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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
2 ions. The density of O2 around radioactive material can be several orders of magnitude greater
than background levels. The elevated population of O
2 extends several meters around the
radioactive material. Electrons are easily photo-detached from O
2 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
C 2014 Author(s). All article content, except where otherwise noted, is
radioactive material. V
licensed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.4861633]

I. INTRODUCTION

Radioactive materials emit gamma rays, which ionize
the surrounding air producing free electrons which rapidly
attach to oxygen molecules forming O
2 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 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 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, Ne Vf ocal  1 , which
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.
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 analyzed7 and experimentally characterized.8–10 It is
possible to arrange for the radiation beams to come to a
focus in the vicinity of the radioactive material by making
use of longitudinal compression and transverse focusing.7
The negative ions produced by the radioactive material have
1070-664X/2014/21(1)/013103/6

an electron affinity resulting in a low ionization potential of
0.46 eV and can be photo-detached by laser radiation
(0:8–1 lm). 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. As with
all detection concepts, the effectiveness of our approach
depends on the level of shielding around the radioactive
material. The level of shielding will determine the sensitivity
of our concept. A schematic of the detection concept is
shown in Fig. 1.
II. RADIOACTIVITY DETECTION CONCEPT

In Subsections II A–II C, 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
air, photoelectric absorption dominates at low photon energies (<25 keV) while at high energies (25 keV–3 MeV)
Compton processes dominate. As the gamma ray propagates
in air, it loses energy in a cascading process and its mean
free path Lc decreases. Gamma rays having energies of
1 MeV, 50 keV, 25 keV, or 10 keV, have mean free paths in
air of Lc  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
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For a small spherical source of radioactivity the steady
state density of emitted gamma rays is
Nc ¼

 rad jc
expð R=Lc Þ;
4pcR2

(1)

where R is the distance from the radioactive material, Lc is
the effective range (mean free path) of the gamma rays in
air, which is a function of the gamma ray energy, Ec , and jc
is the number of gammas emitted per disintegration. The rate
of change of electron density is given by
FIG. 1. Schematic of active remote radioactivity detection concept. Laser
radiation photo-detaches electrons from O
2 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.

@Ne
 ðarad þ 1Þ Qrad þ air chemistry and ionization terms;
@t
(2)
where

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 ðdNe =dtÞamb ¼ Qrad . At or near ground level, the
background ionization rate is typically in the range
Qrad  10–30 pairs=ðcm3 –sÞ. 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 arad  1 and
ðdNe =dtÞrad ¼ arad Qrad . Various air chemistry processes
such as attachment and recombination limit the electron density and are discussed later and in the appendix.
The enhancement factor arad can be estimated as
follows. For a radioactive material of mass Mrad , the number
of disintegrations per second is  rad ¼ Mrad Arad , where
Arad is the specific activity associated with the material.
For example, for 60 Co, Arad ¼ 1:1  103 Ci=g ¼ 4:1  1013
disintegration=ðg–sÞ, where a Ci (Curie) is 3.7  1010
disintegrations/s. In the case of 60 Co, each disintegration
results in two gammas of energy Ec;max ¼ 1:173 MeV and
Ec;max ¼ 1:332 MeV, which have a range in air of 130 m. In
air, the high energy gammas generate high energy electrons,
via Compton and photoelectric processes, which undergo a
cascading process to sufficiently low energy to attach to O2
molecules forming O
2 ions. In the cascading process, the
electrons lose an amount of energy DE  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 =DE low energy electrons. In the case of Compton
absorption,
the
maximum
electron
energy
is
Ee ¼ ð2ac =ð1 þ 2ac ÞÞ Ec;max , where ac ¼ Ec;max =mc2 . For
example, a 1 MeV gamma ray in air generates Compton electrons having a maximum energy of Ee ¼ 0:8 MeV and average energy of hEe i ¼ 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
energy of 1, 0.5, or 0.1 MeV has a range in air of 4.6, 3, 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).

arad  chrce iNair Nc


hEe i 1
DE Qrad

 rad jc hEe i 1 expðR=Lc Þ
4phLce i DE Qrad
R2

(3)

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, arad ¼ 0. In
Eq. (3) hrce i ¼ hrce iCA þ hrce iPE is the effective average
cross section for electron generation by gammas,
i.e., Compton absorption and photoelectric processes, hLce i
1
is the average mean free path for electron
¼ hrce i Nair
generation by gammas and Nair ¼ 2:7  1019 cm3 is the air
density (Loschmidt’s number) at STP. The cross section
and the averrce ðEÞ is a function of the gamma ray energy
Ð
age cross-section is given by hrce i ¼ dE f ðEÞ rce ðEÞ,
where f ðEÞ is the gamma ray energy distribution function.
Over the range of energies 0.05–1 MeV, Compton absorption dominates and hrce iCA  1:4  1024 cm2 , while for
energies below 0.05 MeV the photoelectric effect dominates with hrce iPE increasing from 1:4  1024 cm2 at
0.05 MeV to  2  1022 cm2 at 0.01 MeV. In Fig. 2, the
radiation enhancement factor arad is plotted as a function
of the distance from the radioactive source, R. This plot
is for samples containing 1 mg and 10 mg of 60 Co and
indicates that the enhanced level is significant for ranges
extending up to several meters. As an example, for
hEe i ¼ 0:5 MeV, Mrad ¼ 10 mg,  rad ¼ Mrad Arad ¼ 8:2
1011 disintegrations=s, jc ¼ 2, R ¼ 50 cm, hLce i ¼ 100 m,
and Qrad ¼ 20 disintegrations=ðcm3  sÞ, the radiation
enhancement factor is arad  2  106 , which is far above the
background level.
B. Electron and ion 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 processes13 and electron heating by the laser
radiation. The source terms for the electrons include
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ð3=2Þ @ ðNe Te Þ = @ t ¼ hJ Ei  ð3=2ÞðNe =scool Þ ðTe  Teo Þ;
(5)
where hJ Ei is the Ohmic heating rate, scool is the electron
cooling time due to inelastic collisions (see Appendix),
Teo ¼ 0:025 eV is the ambient electron room temperature.
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

FIG. 2. Radiation enhancement factor plotted as a function of distance from
the radioactive source for 1 mg and 10 mg of 60 Co.

radioactivity, detachment, photo-detachment and photoionization, 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 are14–17
@Ne =@t ¼ ð1 þ arad ÞQrad þ Se  Le ;

(4a)

@N =@t ¼ 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 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 (4a).
Since the free electron density is generally much less than
the ion density, Ne  N the steady state electron and negative ion densities are found to be given by Ne  ðbn Nn =gÞ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð1 þ arad Þ Qrad =bþ þ ð1 þ arad Þ Qrad =g  ðbn Nn =gÞ
ﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð1 þ arad Þ Qrad =bþ , and N  ð1 þ arad Þ Qrad =bþ ,4
where Nn is the neutral air density (Nn  Nair for low levels
of ionization), bþ  2  106 cm3 =s is the recombination
rate, g  108 s1 is the attachment rate, and bn  ð5–10Þ
1019 cm3 =s is the negative ion detachment rate due to collisions with neutrals (see appendix for details). In the absence
of radioactive material (arad ¼ 0) the ambient (background)
electron and negative ion density are Ne  103 cm3 and
N  3  103 cm3 , where Qrad ¼ 20 cm3 sec1 . At a distance of 4 m from a radioactive source containing 10 mg of
60
Co, the radioactive enhancement factor is arad ¼ 2:2  104
and the elevated electron and negative ion densities are
Ne  0:2 cm3 and N  4:7  105 cm3 .
The various source and loss terms in Eqs. (4a) and (4b),
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
Te is18

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 plasma will vary in space and in time.
The one-dimensional wave equation ð@ 2 =@z2  c2 @ 2 =@t2 Þ
Aðz; tÞ ¼ c2 x2p ðz; tÞAðz; tÞ can be used to determine the
frequency/wavenumber shift. Here, xp ðz; tÞ ¼ ð4pq2 Ne ðz; tÞ
=mÞ1=2 is the plasma frequency and Aðz; tÞ 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 Aðz; tÞ ¼ ð1=2Þ Bðz; tÞexp½i ðko z  xo tÞ þ i hðz; tÞ
þc:c:, where xo is the incident probe frequency and hðz; tÞ is
the phase. The frequency of the probe is xprobe ðz; tÞ
¼ xo  @hðz; tÞ=@ t, where the phase h satisfies ð@=@ z
þc1 @=@ tÞ hðz;Ð tÞ ¼  x2p ðz; tÞ=ð2xo cÞ. The solution is hðg; sÞ
g L
where
g ¼ z,
¼  ð2 xo cÞ1 0 dg0 x2p ðg0 ; s þ g0 =cÞ
s ¼ t  z=c, and L is the probe beam’s interaction length.
Since the phase hðg; sÞ varies with time, it represents a shift in
the frequency of the probe beam, which is measurable and is
used as a signature of radioactivity. The frequency shift on the
probe is Dxðg; sÞ ¼  @hðg; sÞ=@ s. 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
Dxðz; tÞ ¼ ð2xo Þ1 ðx2p ðtÞ  x2p ðt  z=cÞÞ;

(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 x2p ðz; tÞ ¼ x2po expð ion tÞ gðzÞ, where  ion is the
effective ionization rate and gðzÞ ¼ 1; 0 z
L, defines
the axial extent of the plasma region. The frequency modulation on the probe beam is given by xprobe ðz; tÞ ¼ xo
þDxðz; tÞ, where
Dxðz; tÞ ¼ x2po =ð2xo Þ expð ion tÞ ð1  expð  ion z=cÞÞ: (7)
The maximum fractional frequency shift occurs for z > c = ion
 1 cm and is Dxmax = xo ¼ ðx2po =2x2o Þ expð ion tÞ. The
effective ionization rate can vary widely but is typically
 ion  1011 s1 . The frequency modulation on the probe beam
can be substantial and is readily measurable.
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III. 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 (arad ¼ 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 arad ¼ 103 . 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
Ipeak ¼ 160 GW=cm2 and pulse duration of slaser ¼ 1 ns. In
these examples, the probe beam is taken to be a millimeter
wave source of frequency fprobe ¼ 94 GHz, (kprobe ¼ 3:2 mm).
The critical electron density, associated with the probe
1=2
frequency, xprobe ¼ xp;crit ¼ 5:64  104 ne;crit ½cm3 , is ne;crit
14
3
¼ 10 cm . The background radiation is taken to be
Qrad ¼ 30 disintegrations=ðcm3 –sÞ.
In the absence of radioactivity the ionizing laser intensity
is just below the breakdown level, i.e., the electron density is
low, Fig. 3(a), and there is virtually no frequency modulation
on the probe beam. Figure 3(b) shows the electron density as
a function of time in the presence of radioactive material
(arad ¼ 103 ). The electron density at the end of the ionizing
laser pulse approaches the value of ne ¼1013 cm3 , which is an
order of magnitude less than the critical electron density.
The frequency modulation on the probe millimeter wave
beam is shown in Fig. 4. In the absence of radioactive

FIG. 3. Electron density as a function of time, (a) no external radioactivity
(arad ¼ 0), (b) in the presence of radioactivity (arad ¼ 103 ). The laser
parameters are, k ¼ 1 lm ; Ipeak ¼ 160 GW=cm2 and slaser ¼ 1 ns :

FIG. 4. Fractional frequency shift Dx=xo ½% versus time in the presence
of radioactive material arad ¼ 103 at the probe interaction distance of
L ¼ 10 cm. The laser parameters are the same as in Fig. 3(b).

material, there is no frequency modulation on the probe.
However, for arad ¼ 103 , the fractional frequency modulation
is significant and equal to 5 %, which is readily detectable.
The fractional frequency shift on the probe as a function
of both axial interaction distance L and time is shown in Fig. 5.
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
2 . 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 photodetached 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

FIG. 5. Fractional frequency shift Dx=xo ½% versus time and probe interaction distance L in the presence of radioactive material (arad ¼ 103 ). The
laser parameters are the same as in Fig. 3(a).
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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 210Po, 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 (3:5 cm) in air. The commercial source produces
20 mCi of radioactivity from 210Po inside an open metallic
tube. Each 5 MeV alpha will generate 1:4  105 electrons

which attach to O2 forming O
2 ions. The O2 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, 5 GW, 100 ps 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 210Po 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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Se ¼  coll Ne þ  opt N þ b N Ne þ bn Nn N ;

(A3)

Le ¼ be Nþ Ne þ gNe þ bAe NA Ne ;

(A4)

S ¼ gNe ;

(A5)

L ¼ bþ Nþ N þ bn Nn N þ  opt N þ b N Ne
þ bA NA N ;

(A6)

and the positive ion density is given by Nþ ¼ Ne þ N
(charge neutrality). In air, the negative ion population is
mainly O
2 . In these equations Nn is the neutral air density,
NA is the density of aerosols,  coll is the collisional ionization rate,  opt is the photo-detachment rate, be  3
108 cm3 s1 is the electron-ion dissociative recombination
rate, bn ¼ ð5–10Þ  1019 cm3 s1 is the negative ion
detachment rate due to collisions with neutrals, g  108 s1
is the electron attachment rate, bþ  2  106 cm3 s1 is the
negative ion recombination rate, bA is the aerosol-ion
attachment rate and bAe is the aerosol-electron attachment
rate,  coll is the collisional ionization rate, and b 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 various attachment and recombination rates as constants given
by the above values. For example the negative ion detachment rate due to collisions with neutrals is estimated as
bn ¼ rvO2 expðUaf f =TÞ where r ð 1015 cm2 Þ is the elastic collision cross-section, vO2 is the O
2 thermal speed and
Uaff ð 0:46 eVÞ is the electron affinity.
2. Photo-detachment of O22

The electron affinity of O
2 is 0.46 eV and therefore can
undergo single-photon photo-detachment with laser radiation
of wavelength k ¼ 1 lm ð1:24 eVÞ or k ¼ 0:8 lm ð1:55 eVÞ.
The photo-detachment rate is  opt ¼ ropt cNph ¼ ropt Io =hx,
where cNph ¼ Io =hx is the incident photon flux, Io is the laser
intensity and ropt is the photo-detachment cross section. The
experimental value for the single-photon photo-detachment
19
cm2 and
cross section of O
2 is ropt ðk ¼ 1 lmÞ  4:5  10
19
2 16
The single-photon
ropt ðk ¼ 0:8 lmÞ  7:5  10 cm .
photo-detachment rate for O
is
therefore
2

2:3; k ¼ 1 lm
1
2
 opt ½sec ¼ Io ½W=cm
(A7)
3;
k ¼ 0:8 lm:

APPENDIX: AIR CHEMISTRY AND IONIZATION RATES

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.

1. Electron and ion density dynamics

3. Collisional (avalanche) ionization of air

The rate of change of electron density Ne and the negative ion density N , Eqs. (4a) and (4b), are given by

Ð 1 The collisional ionization rate is given by  coll ¼ Nair
vI dvrcoll ðvÞ v fe ðvÞ, where rcoll is the collisional ionization
cross section and fe ðvÞ is the electron
distribution function is
Ð
taken to be a Maxwellian, with dv fe ¼ 1. The cross section
can be approximated near the threshold by rcoll  C ðe  UI Þ
where e ¼ mv2 =2 is the electron energy, UI is the ionization
energy, vI ¼ ð2UI =mÞ1=2 , and C is a constant associated with

@Ne =@t ¼ arad Qrad þ Se  Le ;

(A1)

@N =@t ¼ S  L ;

(A2)

and the source and loss terms are given by
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the molecule. The collisional ionization rate in air can be
written in the form  coll ¼  coll ðN2 Þ þ  coll ðO2 Þ where the
ionization rates of N2 and O2 have the form
 coll ðXÞ ¼  X ðTe =UX Þ3=2 ðUX =Te þ 2Þ expðUX =Te Þ; (A8)
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energy density is hJ Ei ¼ ðx2p =8pÞE2ef f = e , where Eef f ¼
ð e =xÞ= ð1 þ  2e =x2 Þ1=2 Eo is the effective laser electric field.
In practical units
hJ

 Io ½W=cm2  e ½s1 =ð1 þ  2e =x2 Þ:

with UN2 ¼ 15:6 eV, UO2 ¼ 12:1 eV and, at STP,  N2 ¼ 7:6
1011 s1 , and  O2 ¼ 1011 s1 .18
4. Electron cooling rate

The various inelastic electron cooling processes in air are
complicated and include excitation of vibrational, rotational
and electronic states.19 At low electron energies the dominant
inelastic cooling processes is the excitation of vibrational
states of N2 . As the electron temperature increases, the electron cooling rate increases due to collisional excitation of the
nitrogen molecule vibrational states. We model the inelastic
electron cooling rate as 1=scool ¼ ð2=3Þð2m=Meff Þef f  e ,
where Mef f is the effective molecular mass and the electron
collision frequency  e is the sum of the electron-neutral and
electron-ion contributions,  e ¼  en þ  ei , with  en ½s1
 107 Nn ½cm3 Te1=2 ½eV and  ei ½s1  105 Ne ½cm3
Te3=2 ½eV . In the computations the effective molecular mass
Mef f is taken to be 200 in order to obtain the correct breakdown field for ionization with 10:6 lm and 1:06 lm lasers.
For the parameters of interest here the plasma is weakly ionized and electron-ion collisions are negligible compared to
electron-neutral collisions.
5. Electron heating

The collisional electron heating term hJ Ei in Eq. (5) is
obtained by representing the laser field and electron current
density by E ¼ Eo ðz;tÞexpðiWðz;tÞÞ^e x =2 þ c:c: and J ¼ Jo ðz;tÞ
expðiWðz;tÞÞ^e x =2 þ c:c:, respectively, where W ¼ xðz=c  tÞ,
Jo ðz; tÞ ¼ iq2 Ne ðz; tÞ ðEo ðz; tÞ=mÞ=ð x þ i  e ðz; tÞÞ, Eo ½V=cm
¼ 27:4Io1=2 ½W=cm2 is the laser field amplitude, Io ¼ cjEo j2 =8p
is the intensity, x is the laser frequency, ^e x 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
@ J=@ t þ  e J ¼ ðx2p =4pÞE, where xp ¼ ð4pq2 Ne =mÞ1=2 is the
plasma frequency. The time-average rate of change of electron

Ei ½eV-cm3 =s ¼ 1:9  1013 Ne ½cm3 k2 ½lm
(A9)

Typically, for lasers, x   e while for millimeter waves x
can be comparable to  e .
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