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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 O, ions. Density of O, in the vicinity of radioactive material can be several
orders of magnitude greater than background levels. Increased population of O, ‘extends several
meters around the radioactive material. Electrons are easily photo-detached from O, 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, ®°Co, *'Cs and #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.
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Introduction concept based on a high power THz

Generally, gamma rays emitted pulse inducing avalanche breakdown

by radioactive materials, which ionize and spark formation in the vicinity of

the surrounding air producing free the radioactive material. [3-6] in that

electrons which are rapidly attach to concept, a THz pulse focused to a

oxygen molecules forming O, ions. volume Vi o near the radioactive

The density of negative ions is far material. In the absence of the

greater than the free electron density [1, radioactive  material, the electron

2]. This is true even for ambient levels density N. is sufficiently small so that

of radioactive material. A recently Ne Vi oca << 1. In this case, the

proposed radioactivity  detection probability of n electron appearing in

the focal volume during the THz pulse
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iIs negligible, and the breakdown
probability is very low. In the presence
of radioactivity, however, Ne Vo> 1,
will lead to avalanche ionization in the
volume Vs o 0ccurs 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

concept may have unique advantages

radioactivity  detection
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 L, decreases. Gamma

rays having energies of 1MeV, 50 keV,
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25 keV, or 10 keV, have mean free
paths in air of L, = 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 (dNg/dt)am, =
Qrag- At or near ground level, the
background ionization rate is typically
Qrag ~ 10-30
pairsicm®s. The gamma rays emitted
by
surrounding air. In the presence of

in the range

radioactive material ionize the
radioactive material, the ionization rate
(due to only radiation) can be greatly

enhanced by a factor o, >> 1 and

(dNe/dt)amb = Orad Qrad- -

The enhancement factor o,z can

be estimated as follows, For a
radioactive material of mass M,q , the
number of disintegrations per second is

Yrad = Mrag Arag , Where Apyg 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?
molecules forming Oyions. In the
cascading process, the electrons lose an
AE = 35 eV per

collision in air, which results in both

amount of energy

ionization and electronic excitation (~
equal amounts of energy lost to each
process) [12]. A high energy electron
with energy E. therefore generates ~ E,
/' A E low energy electrons. In the case
of Compton absorption, the maximum

electron energy is:
E.= (Z(XY/ 1+ 2 0(7)) E,.max;

where o, = E,.ma / mc?.For example, a
1MeV gamma ray in air generates
Compton electrons having a maximum
energy of E. = 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.
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The steady state density of emitted
gamma rays for a small spherical
source of radioactivity is

_ VraaKy
V' 4nCR?

exp(—R/L,)...... (D

where R stands for radioactive material
distance, L, is the effective range
(mean free path) of the gamma rays in
air, which is a function of the gamma
ray energy, E,, and K, is the number of
gammas emitted per disintegration. The
rate change of electron density is given
by

ONe

— = (a,,4 +1)Q,,4 +airchemistryandioniationterms....

ot

Where

(E) 1
Orag ® C(Jy—e)NairN;f E Q

rad

. YraaKy (Ee) 1 exp(—R/Ly)
41(Ly—¢) AE Qrad RZ

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, o.q
=0.InEqg. (3)

(Cy.e>
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= «Oypeca T <opepe IS the effective
average cross section for electron
generation by gammas, i.e., Compton
absorption and photoelectric processes,
(Lo = (©,e) Ng)™" is the average
mean free path for electron generation
by gammas and Ny = 2.7 * 10 cm? is
the air density (Loschmidt’s number) at
STP. The cross section o, (E) is a
function of the gamma ray energy and
the average cross-section is given by
6,0> = | dE f (E) o, (E), where f (E) is
the gamma ray energy distribution

function.

Over the range of energies ~ 0.05-1
MeV, Compton absorption dominates
and G,0ca~ 1.4 * 10 cm?, while
for energies below ~ 0.05MeV the
photoelectric effect dominates with <c,.
ope growing from ~1.4 * 10 c¢m? at
0.05MeV to ~ 2 * 10% cm® 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
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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 N, and negative ion
density N_ are [14-17]

ON /ot =( 1 + O(rad) Qrad + Se - Lo,
(4a)

ON _/ ot = S - L,
(4b)
where S, represents the various

electron source terms, L. 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, N << N_
densities of electron and negative ion at

the steady state are found to be given
by:

Ne = (Bn N, / n) (\/ (1 + 0Lrad) Qrad / B+)
+ (1 + oag) Qrad/ M
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= By No /1) (V (L + 0rag) Qraa /

B+) ,and
N. = \/ (1 + arad) Qrad / B
[4]

where N, is the neutral air density (N,
~ N, for low levels of ionization),
B, 2 * 10° the
recombination rate, n ~ 10° s is the
attachment rate, and B, = (5-10) *10°

9 ¢m?/ s is the negative ion detachment

cm®/ s s

u

rate due to collisions with neutrals.
Methodology of the study

The growing population of O, ‘extends
several meters around the radioactive
material. Electrons are easily photo-
detached from O, 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,
a direct
the

radioactive material.

which becomes spectral

signature  for presence  of

Frequency of plasma, w,, initiated by

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

ILS)
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o (z, t) = (4ng°Ne) (z, t) /m)

The photo-detachment rate is:

= Gopt CNph =

Vopt G opt lo, / ho,
where

ho

the incident photon flux, 1, the
radiation intensity and ooy the photo-

detachment cross section.

The experimental value for the single-
photon photo-detachment cross section
of Oy is Gopr (A = 1 um) =~ 4.5 * 107
cm® and Gy (A = 0.8 pm) = 7.5 * 10
cm® [16]. The single-photon photo-
detachment rate for O, is therefore:
Vopt [56C7] = 1o [W/ cm®] =23, A = 1
pumor 3, A= 0.8 pm.

For the parameters considered here,
multiphoton ionization of air can be
neglected since the ionization potential
for clean air (O,) 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 ®prope (Z, t) = 0o + A ®
(z, t), where ®, is the incident probe

frequency and A o is given as [19]:
Ao (z,t)= wp02 / (2 ,) exp (vion t) (1
—eXp( - Vion ZIC)) ........ (7)

where vi,, 1S the effective ionization

rate.
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Result and Discussion
In this study three different

radioactive materials (sources) are
applied, ®Co, 'Cs and *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 mto 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 Specific Activity Number of Peak Energy
material (Ci/g) Energy peaks (Mev)
®Co 11435 Two E=1.173
E,=1.332
BiCs 87.77 One E,= 0.666
“Na 6316.8 Two E.= 0511

In Figures below, density of emitted
gamma rays, N, (cm’®), electron density
for air due to emitted gamma rays, N
(cm™®), negative ion density of photo

detachment for air due to emitted

gamma rays, N. (cm™), and radiation
enhancement factor o IS plotted as a
function of the distance from the

radioactive source, R.
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Below are plots for density of emitted for different amounts of *°Co, *'Cs

gamma rays, N, (cm?®), versus range and Na seeing Fig. [1].

Density og Gamma Rays Vs. Range for 1.0 mg mass

600

500

400

—e— (Co - 60)
300 —=— (Cs - 137)
(Na - 22)

200

100

Density og Gamma Rays ,(cm-3)

Range , (m

=

Density of Gamma Rays Vs. Range for 20.0 mg mass

12000

10000

8000

—<— (Co - 60)
6000 —=— (Cs - 137)
(Na - 22)

4000

Density of Gamma Rays, (cm-3)

2000

o M

(o] 0.5 1 1.5 2 2.5 3 3.5
Range, (m)

Fig. [1]. Show plots for density of emitted gamma rays, N, (cm’®), versus range for

different amounts of the three radioactive sources.

Below are plot for electron density for %), versus range for different amounts

air due to emitted gamma rays, N, (cm’ %Co, ¥'Cs and #Na, seeing Fig. [2].
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Electron Density of Air Vs. Range for 1.0 mg
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Fig. [2]. show plot for electron density for air due to emitted gamma rays, N (cm™),

versus range for different amounts of the three radioactive sources.

Below are plot for negative ion density range for different amounts of ®Co,
of photo detachment for air due to 3’Cs and *Na, seeing Fig. [3].

emitted gamma rays, N. (cm™), versus

58



Maliek, Fandi and Almosawi —Formati... ILS) Issuel 2024 1% Year Pages 50-62

-Ve Oxygen lon Density Vs. Range for 1.0 mg
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Fig. [3]. show plots for negative ion density of photo detachment for air due to
emitted gamma rays, N. (cm™®), versus range for different amounts of the three

radioactive sources.

Below are plot for Radiation different amounts of ®Co, **'Cs and
Enhancement factor, ionization rate Na,seeing Fig. [4].

due to radiation, o,,g Versus range for

Radiation Enhancement Factor Vs. Range for 1.0
mg mass
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Radiation Enhancement Factor Vs. Range for 20.0 mg
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Fig. [4]. show plots for Radiation Enhancement factor, ionization rate, due to

radiation, a,,q Versus range for different amounts of the three radioactive sources.

The negative ion, O,, undergoes
single-photon photo-detachment with
radiation of wavelength A =1 um (1.24
eV)or A= 0.8 um(1.55 eV) because the
electron

affinity of O, is low

enough ,0.46 eV, for this process.

So, by applying high intensity
THz beam of the A = 1.0 um or, A= 0.8
um 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

N.=10" cm.
Conclusion

This study showed the possibility of
detecting dense electron cloud initiated

by a radioactive material even at small

guantities. Forming O, could be

ionized by a high intensity THz
avalanche

detach the

radiation making an

breakdown to photo
electrons from O, 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
electron  densities,

gamma  rays,

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 A = 1 pum or,
A = 0.8 pum 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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