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Abstract 

This study presents a concept of forming high electron density cloud in the Vicinity of 

radioactive materials. The concept based on the reality that radioactive materials emit gamma rays, 

which ionize the surrounding air. The electrons generated due to ionization rapidly attach to oxygen 

molecules forming O2
-
 ions.  Density of O2

-
 in the vicinity of radioactive material can be several 

orders of magnitude greater than background levels. Increased population of O2 
-
extends several 

meters around the radioactive material. Electrons are easily photo-detached from O2
-
 ions by a 

radiation of THz pulse signal. In the presence of THz pulse radiation, the photo-detached electrons 

initiate avalanche ionization which results in a rapid increase in electron density. As the electron 

density increases a frequency modulation on a probe beam will be induced, this becomes a direct 

spectral signature for the presence of radioactive material. Three radioactive sources are introduced 

in this study, 
60

Co, 
137

Cs and 
22

Na. These three radioactive sources of different amount 1.0 mg and 

20.0 mg. The calculations are done up to three meters away from the sources. THz radiation could 

be high intensity laser source. 

Keywords: Radioactive, Gamma ray, Ionization, Electron Density, Photo-Detached. 

mailto:Hushamabid57@gmail.com


Pages 50-62 Issue 1     2024     1
st
 Year ILSJ Maliek, Fandi and Almosawi –Formati… 

 

 

 

05 

   و امكانية كشفها لمواد المشعةا في محيط  الناشئة الالكتروناتغيمة  تشكل

هشام عبد الملك
1

, سوسن خلف فندي
2

, طالب زيدان تبان
3 

5
 مديرية البحوث و التطبيقات النووية –وزارة العلوم و التكنولوجيا 

2
 دائرة بحوث المواد –وزارة العلوم و التكنولوجيا 

3
قسم الفيزياء ,
 
 كلية العلوم , الجامعة المستنصرية 

 

 الخلاصة

اشتعة  تبعتث المتواد المشتعة الفكترة للتح يقيقتة ا  دالمشعة. تستتنالمواد  لتشكل غيمة البلازما في محيطتقدم دراسة هذا البحث فكرة 

بتذل  ييتو   اووكستجي  مشتكلةاما و التي لها القابلية للح تتييي  الهتواء المحتيط بهتا. تترتبط اولكترولتات المرينتة ستريعا بجزي تات ڱ

تكتتو  كفافتتة ييولتتات اووكستتجي  الستتالبة يتتوش المتتادة المشتتعة اكبتتر بعتتدة م تتات متت  المتترات مقارلتتة بمستتتويات  اووكستتجي  الستتال .

الخلفية الطبيعية للهواء. يمتد تعداد ييولات اووكسجي  السالبة لدة امتار يوش المادة المشعة. يمكت  ازايتة اولكترولتات بستهولة مت  

تيينتا  THz. تنشئ اولكترولات المزاية فوتوليا بفعل اشعة THzذات شدة لالية و تردد ييولات اووكسجي  بواسطة فوتولات اشعة 

المتولدة تضتمينا تردديتا للتح متحستم يزمتة اوشتعا   البلازماالهياريا مما يترت  لليه زيادة كفافة اولكترولات. تحث زيادة كفافة 

اجريت  الدراستة باستتخدام ةلاةتة مصتادر مشتعة هتي  النبضي و الذي يشتكل بصتمة فيفيتة مباشترة تركتد وجتود متادة مشتعة.
60

Co ,

137
Cs و

22
Na ملغم. اجري  الحسابات لمسافة وتتجاوز اومتار الفلاةة لت   25و  5 بقدر . استخدم  كميات مختلفة م  هذه المواد

 .ذو شدة لالية مصدرا ليزريا THzيمك  ا  يكو  مصدر اشعا  المصادر المشعة .

Introduction 

Generally, gamma rays emitted 

by radioactive materials, which ionize 

the surrounding air producing free 

electrons which are rapidly attach to 

oxygen molecules forming O2
-
 ions. 

The density of negative ions is far 

greater than the free electron density [1, 

2]. This is true even for ambient levels 

of radioactive material. A recently 

proposed radioactivity detection 

concept based on a high power THz 

pulse inducing avalanche breakdown 

and spark formation in the vicinity of 

the radioactive material. [3–6] in that 

concept, a THz pulse focused to a 

volume Vf ocal near the radioactive 

material. In the absence of the 

radioactive material, the electron 

density Ne is sufficiently small so that 

Ne Vf ocal << 1. In this case, the 

probability of n electron appearing in 

the focal volume during the THz pulse 
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is negligible, and the breakdown 

probability is very low. In the presence 

of radioactivity, however, Ne Vf ocal ≥ 1 , 

will lead to avalanche ionization in the 

volume Vf ocal occurs provided the THz 

pulse intensity is above a threshold 

level and the pulse length is sufficiently 

long. Breakdown and spark formation 

requires that the collisional ionization 

rate exceed the attachment rate. A 

THz-based radioactivity detection 

concept may have unique advantages 

depending on the stand-off distance 

and atmospheric conditions [7-10].  

Radiation enhancement factor 

A gamma ray propagating 

through matter can interact through 

several processes, including Rayleigh 

scattering, photoelectric and Compton 

effects, pair production, etc [11] .In air, 

photoelectric absorption dominates at 

low photon energies (< 25 keV) while 

at high energies (~ 25 keV–3MeV) 

Compton processes dominate. As the 

gamma ray propagates in air, it loses 

energy in a cascading process and its 

mean free path Lγ decreases. Gamma 

rays having energies of 1MeV, 50 keV, 

25 keV, or 10 keV, have mean free 

paths in air of Lγ ≈ 130 m, 38 m, 19 m, 

or 1.9 m, respectively. Note that values 

for the range indicated here apply to 

the case where a gamma ray with the 

given energy is completely absorbed in 

a single interaction (collision). The 

actual mean free path for a given initial 

energy is somewhat less than that for a 

single interaction. 

  The ionization rate due to background 

(ambient) radioactivity is (dNe/dt)amb = 

Qrad. At or near ground level, the 

background ionization rate is typically 

in the range            Qrad ~ 10–30 

pairs/cm
3
.s. The gamma rays emitted 

by radioactive material ionize the 

surrounding air. In the presence of 

radioactive material, the ionization rate 

(due to only radiation) can be greatly 

enhanced by a factor αrad >> 1 and                    

(dNe/dt)amb = αrad Qrad. .  

The enhancement factor αrad can 

be estimated as follows, For a 

radioactive material of mass Mrad , the 

number of disintegrations per second is 

γrad = Mrad Arad , where Arad is the 
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specific activity associated with the 

material. 

  In air, for high energy gammas high 

energy electrons generated, via 

Compton and photoelectric processes, 

which undergo a cascading process to 

sufficiently low energy to attach to O
2
 

molecules forming O2
-
ions. In the 

cascading process, the electrons lose an 

amount of energy   ΔE ≈ 35 eV per 

collision in air, which results in both 

ionization and electronic excitation (~ 

equal amounts of energy lost to each 

process) [12]. A high energy electron 

with energy Ee therefore generates ~ Ee 

/ Δ E low energy electrons. In the case 

of Compton absorption, the maximum 

electron energy is: 

Ee = (2αγ / (1+   2 αγ(( Eγ.max,  

where αγ = Eγ.max / mc
2
.For example, a 

1MeV gamma ray in air generates 

Compton electrons having a maximum 

energy of Ee = 0.8MeV and average 

energy of ‹Ee› = 0.44MeV. It should be 

noted that the range of high energy 

electrons is much less than the range of 

the high energy gammas. 

The steady state density of emitted 

gamma rays for a small spherical 

source of radioactivity is 

   
      

     
                    

where R stands for radioactive material 

distance, Lγ is the effective range 

(mean free path) of the gamma rays in 

air, which is a function of the gamma 

ray energy, Eγ, and Kγ is the number of 

gammas emitted per disintegration. The 

rate change of electron density is given 

by 

)2.........(..........)1( ationtermsryandionizairchemistQ
t

Ne
radrad 




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  ⟨    ⟩

⟨  ⟩

  

 

    

          

  
          

is the radiation enhancement factor. An 

equivalent result defining the 

detectable mass of the radioactivity 

material as a function of the various 

parameters was obtained in Ref.[6].In 

the absence of radioactive material, αrad 

= 0. In Eq. (3)                              ‹σγ-e› 
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= ‹σγ-e›CA + ‹σγ-e›PE is the effective 

average cross section for electron 

generation by gammas, i.e., Compton 

absorption and photoelectric processes, 

‹Lγ-e› = (‹σγ-e›) Nair)
-1

 is the average 

mean free path for electron generation 

by gammas and Nair = 2.7 * 10
19

 cm
-3

 is 

the air density (Loschmidt’s number) at 

STP. The cross section σγ-e (E) is a 

function of the gamma ray energy and 

the average cross-section is given by 

‹σγ-e› = ∫ dE f (E) σγ-e (E), where f (E) is 

the gamma ray energy distribution 

function. 

  Over the range of energies ~ 0.05-1 

MeV, Compton absorption dominates 

and        ‹σγ-e›CA ~ 1.4 * 10
-24 

cm
2
, while 

for energies below ~ 0.05MeV the 

photoelectric effect dominates with ‹σγ-

e›PE growing from ~1.4 * 10
-24

 cm
2
 at 

0.05MeV to ~ 2 * 10
-22

 cm
2
 at 

0.01MeV. 

Electron and ion density evolution  

  To determine the frequency 

modulation on a probe pulse, it is 

necessary to follow the time evolution 

of the electron and negative ion density, 

which are sensitive functions of 

electron heating by the laser radiation 

[13]. The source terms for the electrons 

include radioactivity, detachment, 

photo-detachment and photo-ionization, 

while the loss terms include various 

attachment and recombination 

processes including aerosols. 

The expressions for the rate of change 

of electron density Ne and negative ion 

density N_ are [14–17] 

∂Ne /∂t =) 1   + αrad) Qrad   + Se - Le,                                   

(4a) 

∂N_/ ∂t = S_ - L_,                                                            

(4b) 

where Se represents the various 

electron source terms, Le is the electron 

loss terms, S_ represents the ion source, 

L_ is the ion loss terms.   The effect of 

radioactivity is represented by the first 

term on the right hand side of the 

electron rate equation (4a). As the free 

electron density is generally much less 

than the ion density, Ne << N_ 

densities of electron and negative ion at 

the steady state are found to be given 

by: 

Ne ≈ (βn Nn / η) (√ (1   + αrad) Qrad / β+) 

+ (1   + αrad) Qrad / η 
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     ≈ βn Nn / η) (√ (1   + αrad) Qrad / 

β+)     , and 

N- ≈ √ (1   + αrad) Qrad / β+                                                               

[4] 

where Nn is the neutral air density (Nn 

~ Nair for low levels of ionization),                  

β+  ≈ 2 * 10
-6

 cm
3
/ s is the 

recombination rate, η ≈ 10
8
 s

-1
 is the 

attachment rate, and    βn  ≈ )5–10( *10
-

19
 cm

3
/ s is the negative ion detachment 

rate due to collisions with neutrals. 

Methodology of the study 

The growing population of O2 
-
extends 

several meters around the radioactive 

material. Electrons are easily photo-

detached from O2
-
 ions by a radiation 

of THz pulse signal. The photo-

detached electrons, in the presence of 

THz pulse radiation, initiate avalanche 

ionization which results in a rapid 

increase in electron density. The 

increasing in electron density induces a 

frequency modulation on a probe beam, 

which becomes a direct spectral 

signature for the presence of 

radioactive material. 

Frequency of plasma, ωp, initiated by 

electron density, Ne, is given by [18]: 

 

ωp (z, t) = (4πq
2
Ne) (z, t) /m)

 1/2
                                         

………..(5) 

   The photo-detachment rate is:                                                                                       

νopt = σopt cNph = σ opt Io / ħω,                                                                                       

where cNph = Io/ 

ħω                                                           

  ............ (6)                                      

the incident photon flux, Io the 

radiation intensity and σopt the photo-

detachment cross section. 

The experimental value for the single-

photon photo-detachment cross section 

of O2
-
 is σopt (λ = 1 μm) ≈ 4.5 * 10

-19
 

cm
2
 and σopt (λ = 0.8 μm) ≈ 7.5 * 10

-19
 

cm
2
 [16]. The single-photon photo-

detachment rate for O2
-
 is therefore:                                            

νopt [sec
-1

] = Io [W/ cm
2
] = 2.3, λ = 1 

μm or 3, λ = 0.8 μm. 

   For the parameters considered here, 

multiphoton ionization of air can be 

neglected since the ionization potential 

for clean air (O2) is ~ 12 eV and 

requires ~ 8–10 photons. 

A probe beam propagating through a 

vicinity of radioactive material which 

the electron density is changing with 
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time will undergo a frequency change. 

The electron density in the vicinity of 

the radioactive source and under the 

influence of the THz radiation varies in 

space and in time. 

The frequency modulation on the probe 

beam is given by ωprobe (z, t) = ωo  + Δ ω 

(z, t), where ωo is the incident probe 

frequency and Δ ω is given as [19]: 

 Δ ω (z, t) = ωpo
2
 / (2 ωo) exp (νion t) (1 

– exp) - νion z/c  (( …….. (7) 

where νion is the effective ionization 

rate. 

Result and Discussion 

  In this study three different 

radioactive materials (sources) are 

applied, 
60

Co, 
137

Cs and 
22

Na. The 

amounts of these three radioactive 

materials are 1.0 mg and 20 mg. 

Ranges of testing the radiation in 

vicinity of these materials are ranging 

from 0.5 m to 3.0 m.  

Some important information about the 

two radioactive materials is in table (1)  

Table (1) important information about the two radioactive materials 

Radioactive 

material 

Specific Activity 

(Ci / g) 

Number of 

Energy peaks 

Peak Energy 

(Mev) 

60
Co 1143.5 Two E1=1.173 

E2=1.332    

137
Cs 87.77 One E1= 0.666 

22
Na 6316.8 Two E1= 0.511 

 

In Figures below, density of emitted 

gamma rays, Nγ (cm
-3

), electron density 

for air due to emitted gamma rays, Ne 

(cm
-3

), negative ion density of photo 

detachment for air due to emitted 

gamma rays, N- (cm
-3

), and radiation 

enhancement factor αrad is plotted as a 

function of the distance from the 

radioactive source, R. 
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Below are plots for density of emitted 

gamma rays, Nγ (cm
-3

), versus range 

for different amounts of 
60

Co, 
137

Cs 

and 
22

Na seeing Fig. [1]. 

 

 

 

Fig. [1]. Show plots for density of emitted gamma rays, Nγ (cm
-3

), versus range for 

different amounts of the three
 
radioactive sources. 

Below are plot for electron density for 

air due to emitted gamma rays, Ne (cm
-

3
), versus range for different amounts 

60
Co, 

137
Cs and 

22
Na, seeing Fig. [2]. 
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3  

Fig. [2]. show plot for electron density for air due to emitted gamma rays, Ne (cm
-3

), 

versus range for different amounts of the three 
 
radioactive sources. 

 

Below are plot for negative ion density 

of photo detachment for air due to 

emitted gamma rays, N- (cm
-3

), versus 

range for different amounts of 
60

Co, 

137
Cs and 

22
Na, seeing Fig. [3]. 
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Fig. [3]. show plots for negative ion density of photo detachment for air due to 

emitted gamma rays, N- (cm
-3

), versus range for different amounts of the three
 

radioactive sources. 

Below are plot for Radiation 

Enhancement factor, ionization rate 

due to radiation, αrad versus range for 

different amounts of 
60

Co, 
137

Cs and 

22
Na,seeing Fig. [4]. 
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Fig. [4]. show plots for Radiation Enhancement factor, ionization rate, due to 

radiation, αrad versus range for different amounts of the three
 
radioactive sources. 

The negative ion, O2
-
, undergoes 

single-photon photo-detachment with 

radiation of wavelength λ = 1 μm (1.24 

eV( or λ = 0.8 μm(1.55 eV) because the 

electron affinity of O2
-
 is low 

enough ,0.46 eV, for this process.  

So, by applying high intensity 

THz beam of the λ = 1.0 μm or, λ = 0.8 

μm in the vicinity of radioactive 

material an electromagnetic signature is 

registered due to the rise of the electron 

density at the end of the ionizing laser 

pulse  which approaches the value of 

Ne=10
14

 cm
-3

.
 
 

Conclusion 

 This study showed the possibility of 

detecting dense electron cloud initiated 

by a radioactive material even at small 

quantities. Forming O2
-
 could be 

ionized by a high intensity THz 

radiation making an avalanche 

breakdown to photo detach the 

electrons from O2
-
 forming a cloud of 

electron density much more several 

orders of magnitude than background 

levels. Also, it showed different 

quantities and different specific activity 

give different densities of emitted 

gamma rays, electron densities, 

negative ion densities of photo 

detachment and radiation enhancement 

factors, all are versus range from the 

radioactive material. Applying a high 

intensity THz beam of the λ = 1 μm or, 

λ = 0.8 μm in the vicinity of radioactive 

material an electromagnetic signature is 

registered due to the rise of the electron 
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density. This signature is a solid proof 

of existence of a radioactive material. 
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