Naval Research Laboratory

Washington, DC 20375-5320

NRL/MR/6703--13-9484

Active Remote Detection of Radioactivity
Based on Electromagnetic Signatures

P. SPRANGLE
B. Harizt

Beam Physics Branch
Plasma Physics Division

H. MILCHBERG
G. NusINovICH

University of Maryland
College Park, Maryland

A. ZIGLER

Icarus Research, Inc.
Bethesda, Maryland

August 15, 2013

Approved for public release; distribution is unlimited.




REPORT DOCUMENTATION PAGE o ApDro e

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including
suggestions for reducing this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway,
Suite 1204, Arlington, VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of
information if it does not display a currently valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
08-15-2013 Interim July 2012 — July 2013

4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER
Active Remote Detection of Radioactivity Based on Electromagnetic Signatures 5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER
67-4660-03

P. Sprangle, B. Hafizi, H. Milchberg,! G. Nusinovich,! and A. Zigler? Se. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT
NUMBER
Naval Research Laboratory

4555 QVerlOOk AVenue, SW NRL/MR/6703__ 13-9484
Washington, DC 20375-5320

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR / MONITOR’S ACRONYM(S)

Naval Research Laboratory NRL

4555 Overlook Avenue, SW 11. SPONSOR / MONITOR’S REPORT
Washington, DC 20375-5320 NUMBER(S)

12. DISTRIBUTION / AVAILABILITY STATEMENT

Approved for public release; distribution is unlimited.

13. SUPPLEMENTARY NOTES

IUniversity of Maryland, College Park, MD 20742-4111
2]carus Research, Inc., P.O. Box 30780, Bethesda, MD 20824-0780

14. ABSTRACT

This paper presents a new concept for the remote detection of radioactive materials. The concept is based on the detection of electromagnetic
signatures in the vicinity of radioactive material and can enable stand-off detection at distances greater than 100 m. Radioactive materials emit
gamma rays which ionize the surrounding air. The ionized electrons rapidly attach to oxygen molecules forming O; ions. The density of O,
around radioactive material can be several orders of magnitude greater than background levels. The elevated population of O, extends several
meters around the radioactive material. Electrons are easily photo-detached from O, ions by a laser pulse. The photo-detached electrons, in the
presence of laser radiation, initiate avalanche ionization which results in a rapid increase in electron density. The rise in electron density can
induce a frequency modulation on a probe beam which becomes a direct spectral signature for the presence of radioactive material.

15. SUBJECT TERMS

Detection of radioactive material Ionizing laser
Electromagnetic signatures Probe frequency modulation
16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18. NUMBER 19a. NAME OF RESPONSIBLE PERSON
OF ABSTRACT OF PAGES Phillip Sprangle
a. REPORT b. ABSTRACT c. THIS PAGE 15 19b. TELEPHONE NUMBER (include area
Unclassified Unclassified Unclassified Unclassified code)
Unlimited Unlimited Unlimited Unlimited (202) 767-3493

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. Z39.18
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2University of Maryland, College Park, Maryland 20742-4111
%|carus Research, Inc, PO Box 30780, Bethesda, MD 20824-0780

ABSTRACT

This paper presents a new concept for the remote detection of radioactive materials. The
concept is based on the detection of electromagnetic signatures in the vicinity of radioactive
material and can enable stand-off detection at distances greater than 100 m. Radioactive
materials emit gamma rays which ionize the surrounding air. The ionized electrons rapidly
attach to oxygen molecules forming O ions. The density of O; around radioactive material
can be several orders of magnitude greater than background levels. The elevated population of

O; extends several meters around the radioactive material. Electrons are easily photo-detached

from O ions by laser radiation. The photo-detached electrons, in the presence of laser

radiation, initiate avalanche ionization which results in a rapid increase in electron density. The
rise in electron density induces a frequency modulation on a probe beam which becomes a direct
spectral signature for the presence of radioactive material.

I. INTRODUCTION
Radioactive materials emit gamma rays which ionize the surrounding air producing free

electrons which rapidly attach to oxygen molecules forming O; 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 is 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 is focused to a volume V, ., near the radioactive material. In the

absence of the radioactive material the electron density N, is sufficiently small so that

N,V << 1. Inthis case the probability of an electron appearing in the focal volume during

the THz pulse is negligible and the breakdown probability is very low. In the presence of
radioactivity, however, N,V = 1, which will lead to avalanche ionization in the volume
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Ve Provided the THz pulse intensity is above a threshold level and the pulse length is

sufficiently long. Breakdown and spark formation require 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.

In this paper we propose and analyze an alternative detection concept using a high
intensity laser beam and probe beam to detect electromagnetic signatures in the vicinity of
radioactive material. Propagation of high power short pulse lasers in the atmosphere over
extended distances has been analyzed [7] and experimentally characterized [8-10]. Since the
negative ions produced by the radioactive material have a low ionization potential (0.46 eV) they
can be photo-detached by laser radiation (~ 0.8—1um). Our detection approach is based on a
probe radiation beam undergoing a frequency modulation while propagating in a temporally
increasing electron density. The frequency modulation on the probe beam becomes a spectral
signature for the presence of radioactive material. A schematic of the detection concept is shown
in Fig. 1.

Photo-detaching  Enhanced  ghielding

and ionizing I;VSIS_ Radioactive
laser beam, o 2 material
;’/\\
ih>—
Probe beam U>
(freq. modulated) .
:\N\\Q\X\N\WW lonizing
i i Elevated rggg':irloan
Incident Probe Frequency, w, electr_on
density

Reflected Frequency, @, . (t) = @, + Aw(t)

Figure 1. Schematic of active remote radioactivity detection concept. Laser radiation photo-
detaches electrons from O, ions, providing electrons for an avalanche (collisional) ionization

process which increases the electron density. A probe beam in the presence of a temporally
increasing electron density undergoes a frequency modulation which becomes a spectral
signature of radioactivity.

I RADIOACTIVITY DETECTION CONCEPT
In the following subsections the various elements of the detection concept are discussed
and analyzed. Details of the analytical model are presented in the appendix.

a) 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
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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, 50keV, 25keV or 10keV, have mean free paths in air of L, =~ 130m, 38m, 19m or
1.9m, 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 (d N,/ dt)amb = Q4. At
or near ground level, the background ionization rate is typically in the range
Q,.; ~10—30pairs/(cm®-sec). 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 @, >> 1 and (d N, /dt) _, = .y Q. - Various air
chemistry processes such as attachment and recombination limit the electron density and are
discussed later and in the appendix.

The enhancement factor «,,, can be estimated as follows. For a radioactive material of

mass M,,, the number of disintegrations per second is v,,, = M, A4, Where A, isthe

rad
specific activity associated with the material. For example, for “Co,
A., =1.1x10° Ci/g = 4.1x10% disintegration/(g— sec) , where a Ci (Curig) is 3.7x10"

disintegrations/sec. In the case of “’Co each disintegration results in two gammas of energy
E =1.173MeV and E, . =1.332MeV which have a range in air of ~130m. Inair the

¥,max
high energy gammas generate high energy electrons, via Compton and photoelectric processes,
which undergo a cascading process to sufficiently low energy to attach to O, molecules forming

O; ions. In the cascading process the electrons lose an amount of energy AE ~ 34eV 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 E, therefore generates

~ E, / AE low energy electrons. In the case of Compton absorption, the maximum electron

energy is E, = (2a, /(1+2a,))E where a, = E /mc®. For example, a 1 MeV gamma

7.max 7.max

ray in air generates Compton electrons having a maximum energy of E, = 0.8 MeV and average
energy of <Ee> =0.44 MeV . It should be noted that the range of high energy electrons is much

less than the range of the high energy gammas. For example, an electron having an energy of 1
MeV, 0.5 MeV or 0.1 MeV has a range in air of 4.6 m, 3 m, or 2.1 m, respectively. Here, again
as with the gamma rays mentioned earlier, the above electron ranges corresponds to the case
where an electron is completely stopped in one interaction (collision).

For a small spherical source of radioactivity the steady state density of emitted gamma rays is

V.4 K
N, = " Zexp(-R/L,), 1

V4 472_ C RZ p( ;/) ( )
where R is the distance from the radioactive material, 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 «, is the number

of gammas emitted per disintegration. The rate of change of electron density is given by

3



oN

_te ~ (aq +1) Q¢ + air chemistry and ionization terms, (2
where
E Via K, (E exp(=R/L
arad ~ C<U}’—E>Nair N;/< e> 1 ~ o < e> 1 p( 2 7) ! (3)
AEQu 4z(L_)AEQ, R

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 «,,, =0. In Eq.(3) <0'7_e> = <O-7_e>CA + <07—e>p5
is the effective average cross section for electron generation by gammas, i.e., Compton

. . [
absorption and photoelectric processes, <Ly_e> = (<0y_e> Naij is the average mean free path for
electron generation by gammas and N, =2.7 x10" 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 <ay_e> = IdE f(E)o,_.(E), where f(E) isthe gamma ray energy
distribution function. Over the range of energies ~ 0.05 - 1MeV Compton absorption dominates
and <O-7_E>CA ~ 1.4x107** cm?, while for energies below ~ 0.05 MeV the photoelectric effect
dominates with <07—e>p5 increasing from ~1.4x107* cm?at 0.05 MeV to ~2x107** cm?® at 0.01

MeV. In Fig. 2 the radiation enhancement factor «,,, is plotted as a function of the distance

from the radioactive source, R. This plot is for samples containing 1 mg and 10mg of “’Co and
indicates that the enhanced level is significant for ranges extending up to several meters. As an

example, for (E,) =0.5MeV, M, =10mg, v,y = M4 A,, = 8.2x10" disintegrations/sec,
x, =2, R=50cm, (L,)=100m and Q,, = 20 disintegrations/(cm’-sec) the radiation

enhancement factor is «,,, ~ 2x10° which is far above the background level.

Figure 2. Radiation enhancement
factor plotted as a function of
distance from the radioactive source

for 1 mg and 10 mg of “Co.
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b) Electron and lon Density Evolution (Air Chemistry)

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 air chemistry
processes [13] and electron heating by the laser radiation. 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 /0t = (1+ayq) Qrag + S — L, (42)

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 various source and loss terms are

discussed in the appendix.
The effect of radioactivity is represented by the first term on the right hand side of the
electron rate equation, Eq. (4a). The steady state electron and negative ion densities are given by

Ne ~ (ﬂn Nn /77)\/(1+arad)Qrad /ﬂ+ + (1+arad)Qrad /77 ~ (ﬂn Nn /77)\/(1+arad)Qrad /ﬂ+ ! and

N_ z\/(l+ozrad)Qrad I B, [4], where N, is the neutral air density (N, ~ N, for low levels of
ionization), B, ~ 2x107° cm®/sec is the recombination rate,  ~10° sec™ is the attachment
rate and B, ~ (5—-10)x107*° cm®/sec is the negative ion detachment rate due to collisions with
=0) the ambient
(background) electron and negative ion density are N, ~10~° cm™ and N_ ~ 3x10% cm™,

neutrals (see appendix for details). In the absence of radioactive material («

rad

where Q,., = 20cm™ sec™. At a distance of 4 m from a radioactive source containing 10 mg of

rad

®Co, the radioactive enhancement factor is «,,, =2.2x10* and the elevated electron and

negative ion densities are N,~ 0.2 cm™ and N_= 4.7x10° cm™.

The various source and loss terms in Egs. (4a,b), in particular the collisional ionization
rate, are functions of the electron temperature (see appendix). The electron temperature is
determined by the collisional electron heating (Ohmic heating) by the laser radiation and the
cooling effect resulting from excitation of vibrational modes of the air molecules. The equations
for the electron temperature T, is [18],

(3/2) 8(N, T,)/0t=(J-E) + (3/2) (N, / 7,00 ) (T,-T,;) —U,,, 0N, /01, (5)
where T, is the electron temperature, <J-E> is the Ohmic heating rate, 7, is the electron
cooling time due to inelastic collisions (see appendix), T,, = 0.025eV is the ambient electron
room temperature, N, is the background air density and U,,, is the effective ionization

potential of air (~ 10 eV). The heating and cooling terms on the right hand sides of Eq. (5) are
discussed in the appendix.

c¢) Frequency Modulation on a Probe Beam



A probe beam propagating through a region of space in which the electron density is
changing with time will undergo a frequency change. The electron density in the vicinity of the
radioactive source and under the influence of the laser radiation varies in space and in time.
Consequently the frequency/wavenumber of an electromagnetic probe beam propagating in such
a plasma will vary in space and in time. The one-dimensional wave equation

(0%102° — 0% 1 at*)A(z,t) = cw; (2,t)A(z,t) can be used to determine the
frequency/wavenumber shift. Here, o, (z,t) = (479°N,(z,t)/m)"* is the plasma frequency and
A(z,t) is the vector potential associated with the probe. The vector potential can be expressed in
terms of slowly-varying amplitude and phase, in the

form A(z,t) = (1/2) B(z,t)expli (k,z— a,t)+16(z,t)] + c.c., where @, is the incident probe
frequency and 6(z,t) is the phase. The frequency of the probe is @, (z,t) = @, — 06(z,t)/0t,
where the phase ¢ satisfies (8/0z + ¢™'0/01)0(z,t) = —w;,(z,t)/(2w,c) . The solution is

n<L

0(n.7)=-QRaw,c)™ Idn'a)f,(n’,rﬂy’/c) where n=z, r=t—z/c and L is the probe beam’s
0

interaction length. The frequency shift on the probe is Aw(,7) = = 86(n,7)/ 07 . In particular

if the electron density is increasing with time the probe frequency will be increased. For a
spatially uniform, temporally varying plasma density, the frequency shift on the probe beam is

Aa(z,t) = Qw,)™ (a)ﬁ (t) - a)ﬁ (t-z/c)), (6)
where 0<z<L.
As an illustration we consider the case where the rise in electron density is exponential in
time and spatially uniform within a region 0<z <L . Here the plasma frequency is given by

w3 (2,1) = w5, exp(v,, 1) 9(z) , where v, is the effective ionization rate and g(z)=1,0<z <L,

defines the axial extent of the plasma region. The frequency modulation on the probe beam is
given by @, (2,1) = @, + Aew(z,t), where

A(2,1) = 02, 1(2,) eXP(Vigy ) (1 = EXP(=V,, 2/C)). W
The maximum fractional frequency shift occurs for z > c/v,,, ~ 1cm and is
Ao, o, = (cof)0 2w )exp(v,, t). The effective ionization rate can vary widely but is typically

on
v.,, ~ 10" sec™. The frequency modulation on the probe beam can be substantial and is readily
measurable.

I11. RADIOACTIVITY DETECTION EXAMPLE

To illustrate the radioactivity detection concept, i.e., the frequency modulation induced
on a probe beam by ionizing the air near the radioactive material, we consider the following
example. In the numerical examples the system quantities, i.e., electron density, ion density,
electron temperature and frequency modulation on a probe laser, are calculated both in the
absence («,,4, = 0) and in the presence of radioactive material by numerically solving Eqs (4-6).

The radioactive source is assumed strong enough to produce a radiation enhancement factor of
a,,, = 10°. The radiation enhancement factor value is consistent with low quantities of



radioactive material as shown in Fig. 2. We take the ionizing laser to have a peak intensity of

| peac = 160 GW/cm* and pulse duration of 7., = Insec. In these examples, the probe beam is
taken to be a millimeter wave source of frequency f, . =94GHz, (4., =3.2mm). The
critical electron density, associated with the probe frequency,

Oprope = @ e = 5.64x10° NS5 [em™],is n, ., =10" cm™. The background radiation is taken
to be Q

probe

.4 = 30 disintegrations/(cm*® —sec)

% 1010} Figure 3a Electron density as a
~ function of time in the absence of
Z 108! | any external radioactivity
2 =
= 0y = 0 (@, =0). The laser parameters
8 106L | are,
S A =1pm, |, =160 GW/cm’
% 10% and 7, = 1nsec.
1 2 3 4 5
Time | nano_$ed]
= 102 Figure 3b. Electron density versus
= time in the presence of
= 100} radioactivity. The laser parameters
> 5 are the same as in Fig.3a.
.%’ 108, arad = 10
c
S 108
8
|
104} | | | | R
1 2 3 4 5
Time | fano[$ec]

In the absence of radioactivity the ionizing laser intensity is just below the breakdown level, i.e.,
the electron density is low, and there is virtually no frequency modulation on the probe beam.
Figure 3b shows the electron density as a function of time in the presence of radioactive material

(a4 =10’). The electron density at the end of the ionizing laser pulse approaches the value of
n, =10"cm™ which is an order of magnitude less than the critical electron density.
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The frequency modulation on the probe millimeter wave beam is shown in Fig. 4. In the
absence of radioactive material there is no frequency modulation on the probe. However, for

a,., = 10° the fractional frequency modulation is significant and equal to ~ 5%, which is

readily detectable.

S
_
= 3
é arad::l'O
=N
£, L =10cm
Do
8 |
L 1}
I S e R
Tire | nno[_$ec]

Figure 4. Fractional frequency shift
Aol w,[%] versus time in the
presence of radioactive material

a,,, = 10° at the probe interaction
distance of L = 10cm. The laser
parameters are the same as in Fig. 3a.

The fractional frequency shift on the probe as a function of both axial interaction distance L and

time is shown in Fig. 5.

Freq. Modulation [%]

Figure 5. Fractional frequency shift
Aol o, [%] versus time and probe

interaction distance L in the
presence of radioactive material

(a,,y =107). The laser parameters
are the same as in Fig. 3a.



IV. DISCUSSION AND SUMMARY

In this paper a concept is proposed and analyzed for active remote detection of
radioactive materials. The enhanced levels of ionization associated with the presence of
radioactivity may be detected using a combination of an ionizing laser and probe beam. The
detection concept depends on the fact that the free electrons produced by gamma rays emitted by

the radioactive material attach rapidly to oxygen molecules forming negative ions O; . In the

vicinity of radioactive material the density of negative ions is elevated compared to the
background density, while the free electron density remains extremely low. The negative
oxygen ions can be readily photo-detached with laser radiation. The photo-detached electrons, in
the presence of the laser radiation, initiate an avalanche ionization process which greatly
increases the electron density. To detect this change in electron density a probe beam is
employed. The probe beam undergoes frequency modulation in the presence of the temporally
changing electron density. The frequency modulation on the probe beam is a signature of the
presence of radioactive material. Our analysis indicates that a measurable frequency shift can be
expected for relatively small amounts of radioactive material.

Plans are underway to experimentally demonstrate this detection concept at the
University of Maryland. The experiments employ a commercial source of alpha particles to
simulate the nuclear material. Note that in an actual detection device gammas not alphas would
provide the initial negative ions. The nuclear material is *°Po, producing 5 MeV alpha
particles. Using a radioactive source of alphas in place of a gamma ray source avoids the safety
issues associated with radioactive material. Note that 5 MeV alphas have a short range (~

3.5cm) in air. The commercial source produces 20 mCi of radioactivity from *°Po inside an
open metallic tube. Each 5 MeV alpha will generate ~ 1.4x10° electrons which attach to O,

forming O, ions. The O, ions are blown out of the tube and are photo-detached by laser

radiation.

The photo-detaching and ionizing beam in the experiments is a Nd:YAG, 5GW, 100 psec
laser. The diagnostics include visible and extreme ultraviolet spectrometers, interferometers for
measuring electron density profiles, microwave and ultrafast pulse diagnostics. The probe beam
used in these experiments is a 30 GHz, circularly polarized continuous wave microwave source.

Focusing the laser radiation near the *°Po source photo-detaches the negative ions and initiates
an avalanche ionization process. The temporal rise in electron density produces a detectable
frequency modulation on the probe beam.

The purpose of this paper is to present a new concept for the detection of radioactive
material. Our analysis indicates that a measurable frequency modulation on a probe beam is
induced even in the presence of small quantities of radioactive material. A more rigorous
analysis requires a more detailed model of the air chemistry processes.
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APPENDIX

Electron and lon Density Dynamics
The rate of change of electron density N, and the negative ion density N _, Egs. (4a) and
(4b), are given by

ON./ot=¢a,,4Q,4 +S. — L., (A1)

ON_/ot=S_-1L_, (A2)
and the source and loss terms are given by

Se = Ve Ng + Ve N+ B NN, + B, N N_, (A3)

L. = BN, N, + 7N, + B, N, N, (A4)

S =nN,, (A5)

L =B N.N_+ B N N_+v, N +B NN, + B N,N_, (AB)

and the positive ion density is given by N, = N, + N_ (charge neutrality). In air, the negative
ion population is mainly O; . In these equations N, is the neutral air density, N, is the

density of aerosols, v, is the collisional ionization rate, v_, is the photo-detachment rate,

coll opt

B. ~3x10 cm®sec™ is the electron-ion dissociative recombination rate,

B. = (5-10)x107" cm’sec™" is the negative ion detachment rate due to collisions with neutrals,
n ~ 10°sec™ is the electron attachment rate, S, ~ 2x10™° cm®sec™ is the negative ion
recombination rate, £, is the aerosol-ion attachment rate and £, is the aerosol-electron
attachment rate, v, is the collisional ionization rate, and £_ is the negative ion detachment rate

due to collisions with electrons. The various attachment and recombination rates are
complicated functions of the system parameters, in particular the electron temperature. In our
model we approximate the variouse attachment and recombination rates as constants given by
the above values.

Photo-Detachment of O

The ionization potential of O; is 0.46 eV and therefore can undergo single-photon photo-
detachment with laser radiation of wavelength 4 = Ium (1.24eV) or A = 0.8um (1.55eV). The
photo-detachment rate is v, = o, CN = o, |, /liw, where cN =1 /heo is the incident

photon flux, 1, is the laser intensity and o, is the photo-detachment cross section. The

pt
experimental value for the single-photon ionization cross section of O is

Ogp(A=1pm) ~ 4.5x10™ cm? and o, (41 =0.8pm) ~ 7.5x107*° cm? [16]. The single-photon
ionization rate for O; is therefore,

2.3, A=1pm

3, A=08um’
For the parameters considered here multi photon ionization of air can be neglected since the
ionization potential for clean air (O, ) is ~ 12 eV and requires ~ 8 - 10 photons.

Ve [5eC ] = I [W/em?] { (A7)

11



Collisional (Avalanche) lonization of Air

= Nair _[d VO_coII (V)V fe (V) ' Where O-coll iS

the collisional ionization cross section and f,(v) is the electron distribution function is taken to be

The collisional ionization rate is given by v

coll

a Maxwellian, with Id v f,=1. The cross section can be approximated near the threshold by

o = C(e-U,) where £ = mv?/2 is the electron energy, U, is the ionization energy,
v, = (2U, /m)"? and C is a constant associated with the molecule. The collisional ionization rate
in air can be written in the form v, = v, (N,) + v, (O,) where the ionization rates of N, and
O, have the form

Ve (X) = vy (T, 1U 2 (U /T, + 2)exp(-U, /T,), (A8)
with U =156 eV, U, =12.1eV and, at STP, v, =7.6x10" sec™ and v, =10"" sec™ [18].

coll coll

Electron Cooling Rate

The various inelastic electron cooling processes in air are complicated and include
excitation of vibrational, rotational and electronic states. At low electron energies the dominant
inelastic cooling processes is the excitation of vibrational states of N,. As the electron

temperature increases the electron cooling rate decreases due to collisional excitation of the
nitrogen molecule vibrational states. We model the inelastic electron cooling rate as

Uz, =(2/3)(2m/M 4)v,, where M is the effective molecular mass [18] and v, is the
electron collision frequency.

Electron Heating

The collisional electron heating term <J-E> in Eq. (5) is obtained by representing the
laser field and electron current density by E = E_(z,t)exp(i ¥(z,t))€, /2 + c.c. and
J=1J,(z,t)exp(i¥(z,1))€, /2 + c.c., respectively, where ¥ = w(z/c-t),
J,(z,) =ig* N (z,t)(E,(z,t)Im) (@ + iv,(2,1)), E,[V/cm] = 27.417*[W/cm?] is the laser
field amplitude, 1, = c|E0|2/87z is the intensity, o is the laser frequency, v, is the electron
collision frequency, €, is a unit polarization vector along the x - axis and c.c. denotes the
complex conjugate. The electron current density and field are related by
0d/ot+v,J = (o} /47)E, where @, = (47 q*> N, /m)"? is the plasma frequency. The
electron collision frequency is the sum of the electron-neutral and electron-ion contributions,
where v, [sec™] ~ 107" N _[cm?]T ?[eV] and
v [sec™] ~ 10 N, [cm®]T,*?[eV]. The time-average rate of change of electron energy
density is <J~E> = (a)§ I187)E% Iv,, where E = (v, /o) /(1 + v} Iw®)"*E
electric field. In practical units
(J-E)[eV -cm®/sec] = 1.9x107° N [em*1 2 [um] | [W/cm?*]v, [sec1/(1+vi /w®).  (A9)
Typically for lasers @ >> v, while for millimeter waves @ can be comparable to v, .

Ve = Ven +Vei !

is the effective laser

(]
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