratory, the Laser Fusion Research Center,

Sichuan Province, China. The facility has three laser beams

with different wavelengths and duration, fs beam (pulse

width 26 fs; maximum energy 20 J; wavelength 800 nm),

ps beam (0.5–10 ps; 370 J; 1053 nm), and ns beam (1.1 ns;

570 J; and 527 nm).

In our test runs, only a ps beam was used. The typical

energy of the ps beam is about 100 J. The laser beam

bombarded a gas jet. The GFD was set at a forward angle

of approximately 30� to the laser beam direction. A plastic

scintillator with a thickness of about 3 mm was used. A

collimator with a diameter of 20 mm was aligned before

the GFD. Electrons and ions induced by the laser and gas

target interaction were then detected by the GFD. and the

signals were recorded by a 200 MHz oscilloscope. The

oscilloscope was triggered by a signal synchronous with

the laser beam. The same trigger signal was also used as

the gate for the GFD. By tuning the relative time between

the oscilloscope starting to record and the laser striking the

target, we could turn off/on the GFD.

Table 3 Relationship between NAs of fibers and light collection

efficiencies

NA hmax gð1Þ
sim

ðDe ¼ 8:0 mmÞa gð2Þ
sim

(De ¼ 1:5 mmÞb

0.11 6.3� 4:2� 10�3 ½4:6� 10�3� 4:5� 10�4 [1:0� 10�3]

0.22 12.7� 2:7� 10�2 ½3:1� 10�2� 1:8� 10�3 [4:5� 10�3]

0.30 17.5� 6:1� 10�2 ½6:9� 10�2� 3:7� 10�3 [8:8� 10�3]

0.50 30.0� 2:2� 10�1 ½2:4� 10�1� 2:8� 10�2 [7:2� 10�2]

a Simulation inputs: r ¼98% and r ¼100% (in brackets)

b Simulation inputs: r ¼98% and r ¼100% (in brackets)

hmax is the maximum light cone angle at which light can pass

through the fiber, which has the corresponding NA. gsim is the

simulated light-collecting efficiency which has assumptions including

reflecting efficiency r ¼ 98% (and perfect r ¼ 100% also shown in

brackets), the diameter of coupling light cone entrance window 10

mm, length of 8 mm, and an existing window diameter De ¼ 1:5; 8
mm

Fig. 5 (Color online) Simulation results of light-collecting efficiency

by a cone with an entrance diameter of 5 mm, an exit window

diameter of 1.5 mm, and a variable length. The cone was coupled to

fibers with NAs of 0.11, 0.22, 0.3, and 0.5. The reflective efficiency is

set to be 98%
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The results are shown in Fig. 6a represents ‘‘totally’’

turning off the GFD. For ‘‘totally,’’ we mean that the power

supply for the GFD is unplugged, whereas, in the gating

model, the power supply is plugged, and the PMT may not

be biased when responding to a gate signal, while other

electronics of the GFD were still working. However, in the

‘‘totally turn off’’ case, the electronics were not working.

From Fig. 6a, there is a large signal. Its positive and neg-

ative amplitudes are almost equal. It should be mentioned

that the signal peak at approximately 50 ns in the spectrum

is due to circuit response. The original EMPs were very

narrow (\1 ns) and quick (approximately 12 ns after

laser–target interaction). In fact, the GFD was located only

about 4 m from the target, and it took only 12 ns for

photons to travel from the target to there.

By tuning the delay, we gated out the EMPs, as shown in

Fig. 6b. One can see that there is a delay of approximately

70 ns between the gate signal and the measured signal. This

is due to the gPMT response time is about 70 ns. The

measured signals correspond to energetic electrons and

ions from the laser-induced plasmablasts. In Fig. 6c, by

tuning the width of the gate signal from 100 ns to 50 ns, the

EMP can still be suppressed. In this way, one can reduce

the GFD response time. Of course, there is a risk of

damaging the PMT if response time is reduced too much.

Keeping the same gate signal, and increasing the gPMT

gain 6 times larger, the resulting spectrum is shown in

Fig. 6d. The signal was saturated at about 70–195 ns.

Based on the online test results shown in Fig. 6, the

prototype GFD developed by us works as expected. In this

proof-of-principle test, the signals were induced by the

plasma, which was composed of electrons and ions. Par-

ticles could be identified yet with the current setup. How-

ever, it can be easily improved in a real physical

measurement. Together with traditional particle identifi-

cation methods such as DE-E, TOF, m/q, etc., energy and

time signals from the GFD will help identify the type of

particles. For example, by replacing the image plates that

are currently used in Thomson spectrometer focus planes

[24, 25] in typical HIL experiments with GFDs, one can

have extra time information, as well as an improved energy

signal compared with that from the image plate, and then

obtain much better particle identification capabilities. In

addition to changed particles, this GFD can also be used to

detect neutrons in harsh environments with a relative

neutron-sensitive scintillator.

Furthermore, photons may be emitted after time zero

from excited nuclei and atoms that have relatively long

metastable (or isomer for nuclei) states. As shown in

Fig. 3, if these photons arrive at the GFD away from the

main peak, they can also be detected. With the capability of

working in strong EMPs, the GFD will benefit HIL

experiments by measuring neutrons, photons, and charged

particles.

5 Summary

A major obstacle in laser nuclear physics studies is how

to distinguish weak nuclear reaction product signals from

very strong EMP signals induced by HILs. To overcome

this difficulty, a gated fiber detector for HIL applications

has been developed. By using reflective foil, fiber, and

gated PMT, strong EMPs which cause dysfunction of

electronics in HIL environments are avoided. By numerical

simulation, the parameters like NA are optimized. An

online test shows that this prototype GFD can suppress

EMP signals efficiently and can be used in HIL

Fig. 6 (Color online) Online test results at XG-III laser facility. The

square waves (red) are the trigger for the gPMT, and the blue curves

are signals from a gPMT. The gPMT is in normal on mode. The delay

time of the trigger was �260 ns for (a) and �60 ns for (b), (c), and
(d). The pulse was turned to 100 ns for (a) and (b) and 50 ns for

(c) and (d). In a, the power of the gPMT was turned off, whereas in

others, the power was on. The gPMT gain in (d) was approximately

10 times higher than that in (b) and (c). Look at the context for details
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environments. The GFD can respond approximately 70 ns

after the laser shot on the target, which makes it a good

TOF detector to detect massive particles induced by HILs,

as well as delayed gamma from excited states of nuclei in

HIL–target interactions.
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