
Rev. Sci. Instrum. 91, 071501 (2020); https://doi.org/10.1063/1.5134088 91, 071501

© 2020 Author(s).

Stand-off radiation detection techniques
Cite as: Rev. Sci. Instrum. 91, 071501 (2020); https://doi.org/10.1063/1.5134088
Submitted: 29 October 2019 . Accepted: 15 June 2020 . Published Online: 21 July 2020

Ashwini Sawant , Donghyun Kwak, Ingeun Lee , Moses Chung , and EunMi Choi 

https://images.scitation.org/redirect.spark?MID=176720&plid=1128761&setID=375687&channelID=0&CID=375203&banID=519865521&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=17f576747fa125c6e1f2f06da5b787289e4f29b5&location=
https://doi.org/10.1063/1.5134088
https://doi.org/10.1063/1.5134088
https://aip.scitation.org/author/Sawant%2C+Ashwini
http://orcid.org/0000-0002-2160-5661
https://aip.scitation.org/author/Kwak%2C+Donghyun
https://aip.scitation.org/author/Lee%2C+Ingeun
http://orcid.org/0000-0001-5184-4025
https://aip.scitation.org/author/Chung%2C+Moses
http://orcid.org/0000-0001-7014-4120
https://aip.scitation.org/author/Choi%2C+EunMi
http://orcid.org/0000-0001-5832-2908
https://doi.org/10.1063/1.5134088
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5134088
http://crossmark.crossref.org/dialog/?doi=10.1063%2F1.5134088&domain=aip.scitation.org&date_stamp=2020-07-21


Review of
Scientific Instruments REVIEW scitation.org/journal/rsi

Stand-off radiation detection techniques

Cite as: Rev. Sci. Instrum. 91, 071501 (2020); doi: 10.1063/1.5134088
Submitted: 29 October 2019 • Accepted: 15 June 2020 •
Published Online: 21 July 2020

Ashwini Sawant, Donghyun Kwak, Ingeun Lee, Moses Chung,a) and EunMi Choia)

AFFILIATIONS
Department of Physics, Ulsan National Institute of Science and Technology (UNIST), Ulsan 44919, South Korea

a)Authors to whom correspondence should be addressed:mchung@unist.ac.kr and emchoi@unist.ac.kr

ABSTRACT
Remote detection of radioactive materials is extremely challenging, yet it is important to realize the technique for safe usage of radioactive
materials. Gamma rays are the most far distant penetrating photons that are involved with the radiation decay process. Herein, we overview
the gamma-ray detection techniques that are material-based and vacuum tube-based. A muon detector is also reviewed as a radioactive
material imager. We overview versatile detectors that are currently being widely used and new concepts that may pave the way for promising
remote detectability up to several kilometers.
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I. INTRODUCTION
Radioactive materials are useful in medical examination and

treatments,1–4 biological research studies,5,6 nuclear power plants,7

industrial applications including nondestructive testing (NDT),8,9

food processing,10 and so on. To continuously guarantee the safe
usage of radioactive materials, versatile monitoring techniques to
prevent malicious use and cope with unexpected accidents associ-
ated with them are required. Typical measurement techniques of
radioactive materials involve the use of the characteristic of materi-
als that emit high-energy photons and particles, such as gamma rays,
and alpha and beta particles during their decay processes. In particu-
lar, detection techniques using high-energy gamma rays have advan-
tages of long-distance detectability as they propagate much farther
and can penetrate materials with medium density.11–13 Gamma rays
can therefore be utilized as a measure of indirect signatures of
radioactive materials at a remote distance. There are two approaches
in stand-off radiation detection: (1) direct measurement of gamma
rays irradiated on a detector using the photosensitivity of detector
materials and (2) the use of the by-products from gamma rays (i.e.,
high-energy free electrons produced by Compton scattering with
either inert gases or air molecules).

In this article, we review state-of-the-art radioactive mate-
rial detectors based on gamma ray detection from the view point
of remote detection. Sections II–IV briefly overview conventional
detectors based on gases, scintillators, and semiconductors. A new
concept of a muon detector and a field emitter array (FEA)
based detector is reviewed in Secs. V and VI, respectively. The

most newly devised plasma-based gamma ray detection using a
strong electromagnetic (EM) wave is introduced and reviewed
in Sec. VII.

II. GAS-FILLED DETECTORS
Ions and electrons can be created when radiation passes

through a gas volume, and the energy of the radiation is sufficiently
high to ionize the gas atoms or molecules.11 Gas-filled detectors
detect radiation by collecting these ions and electrons through the
cathode and anode. Although these detectors are effective for detect-
ing alpha and beta particles, they are usually insensitive to neutrons
and have a low to moderate detection efficiency for gamma rays.14

Gamma rays interact with the gas through three main electromag-
netic processes: photoelectric absorption (dominant up to ∼30 keV),
Compton scattering (100 keV–2 MeV), and pair production.15 Gas-
filled detectors are known to be very radiation-hard because inert
single or diatomic gases (e.g., argon, nitrogen, and air) are used in
the detection volume.14

Conventional gas-filled detectors [ionization chambers (ICs),
proportional counters (PCs), Geiger–Muller (GM) tubes, etc.] have
a fundamental drawback in measuring high-energy gamma rays.
Indeed, the inert gases in the gas-filled detectors do not react well
with high-energy gamma-ray photons, and therefore, compared to
other types of detectors (e.g., scintillator detectors), the detection
efficiencies of the ionization chambers and proportional counters
are quite low, particularly for measuring a high-energy gamma ray in
the presence of an x-ray background. In the case of a GM tube, beta
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rays emitted from a reaction between a wall material and a gamma
ray are detected instead (see Chapter 7 of Ref. 11 for more details).
The detection efficiency of the GM counter tube for the gamma ray
is ∼1% to that of the beta ray although it depends on the design of
the detector.11

The invention of micropattern gas detectors (MPGDs), such
as the micromesh gaseous detector (Micromegas) and the gas-
electron multiplier (GEM) detector, allows much higher gain and
counting rate.16 Recently, a gas time projection chamber (TPC)
equipped with Micromegas and GEM detectors was proposed as a
high-performance gamma-ray telescope and polarimeter in the pair
production energy regime.17

III. SCINTILLATION DETECTORS
A scintillation detector uses a scintillating material that emits

light photons on receiving ionizing radiation. The scintillation gen-
erated inside the scintillator is guided into the photomultiplier tube
(PMT). In the PMT, electrons are generated by the photoelectric
effect, and they are then multiplied enormously (with a typical gain
of 105–108) by the secondary electron emission process in the dyn-
odes. The desirable features for a good scintillator include the fol-
lowing: (1) the conversion efficiency of the radiation energy into
the scintillation should be high; (2) the decay time of the scintilla-
tion pulse should be short for good timing resolutions; and (3) the
transparency of the scintillator material for its own scintillation light
should be good.18 From the radiation hardness point of view, scin-
tillation detectors are not as good as gas-filled detectors because the
transparency of the scintillator becomes worse for long exposures to
radiation.15

There are several types of scintillators such as organic, inor-
ganic, and gas. However, for a gas scintillator, which uses an inert gas
such as xenon or helium, the gamma ray detection efficiency is very
low. Hence, this type of gaseous detector is mainly used for detecting
fission fragments or heavy-charged particles. Here, we focus only on
organic and inorganic scintillators.

A. Organic scintillators
Organic scintillators include organic crystal scintillators,

organic liquid scintillators, and plastic scintillators. Because of their

small effective atomic numbers, organic crystal scintillators are more
suitable for detecting alpha and beta rays rather than gamma rays. In
the case of an organic liquid scintillator, owing to the simpler chem-
ical composition of the solvent, it is ∼10 times more radiation-hard
than other types of scintillators.14

When the organic scintillator is dissolved in a solvent and poly-
merized, it is called a plastic scintillator. Since it was first intro-
duced around in the 1950s,18 the easily machinable and relatively
inexpensive plastic scintillators have been widely used for radiation
detectors. The applications of the plastic scintillators include gamma
radiation counting, real-time detection and screening of radioac-
tive materials, contamination detection, and others.18 In particu-
lar, because they are lightweight, plastic scintillators can be used
in portable and vehicle monitors to serve as nuclear safeguards.18

Recently, 3D printing techniques have been applied to manufac-
ture scintillation detectors;21 this technique can reduce the cost in
machining crystal materials and provide a variety of scintillator
shapes and sizes. We note that plastic scintillators are often sensitive
to both x rays and gamma rays. Hence, for detecting gamma signals
only, a lead shielding around the plastic scintillator is needed to stop
the x rays.22 The basic properties of BC-40019 (or EJ-21223), which
is one of the most popular general-purpose plastic scintillators, are
summarized in Table I.

B. Inorganic scintillators
The inorganic crystal scintillator detector uses an inorganic salt

crystal containing ∼1% of a light-emitting material. Sodium iodide
doped with thallium, NaI(Tl), cesium iodide doped with thallium,
CsI(Tl), and bismuth germanate, Bi4Ge3O12 (BGO), are usually used
in gamma ray detections. Because of their high atomic numbers and
densities, the gamma ray detection efficiency of inorganic crystals
is higher than those of organic scintillators. Inorganic scintillators
are fairly radiation-hard and have high light outputs (approximately
four times higher than those of plastic scintillators), whereas they are
heavy, temperature-sensitive, and expensive.18

NaI(Tl) is hygroscopic and cannot be left in the air. How-
ever, as the fluorescence efficiency is good and the wavelength of
the scintillator flash is within the range where the sensitivity of
PMT is high, NaI(Tl) is widely used as a gamma-ray scintillator
detector. On the other hand, in the case of CsI(Tl), as the effective

TABLE I. Properties of scintillators.18–20

Wavelength of Principal Total Energy
Material Density maximum decay constant light yield resolution at
Material (g/cm3) emission (nm) (μs) (ph/MeV) 662 keV (%)

BC-400 1.0 423 0.002 10 000 N/A
NaI (Tl) 3.7 415 0.23 38 000 6–7
CsI (Tl) 4.5 540 1.0 52 000 6–7
BGO 7.1 505 0.30 820 0 ∼10
LaBr3:Ce 5.1 360 0.017 63 000 3
CeBr3 5.2 370 0.017 45 000 <5
SrI2:Eu 4.6 480 1.5 80 000 3–4
CLYC 3.3 390 0.05−1 20 000 4
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atomic number is greater than that of NaI(Tl), the gamma ray
detection efficiency is better. However, the average wavelength of
scintillation slightly deviates from the most sensitive region of the
PMT; thus, the fluorescence efficiency is ∼45% of NaI(Tl). BGO is
a pure inorganic scintillator without any activator impurity. It is
non-hygroscopic, and thus, no hermetic sealing is required for the
crystal housing. The relative photoelectron yield of a PMT varies
from 10% to 15% of NaI(Tl). Because of the high atomic number
of Bi (83), the photofraction for gamma-ray absorption is high for
BGO crystals. Therefore, BGOs are useful in applications requir-
ing a high photofraction such as PET scanners.19 A comparison
of the basic properties of NaI(Tl), CsI(Tl), and BGO is shown
in Table I.

In general, for cases where no spectral information of gamma
rays is needed, plastic scintillators are preferred over inorganic
ones.18 For more sophisticated gamma spectroscopies, recent trends
involve combining both plastic and inorganic scintillators together
to reduce background, improve directional sensitivity, and extend
energy ranges. One example is the comprehensive observation of
a burst-like high-energy gamma-ray emission from thunderclouds
reported in Ref. 24 (see Fig. 1).

In addition, for the improved energy resolution in the gamma-
ray spectroscopy, many new scintillator materials have been pro-
posed recently,20 and some of them are commercialized.19 These
second generation scintillator materials include lanthanum bromide
doped with cerium (LaBr3:Ce), cerium bromide (CeBr3), strontium
iodide doped with europium (SrI2:Eu), Cs2LiYCl6:Ce (CLYC), to
mention a few. Properties of these new advanced scintillators are
compared with the conventional ones in Table I. Whereas these new
scintillators offer considerably better energy resolution in gamma-
ray detection, they are still relatively expensive. Active research

FIG. 1. Schematic views of the detector system used for the detection of high-
energy gamma rays from thunderclouds. The detector comprises a cylindrical NaI
scintillator operated in 40 keV–3 MeV, surrounded by a well-type BGO scintillator
shield counter whose average thickness is ∼2.0 cm. A 5-mm-thick plastic scintil-
lator is placed above the two main counters. Reproduced with permission from
Tsuchiya et al., Phys. Rev. Lett. 99, 165002 (2007). Copyright 2007 American
Physical Society.

and development is underway to apply these scintillators for future
gamma-ray facilities.

IV. SEMICONDUCTOR DETECTORS
When ionizing radiation enters a semiconductor and transfers

energy to electrons, excited free electrons are created. The amount
of such electrons can be measured as a current using a high-voltage
electrode, providing an intensity of incident radiation.11

In the case of a semiconductor detector, the density is very high
because it is solid. Therefore, it can be made in compact size. The
energy required to produce an electron–hole pair is quite low com-
pared with that required by a gas-filled detector. Hence, the statisti-
cal variation in the current pulse size is smaller, and the energy res-
olution is better.11 Furthermore, the response time is fast compared
with that of the gas-filled detector. However, a semiconductor detec-
tor has a few disadvantages as well; they are more affected by radi-
ation compared with other detectors. When receiving high-energy
alpha rays, for example, the arrangement of semiconductor atoms
will be disturbed, and the detection ability is gradually decreased.
Another issue is that a current signal can be generated by the heat;
thus, a few semiconductor detectors must be cooled to remove heat.

If a semiconductor containing an impurity is used for a detec-
tor, the current signal is read even when there is no radiation because
electrons or holes are generated by the impurities present in the
semiconductor. Therefore, it is necessary to remove these holes and
electrons. For this purpose, a depletion layer is normally intro-
duced. The basic principle of forming a depletion layer is to bond a
p-type and an n-type semiconductor and to combine both holes and
electrons at the boundary.

A. Silicon detectors
Silicon is the standard material for vertex and tracking detec-

tors in high-energy physics [e.g., the compact muon solenoid (CMS)
inner tracker at CERN].25 Silicon detectors can be operated at
room temperature and have benefited from synergies with micro-
electronics industries. However, silicon detectors can have deple-
tion layer depths of a few mm only. Therefore, they are adequate
for charged particle and soft x-ray detections but not effective for
gamma detection.

B. Germanium detectors
For hard x-ray and gamma-ray detections, germanium detec-

tors are widely used.26 Germanium can be made to have a depleted,
sensitive thickness on the order of centimeters. To achieve the
intended depletion depth, the impurity concentration should be
reduced considerably, which can be realized either by making high-
purity germanium crystals through refining processes or by doping
germanium crystals with lithium ions. In the case of high-purity ger-
manium detectors (hyperpure germanium detectors or HPGe detec-
tors), p-type and n-type semiconductors are attached to high-purity
germanium, and the entire germanium layer is used as a deple-
tion layer. On the other hand, lithium-drifted germanium detectors
[Ge(Li)] can obtain a depletion layer having a maximum depth vary-
ing from 15 mm to 20 mm. Because of the small bandgap (∼0.66 eV),
germanium detectors must be cooled when in use (usually with

Rev. Sci. Instrum. 91, 071501 (2020); doi: 10.1063/1.5134088 91, 071501-3

Published under license by AIP Publishing

https://scitation.org/journal/rsi


Review of
Scientific Instruments REVIEW scitation.org/journal/rsi

liquid nitrogen at 77 K).25 In terms of detector performance, there
is little difference between HPGe and Ge(Li) detectors. Nonethe-
less, HPGe detectors are more widely used these days over Ge(Li)
detectors because the maintenance of the Ge(Li) detectors is rather
inconvenient.26 It should be noted that the Ge(Li) detectors must
always be kept at liquid nitrogen temperature.

C. Cadmium telluride (CdTe) detectors
Compound semiconductors such as cadmium telluride (CdTe)

can also be good detector materials. The useful properties of CdTe
include a wide bandgap (1.44 eV) with a high resistance (109 Ω), high
atomic number (Cd:48 and Te:52), and high density (5.85 g/cm3).27

Therefore, CdTe detectors can be effective in measuring high-energy
photons, such as x rays and gamma-rays with energies greater than
20 keV. The energy resolution of CdTe detectors is better than that
of NaI(Tl) detectors but poorer than HPGe detectors (see Ref. 28 for
detailed performance comparisons). Addition of zinc (Zn) to CdTe
(i.e., forming CdZnTe or CZT) can increase the bandgap so that
true room-temperature operation becomes possible.29,30 Whereas
the CZT detectors are commercially available and offer very high
energy resolution, they are still rather expensive due to difficulties in
the crystal growth process.31 Recently, addition of selenium (Se) to
the CZT matrix was explored to overcome the limitation of the CZT
technology.32

D. Thallium bromide (TlBr) detectors
Thallium bromide (TlBr) is a room-temperature semiconduc-

tor with a wide bandgap (2.68 eV), high atomic number (Tl:81 and
Br:35), and high density (7.56 g/cm3)33 and has been considered as
a promising alternative to CZT.29,34 Although there are many favor-
able features, TlBr has one major drawback; TlBr detectors polarize
under an electric field, and their performances are degraded over
time. Active research studies are ongoing to overcome the challenges
of TlBr.29,31,33–35 Recently, it was also reported that perovskite cesium
lead bromide (CsPbBr3) single crystals can be efficient high-spectral
resolution gamma detectors.36

E. Diamond detectors
To overcome some of the drawbacks of semiconductor detec-

tors, a diamond detector can be considered. The biggest advan-
tage of diamond detectors is that the bandgap is much larger than
that of typical semiconductors. Because silicon or germanium has
a bandgap of ∼1 eV, radiation cannot be measured when used at
room temperature due to the presence of dark currents. In con-
trast, the bandgap of diamond is 5.47 eV;37 thus, it can be used
at room temperature. If a CVD diamond with reduced impurities
is used, it is possible to manufacture detectors without depletion
layers. Because of its high resistance to radiation, diamond detec-
tors can be used in high-radiation conditions, where semiconduc-
tor detectors cannot be used.38 For diamond detectors, the energy
required to generate one electron–hole pair is ∼13 eV,39 which
is approximately four times larger than that required by silicon
or germanium detectors. Hence, the energy resolution and signal
strength might be relatively low. However, compared with plastic
scintillators (250 eV–2500 eV) or inorganic scintillators (50 eV–
250 eV), diamond detectors still offer a few advantages in terms

of energy resolution and detection performance. For example, a
diamond detector was adopted in constructing the beam condi-
tion monitor of the ATLAS experiment of LHC owing to its strong
radiation resistance and high performance.40 At present, diamond
detectors are commercially available;41 however, they are expensive
and more difficult to manufacture compared with semiconductor
detectors.

V. MUON DETECTORS
Muons are leptons that are ∼200 times heavier than electrons

with an average lifetime of 2.2 μs and are abundant in the Earth’s
atmosphere. Cosmic rays constantly strike the existing atoms in the
stratosphere and convert them into unstable secondary particles,
pions, which eventually transform into comparatively more stable
particles called muons, resulting in a continuous shower of muons
on the Earth’s surface with an average flux of 10 000 particles per
square meter per minute.42,43 These muons are highly energetic (∼3
GeV) and can penetrate deep into obstacles. These properties of
muons were used earlier, such as in x-ray radiography in 1955, to
measure the depth of the Guthega–Munyang tunnel,44 to discover
the hidden chambers of the Egyptian Pyramids in 1970,45 to study
volcanic eruptions,46,47 and to study a temple gate.48 These stud-
ies were based on absorption of muons, which can be significantly
observed for large objects.

In 2003, the Los Alamos National Laboratory (LANL) group
proposed muon tomography for the first time to detect concealed
dense objects with a high atomic mass.49 The method was developed
based on the scattering of muons, which is more efficient and can
be applied to even smaller objects. Muon tomography is different
from radiography as it can detect the three-dimensional structure
of an object. It has various applications, such as the detection of a
concealed radioactive material, inspection of dry storage casks, and
noninvasive analysis of nuclear reactors being the primary applica-
tions. Detectors that have been used in muon tomography include
gaseous detectors [e.g., drift tubes, gas electron multipliers (GEM),
and resistive plate chamber (RPC)] and plastic scintillators with a
multi-anode or silicon photomultiplier (MaPM or SiPM). The posi-
tions of muons are tracked by detectors placed on either side of
the test volume, experiencing scattering from the material inside.
Materials with a high atomic number cause a higher scattering angle
of muon particles passing through it. By observing the position of
the scattered muons, the three-dimensional structure of the scat-
tering material can be determined. They also developed a Monte
Carlo simulation code to estimate the trajectory of the muon par-
ticles passing through the test volume. The image reconstruction
of the material was performed using the point of closest approach
(POCA) algorithm.49 Their simulation demonstrates the reliability
in detecting a 10 × 10 × 10 cm3 uranium block placed inside a large
metal container full of sheep within 1 min of exposure time.42 How-
ever, they applied a better approach for image reconstruction later,
named “muon crossing” or MC algorithm where the test volume was
divided into voxels.42

Another interesting application of muon tomography is to
monitor dry storage casks containing the spent nuclear fuel for long
time storage.50 The advantage of this method is that it does not
require any prior information on the contents of the cask. An exper-
imental setup for monitoring the MC-10 cask at Idaho National
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FIG. 2. Experimental setup of the cosmic ray muon detector on either side of the
MC-10 cask. Reproduced with permission from Durham et al., Phys. Rev. Appl. 9,
044013 (2018). Copyright 2018 American Physical Society.

Laboratory is shown in Fig. 2. We can see a cylindrical MC-10
cask and two detectors placed on either side of the cask, having
a vertical separation of 1.2 m.51 The muon scattering technique
has been explained in Fig. 3. It generally requires weeks to sev-
eral months to provide precise information on the contents of the
cask.

The detection of radioactive materials inside fast-moving cargo
is a vital application of muon tomography to reduce the smuggling
of radioactive materials. It requires detecting a radioactive mate-
rial within a few minutes so that transport of vehicles cannot be

FIG. 3. Explanation of the analysis procedure of measuring cask contents. Repro-
duced with permission from Durham et al., Phys. Rev. Appl. 9, 044013 (2018).
Copyright 2018 American Physical Society.

FIG. 4. Muon imaging setup for Fukushima Daiichi reactor unit-2. Reproduced with
permission from Miyadera et al., AIP Adv. 3, 052133 (2013). Copyright Author(s),
licensed under a Creative Commons Attribution 4.0 License.

influenced.52 Moreover, muon radiography has also been used to
design a detector system for assessing the damage inside Fukushima
Daiichi nuclear reactor.53 The muon scattering method has been
employed for imaging uranium fuel and debris inside the nuclear
reactor. Muon detectors (FMT-1 and FMT-2) are placed in the reac-
tor building, as shown in Fig. 4. The muon detector is a drift tube
detector type, consisting of 1680 drift tubes, and it can operate safely
under a gamma ray environment with an almost 100% muon detec-
tion efficiency.54 It is estimated that we can image the reactor core
with a resolution of 0.3 m by using muon radiography.

VI. FIELD EMITTER ARRAY (FEA) DETECTORS
Typical areal imaging sensors consist of complementary metal-

oxide semiconductor (CMOS) or charge-coupled device (CCD)
cameras that are vulnerable to radiation as typical semiconductor
circuitry. Radiation tolerant image sensors are crucial in a radiation-
harsh environment due to strong radiation from radioactive debris
for detecting early signs of possible breakout of nuclear power
plants or taking radioactive fuel debris images such as during the
Fukushima accident in Japan or decommissioning the nuclear power
plants that are likely to be exposed to a harsh radiation environ-
ment.55 Vacuum electronic devices are known to be inherently
immune to radiation since production of carriers under radiation
is not significant.56 Japanese researchers have proposed a Spindt-
type field emitter array (FEA) with a CdTe-based photoconduct-
ing film.57,58 A conceptual schematic of the FEA-CdTe radiation
detector is shown in Fig. 5.59

The operating principle can be found in several references.60–62

The photosensitive CdTe target responses to gamma-ray irradiation
producing electron–hole pairs on the photoconductor, where the
holes are accumulated on the CdTe diode surface.60 The electrons
produced by the FEA emitter recombine with the holes, resulting in
the current signal depending on the gamma-ray intensity. The FEA
shapes as a volcano-type structure where a double-gate structure
provides electrostatic focusing of electrons, thereby preventing from
diverging.63 With the 60Co gamma-ray source, the irradiation test
on the CdTe target with a FEA resulted in an insignificant change
in the I–V curve, as shown in Fig. 6.59 Up to a gamma-ray dose of
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FIG. 5. Schematic of the FEA-based image sensor. Reproduced with permission
from Gotoh et al., in 2016 29th International Vacuum Nanoelectronics Conference
(IVNC) (2016), pp. 1–2. Copyright 2016 IEEE.

FIG. 6. Test result of a CdTe/CdS photodiode under radiation. Reproduced with
permission from Gotoh et al., in 2016 29th International Vacuum Nanoelectronics
Conference (IVNC) (2016), pp. 1–2. Copyright 2016 IEEE.

1 MGy, no significant difference was observed in the I–V charac-
teristic curve. However, very recent study on the FEA-CdTe imager
reported that the gate current vs the gate-emitter voltage changes
somewhat under a dose rate of 1.3 kGy/h of 60Co irradiation. This
may be due to a SiO2 insulating layer between the emitter and the
gate electrodes.64

VII. HIGH-POWER ELECTROMAGNETIC-WAVE-BASED
DETECTORS

The technologies discussed so far included detectors that either
needed to be located in the vicinity of a radiation source to enhance
sensitivity or by active interrogation. Sensing gamma rays remotely
at least tens of meters away from the source is extremely challeng-
ing. In 2010, the University of Maryland team proposed an inter-
esting idea to utilize a strong millimeter/THz wave source for a
concealed radioactive source.65 Gamma rays ionize molecules in

ambient air, which leads to enhanced free electrons in the back-
ground. These excess electrons in the background make the plasma
discharge condition easier than in the case without the radioac-
tive source. The threshold electric field for air breakdown by an
electromagnetic (EM) wave can be calculated by the following for-
mula with an assumption of the existing initial seed electrons in
the background:

Eth = 3.2 × 106[1 + ( ω
vk
)

2
]

1/2

[V/m, ] (1)

where ω is the EM wave frequency and vk = 2π × 685 × 109 s−1 is
the effective electron-molecule collision frequency.65 The resulting
threshold EM wave power can be estimated and plotted in Fig. 7.66

It is reasonable to say that an operating frequency close to 1 THz
may be a realizable system with compactness and transportability as
a whole system point of view from Fig. 7.

Foster et al. reported that the time delay in gas breakdown
may be observed in the presence of excess free electrons in a vol-
ume at which the pulsed high-power EM wave is focused. They
have formulated the probability of no breakdown with the help of
a semi-empirical relationship in the electron generation rate.67 The
statistical distribution of the breakdown is eliminated due to con-
stant presence of electrons in the volume. Owing to the stochastic
nature of natural free electrons in ambient gas pressure without a
radioactive source near the breakdown delay time should exhibit sta-
tistical distribution.65,68 However, as shown in Fig. 8, one notices that
the eliminated delay time in the breakdown probability corresponds
to purely formative delay time, which is defined as an exponential
avalanche of free electrons from the initial seed electrons.65

The detectable mass of a radioactive material at a distance from
the source is derived considering the breakdown-prone volume,
which is the volume when the incident EM wave exceeds the break-
down threshold, the average rate of electron production in a volume,
and the ionization enhancement factor.69 The derived expression of
the detectable mass is as follows:

M(g) ≥ 4πLγ,aR2

AVτ
ΔE
⟨E⟩

vi
vi,eff

exp( R
Lγ
), (2)

FIG. 7. Air breakdown threshold EM power (solid lines) and normalized range
(dashed lines) vs EM frequency. Reproduced with permission from Nusinovich
et al., J. Appl. Phys. 109, 083303 (2011). Copyright 2011 AIP Publishing LLC.
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FIG. 8. Simulated probability of no breakdown as a function of breakdown delay
time. Reproduced with permission from Foster et al., Phys. Plasmas 18, 013502
(2011). Copyright 2011 AIP Publishing LLC.

where Lγ = 1/naσT is the gamma-ray propagation range in air (here,
σT is the total interaction cross section due to the Compton scat-
tering, and na is the molecule density in air), Lγ ,a = 1/naσa is the
gamma-ray propagation range in air (here, σa is the average absorp-
tion cross section), R is the distance from the source, vi and vi ,eff
are the ionization frequency and the effective ionization frequency
(here, “effective” ionization frequency is determined by the fre-
quency difference between the ionization frequency and the fre-
quency of preventing free-electron generation due to the electron
dissociation to molecules), respectively, A is the specific activity of
radioactive material, V is the breakdown-prone volume, τ is the EM
wave pulse duration, ⟨E⟩ is the average primary electron’s energy
by gamma rays, and δE is the required energy for generating one
secondary electron–ion pair.

A couple of experimental studies indicating increased ionized
particles due to radioactive sources can be found in Refs. 70 and 71.
Gopalsami et al. investigated the detection method using millimeter
waves as a probing tool for detecting the ionization in air by exper-
iments using a negative ion generator (NIG). They observed the
onset of the reflected millimeter wave (94 GHz Gunn-diode-based
oscillator) due to the increased plasma density in air.70 Liao et al.
upgraded the method by using a radioactive source of 137Cs to mon-
itor the absorption of the millimeter wave (mmW) probing beam.71

They have induced the air breakdown by a high voltage spark gap.
They monitored the mmW signal as a plasma formation indicator
while increasing the spark gap that controls the threshold electric
field, as shown in Fig. 9.71 However, both the experiments used
an additional discharge device near the radioactive source in their
demonstration.

60Co has been used for a representative gamma ray source in
many research papers in the related topic.65,66,69,72 60Co decays to
the isotope 28Ni by emitting high-energy gamma photons with 1.17
MeV and 1.33 MeV energies. These high-energy gamma photons
produce free electrons when they penetrate through the ambient
air. Figure 10 is the simulation result from the Monte Carlo N-
Particle Code (MCNPX) for simulating the electron energy distri-
bution when 1-Ci of 60Co is concealed in a 0.5-cm-thick stainless-
steel container. In the simulation, the 60Co radioactive source was
set to be located at 120 cm apart from the interior surface of the
60Co container.72 The production of photons, thereby electrons, due

FIG. 9. Experimentally observed mmW signal and the spark gap voltage as the
applied time. Reproduced with permission from Liao et al., IEEE Trans. Plasma
Sci. 40, 990–994 (2012). Copyright 2012 IEEE.

to Compton scattering between the gamma photons and molecules
is widely spread in their energy spectrum. One important analysis
in Fig. 10 is that due to gamma rays penetrating through the con-
tainer, the production of free electrons enhances greatly even in a
shielded source. This indicates that the plasma formation due to
enhanced free electrons in the background will be substantially facil-
itated when the strong EM wave is focused in a breakdown-prone
volume.

Research conducted by Kim et al. has shown the direct obser-
vation of the stand-off detection possibility by the measurement of
the plasma onset time using a strong EM wave.73 The team used a
95 GHz gyrotron source producing 30 kW output power with 20
μs pulse duration. The researcher reported that the required thresh-
old electric field for gas discharge was four times lower than what
the existing theory predicts. Figure 11 demonstrates the eliminated

FIG. 10. Production rate of photons and electrons in various energy ranges. Repro-
duced with permission from Kim et al., AIP Adv. 3, 062109 (2013). Copyright 2013
Author(s), licensed under a Creative Commons Attribution 4.0 License.

Rev. Sci. Instrum. 91, 071501 (2020); doi: 10.1063/1.5134088 91, 071501-7

Published under license by AIP Publishing

https://scitation.org/journal/rsi


Review of
Scientific Instruments REVIEW scitation.org/journal/rsi

FIG. 11. Probability of no breakdown as a function of plasma formation delay time at (a) 60 Torr and (b) 760 Torr in air and the delay time (c) at 60 Torr and (d) 760 Torr in air.
Reproduced with permission from Kim et al., Nat. Commun. 8, 15394 (2017). Copyright 2017 Author(s), licensed under a Creative Commons Attribution 4.0 License.

statistical distribution of the delay time at 60 Torr and 760 Torr in
air with and without 0.64 mCi of 60Co. The result clearly shows that
no gas discharge was observed when there is no radioactive material
nearby, with the EM wave field four times lower than the theory. Fur-
thermore, the sensitivity on the detectable mass in the experiment
was measured to be increased by 4800 times, as predicted theoret-
ically in Eq. (2).73 The greatly enhanced sensitivity in the experi-
ment was thought to be a precise measurement of the plasma delay
time.

The ultimate system goal to detect the remotely present
radioactive source by means of a high-power mmW EM wave was
suggested in Ref. 73, which is shown in a schematic view in Fig. 12.
This section presents a detailed description of how the entire system
works for remote detection of radioactive materials using a high-
power mmW EM wave. As the system uses a line of sight detection
scheme, which is a pre-requisite, it allows only minimal interfer-
ence with other objects in the line of sight between the mmW EM
and the radioactive material. The high power mmW EM will be
transmitted through atmosphere without any hinderance by other
objects all the way to a suspicious location of radioactive material.
A beam generated from an antenna with a diameter D from a high-
power EM source possibly in the frequency range of millimeter and
THz wave may be focused in a spot in the vicinity to a possible
radioactive source at a distance (R), as shown in Fig. 12. Owing
to the enhanced free electron density near the radioactive material,
the condition for electromagnetic wave induced breakdown in air

is changed, which is used as a marker for the existence of radioac-
tive materials. The receiver for detecting the plasma is located near
the high-power EM source to sense the reflected wave from the
generated plasma where the plasma will act as a perfect reflector
for the incoming mmW. The antenna size and the required output
power of an EM source can be predicted as a function of possible
detection range. Figure 13 plots the result in the case of 95 GHz fre-
quency. Here, the output power was calculated in the consideration
of the reduced threshold electric field in the presence of a radioac-
tive source. With respect to the required power, it is assumed that
the beam loss for 1 km would be ∼1 dB. The compensation factor,
which is the ratio of the required power in the case of the radioac-
tive source to that without it, was determined to be 0.74. Figure 14
shows the required high-power mmW source power at various tar-
get detection ranges. As shown in Fig. 13, the remote detection
scheme employed in Ref. 73 can be extended to a kilometer with
a realizable antenna size and output power. The reduction in the
threshold electric field has been analyzed by increased conductiv-
ity in ambient air due to the enhanced free electrons by the gamma
rays.73

Figure 14 predicts the required EM wave power at different fre-
quencies with varying humidity in air. With the consideration of
currently available RF sources at the frequency levels, the detection
range of tens of kilometers may be possible at 100% humidity, and
up to 1 km detection system can be realized with a compact THz
source with an antenna size less than 1 m.

Rev. Sci. Instrum. 91, 071501 (2020); doi: 10.1063/1.5134088 91, 071501-8

Published under license by AIP Publishing

https://scitation.org/journal/rsi


Review of
Scientific Instruments REVIEW scitation.org/journal/rsi

FIG. 12. Possible remote detection system configuration using a gyrotron. Repro-
duced with permission from Kim et al., Nat. Commun. 8, 15394 (2017). Copyright
2017 Author(s), licensed under a Creative Commons Attribution 4.0 License.

The idea of measuring plasma formation delay time has been
also conceived by Isaacs et al.74 However, in their proposed scheme,
a high-power focused CO2 laser source (λ = 10.6 μm) is used as an
initial discharge formation, and a low intensity Nd:YAG laser with a
wavelength of 1 μm is also applied for controlling the electron den-
sity so as to control the plasma formation time. In their simulation
work, they showed the observation of the time delay for achieving
the critical electron density at which the CO2 laser pulse reflects from
the plasma. In their simulation setup, a 10 mg of 60Co was located
at 50 cm from the measurement target, and the radioactive ioniza-
tion enhancement factor, αrad, in this case, can be as high as 106. In
their numerical simulation, when the CO2 laser intensity is I0 = 5.5
× 109 W/cm2, the breakdown delay time difference between with-
out the radioactive source (corresponding to αrad = 0) and with the
source (corresponding to αrad = 104) is around 2 ns.74 Increasing

FIG. 13. Antenna aperture size (blue solid line) and reduced threshold power for
initiating plasma breakdown (red dashed line) in the presence of a radioactive
source.

the laser intensity reduces the breakdown delay time difference for a
fixed value of αrad, which suggests that laser intensity should be close
to the breakdown threshold intensity value for a larger breakdown
delay time difference. Further simulation work involving model-
ing the saturation process in the laser-induced photo-ionization is
needed in the future.

Recently, remote detection of a radioactive material based on
the mid-IR laser beam induced avalanche breakdown of air, and it
claimed that detection range can be extended up to 100 m.75,76 The
scheme includes a detection of 5.3-MeV α-particles generated from
a 5 mCi 210Po foil source by avalanche breakdown of air using a
50 ps, mid-IR laser pulse (λ = 3.9 μm) with the peak intensities in
the range of 0.6 × 1012 W/cm2 to 2 × 1012 W/cm2. In this case, the
avalanche breakdown time is advanced by 5 ps–15 ps in the vicinity

FIG. 14. (a) Required power and (b) antenna aperture size for air breakdown at various humidity levels and EM wave frequencies.
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of the radioactive source. The advantage of using the mid-IR laser
is the reduced pulse time, the suppression of the multi-photon ion-
ization (MPI) of neutral species, which is significant for the near-IR
laser pulses. The 50 ps pulse width also reduces the probability of
dark count due to atmospheric dust and cosmic rays and requires
less energy for avalanche breakdown compared to the nanosecond
pulses.

VIII. CONCLUSIONS
We overview the radioactive material detection techniques that

have been researched over the past years. We focus on the long-
range propagating photons, gamma rays, as mediating particles for
a remote radiation detector. Conventional gamma ray detectors can
be broadly categorized as gas-filled detectors, scintillation detectors,
and semiconductor detectors based on the interacting materials with
high-energy gamma rays. A gas-filled-type detector uses an inert gas
tube as a responder to the gamma ray; the gamma ray ionizes the
gas, which results in the current signal between the electrodes. The
scintillating-type detectors utilize light-emitting materials owing to
the radiation. Organic and inorganic material-based scintillators are
widely being developed recently, and their properties have been
summarized. Semiconductor-based detectors such as silicon, germa-
nium, CdTe, CZT(CdZnTe), and TlBr are also being developed, and
their operating principle is to use the bandgap that corresponds to
the gamma-ray energy. When such gamma ray detectors are located
in the proximity to the source, one can measure the existence of
radioactive materials.

Recently, new concepts have been introduced that promise sen-
sitive radiation detection. They include the muon detector, field
emitter array (FEA)-based imager, and the strong electromagnetic
wave probe. The muon detector can detect the dense radiation mate-
rial through which muons scatter. The FEA imager can provide a 2D
planar image by using a radiation tolerant vacuum tube technology.
This may provide a radioactive material remote imager where the
semiconductor-based detectors do not operate due to high radiation
in the environment.

Finally, plasma creation due to a highly focused high-power
electromagnetic (EM) wave can be an indicator of the presence of
radioactive material. With this high-power EM-wave-based detec-
tor, one can extend the detection range up to a few kilometers.
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