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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, 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. © 2014 Author(s). All article content, except where otherwise noted, is

@CrossMark

signatures

licensed under a Creative Commons Attribution 3.0 Unported License.
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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.'?
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 break-
down and spark formation in the vicinity of the radioactive
material.>® In that concept, a THz pulse is focused to a vol-
ume Vy,cq near the radioactive material. In the absence of the
radioactive material, the electron density N, is sufficiently
small so that N, Vfoeqr < 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, N, Vfoeqr > 1, which
will lead to avalanche ionization in the volume Vy,.q 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 con-
cept 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 vicin-
ity of radioactive material. Propagation of high power short
pulse lasers in the atmosphere over extended distances has
been analyzed’ and experimentally characterized.®>'® 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.’
The negative ions produced by the radioactive material have
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an electron affinity resulting in a low ionization potential of
0.46eV and can be photo-detached by laser radiation
(~0.8—1 um). 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.

Il. RADIOACTIVITY DETECTION CONCEPT

In Subsections ITA-IIC, 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.'' In
air, photoelectric absorption dominates at low photon ener-
gies (<25keV) while at high energies (~25keV-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
1 MeV, 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

© Author(s) 2014
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FIG. 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 den-
sity. A probe beam in the presence of a temporally increasing electron den-
sity undergoes a frequency modulation which becomes a spectral signature
of radioactivity.

free path for a given initial energy is somewhat less than that
for a single interaction.

The ionization rate due to background (ambient) radio-
activity is (dN./dt),,, = Qraq- At or near ground level, the
background ionization rate is typically in the range
Qraa ~ 10-30 pairs/(cm®-s). The gamma rays emitted by
radioactive material ionize the surrounding air. In the pres-
ence of radioactive material, the ionization rate (due to only
radiation) can be greatly enhanced by a factor o,,; > 1 and
(dN, /dt),,q = %rad Oraa- Various air chemistry processes
such as attachment and recombination limit the electron den-
sity 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 vV, = M,4qArqq, Where
A,qq 1s the specific activity associated with the material.
For example, for ®°Co, A,y = 1.1 x 10*Ci/g = 4.1 x 10"
disintegration/(g—s), where a Ci (Curie) is 3.7 x 10"
disintegrations/s. In the case of ®’Co, each disintegration
results in two gammas of energy E, . = 1.173MeV and
E, max = 1.332MeV, which have a range in air of ~130m. 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 O,
molecules forming O, ions. In the cascading process, the
electrons lose an amount of energy AE ~ 35eV per collision
in air, which results in both ionization and electronic excita-
tion (~equal amounts of energy lost to each process).'> 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, = (20,/(1 4+ 20,,)) E;max, Where o, = E, na /mc?. For
example, a 1 MeV gamma ray in air generates Compton elec-
trons having a maximum energy of £, = 0.8 MeV and aver-
age energy of (E,) = 0.44MeV. 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 men-
tioned earlier, the above electron ranges corresponds to the
case where an electron is completely stopped in one interac-
tion (collision).

Phys. Plasmas 21, 013103 (2014)
For a small spherical source of radioactivity the steady
state density of emitted gamma rays is

o VradK}r'
" 4mcR?

exp(—=R/L,), (D

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

ON,
8: ~ (0trqq + 1) Qraq + air chemistry and ionization terms,
2)
where
(E) 1
rad =~ C{Oy—¢ NairN Ar- A~
Frad C<O-’ > ! AE Qrad
raaly (Ee) 1 —R/L,
o vty (E) L exp(R/L)

Tan(L, ) AE Qs 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, o,,; = 0. In
Eq. (3) (0y—¢) = (0y—e)cu + (0y—c)pp is the effective average
cross section for electron generation by gammas,
i.e., Compton absorption and photoelectric processes, (L,_.)
= ((a},,e> Na,-,.)71 is the average mean free path for electron
generation by gammas and N, = 2.7 x 10! cm 3 is the air
density (Loschmidt’s number) at STP. The cross section
0,—.(E) is a function of the gamma ray energy and the aver-
age cross-section is given by (0,_.) = [dEf(E) 6,_.(E),
where f(E) is the gamma ray energy distribution function.
Over the range of energies ~0.05—-1 MeV, Compton absorp-
tion dominates and (g, ,)p, ~ 1.4 x 1072*cm?, while for
energies below ~0.05MeV the photoelectric effect domi-
nates with (g,_,)p, increasing from ~1.4 x 107> cm? at
0.05MeV to ~2 x 10722cm? 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 1mg and 10mg of ®°Co and
indicates that the enhanced level is significant for ranges
extending up to several meters. As an example, for
<Eg> =0.5 MCV, M,-ad =10 mg, Vyad = MmdAmd =8.2
x 10" disintegrations/s, x, = 2, R = 50 cm, (L,_,) = 100 m,
and  Q,qq = 20 disintegrations/(cm® —s), the radiation
enhancement factor is o, ~ 2 x 10°, 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 elec-
tron and negative ion density, which are sensitive functions
of air chemistry processes'> and electron heating by the laser
radiation. The source terms for the electrons include
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FIG. 2. Radiation enhancement factor plotted as a function of distance from
the radioactive source for 1 mg and 10mg of Co.

radioactivity, detachment, photo-detachment and photo-
ionization, while the loss terms include various attachment
and recombination processes including aerosols. The expres-
sions for the rate of change of electron density N, and nega-
tive ion density N_ are'*!”

aNf/at = (l + arad)de +S. — L, (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 various source and loss terms are dis-
cussed 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, N, < N_ the steady state electron and nega-
tive ion densities are found to be given by N, ~ (i,N,/n)
\/(1 + Oraa) Qrad/ﬁ+ + (I + raa) Qraa/n~ (B, Nu/n)
\/(1 + O‘rad) Ql‘ad/ﬁJ,»? and N_ = \/(1 + O‘rad) Qrad /ﬁ+,4
where N, is the neutral air density (N, ~ N, for low levels
of ionization), f, ~2 x 107% cm? /s is the recombination
rate, n ~ 10® s~ is the attachment rate, and B, ~ (5-10)
%1071 cm3 /s is the negative ion detachment rate due to col-
lisions with neutrals (see appendix for details). In the absence
of radioactive material (¢,,s = 0) the ambient (background)
electron and negative ion density are N, ~ 107> cm™> and
N_ =3 x 10° em ™3, where 0,4 =20cm > sec™!. At a dis-
tance of 4m from a radioactive source containing 10mg of
80Co, the radioactive enhancement factor is o, = 2.2 x 10*
and the elevated electron and negative ion densities are
N,~ 02cm 2 and N_ &~ 4.7 x 10’ cm 3.

The various source and loss terms in Egs. (4a) and (4b),
in particular, the collisional ionization rate, are functions of
the electron temperature (see Appendix). The electron tem-
perature 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 mglecules. The equations for the electron temperature
T, is!

Phys. Plasmas 21, 013103 (2014)

(3/2) O(N.T.)/0t=(J-E) = (3/2) (Ne/Tco01) (Te = Teo),

(&)

where (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.
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 plasma will vary in space and in time.
The one-dimensional wave equation (9%/9z% — ¢=20%/0¢%)
Az, 1) =c¢ 2a)z(z 1)A(z,t) can be used to determine the
frequency/wavenumber shift. Here, w,(z,1) = (4n¢°N,(z,1)
/m)""?* is the plasma frequency and A(z, t) is the vector poten-
tial associated with the probe. The vector potential can be
expressed in terms of slowly varying amplitude and phase, in
the form A(z,r) = (1/2)B(z,t)expli(koz — wot) +i0(z,1)]
+c.c., where ), is the incident probe frequency and 60(z, 1) is
the phase. The frequency of the probe is wprope(z,1)

=w,—00(z,t)/0t, where the phase 0 satisfies (9/0z
+C’18/8I) (z, ):fwf)( 1)/ (2w,c). The solution is 0(1,7)
—Q2w,c)! "* dn' o (11 T+1'/c) where n=z,

r:t—z/c, and L is the probe beam’s interaction length.
Since the phase 6(n, t) 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 Aw(n,t) =— 96(n,7)/d7. In particular, if the elec-
tron 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

Aoz, 1) = (20,) " (1) — (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 a)i (z,1) = a)iu exp(Viont) g(z), where vy, is the
effective ionization rate and g(z) = 1, 0 <z < L, defines
the axial extent of the plasma region. The frequency modula-
tion on the probe beam is given by @ppe(z,1) = @,
+Aw(z,t), where

A (z,t) = @2, /(20,) exp(Viont) (1 — exp(— vignz/c)). (7)
The maximum fractional frequency shift occurs for z > ¢ /i,
~lcm and is A®pa /@, = (cu;o/Zw(Z)) exp(Viont). The
effective ionization rate can vary widely but is typically
Vign ~ 1011 s71 The frequency modulation on the probe beam

can be substantial and is readily measurable.
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lll. 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 fre-
quency modulation on a probe laser, are calculated both in the
absence (%, = 0) and in the presence of radioactive material
by numerically solving Eqgs. (4)—(6). The radioactive source is
assumed strong enough to produce a radiation enhancement
factor of o,,4y = 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
Dyeak = 160GW/ cm? and pulse duration of Ty, = I ns. In
these examples, the probe beam is taken to be a millimeter
wave source of frequency f,rope = 94 GHz, (Ayrope = 3.2 mm).
The critical electron density, associated with the probe
frequency, Wprope = Wp crir = 5.64 X 104”::,/511 [em™3], is Ne crit
= 10" cm™3. The background radiation is taken to be
Q,aa = 30 disintegrations /(cm’-s).

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
(0aa = 103). The electron density at the end of the ionizing
laser pulse approaches the value of 7,=10'cm ™3, 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
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FIG. 3. Electron density as a function of time, (a) no external radioactivity

(0yaq = 0), (b) in the presence of radioactivity (04,q = 10%). The laser
parameters are, A = 1um, leq = 160 GW/cm2 and T4, = 1nS.
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FIG. 4. Fractional frequency shift Aw/w, [%] versus time in the presence
of radioactive material o,y = 10° at the probe interaction distance of
L = 10cm. The laser parameters are the same as in Fig. 3(b).

material, there is no frequency modulation on the probe.
However, for o,y = 10°, 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 ioniz-
ing 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 mate-
rial, 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 ioniza-
tion process, which greatly increases the electron density. To
detect this change in electron density, a probe beam is

Freq. Modulation [%]

FIG. 5. Fractional frequency shift Aw/w, [%)] versus time and probe interac-
tion distance L in the presence of radioactive material (¢t,0q = 10%). 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 experi-
ments employ a commercial source of alpha particles to sim-
ulate the nuclear material. Note that in an actual detection
device, gammas not alphas would provide the initial negative
jons. The nuclear material is 2'°Po, producing 5MeV 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 5MeV alphas have a short
range (~3.5cm) in air. The commercial source produces
20mCi of radioactivity from 2'°Po inside an open metallic
tube. Each 5MeV alpha will generate ~1.4 x 10° 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 experi-
ments is a Nd:YAG, 5GW, 100 ps laser. The diagnostics
include visible and extreme ultraviolet spectrometers, inter-
ferometers for measuring electron density profiles, micro-
wave and ultrafast pulse diagnostics. The probe beam used
in these experiments is a 30 GHz, circularly polarized contin-
uous wave microwave source. Focusing the laser radiation
near the 2'°Po source photo-detaches the negative ions and
initiates an avalanche ionization process. The temporal rise
in electron density produces a detectable frequency modula-
tion 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 radioac-
tive material. A more rigorous analysis requires a more
detailed model of the air chemistry processes.
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APPENDIX: AIR CHEMISTRY AND IONIZATION RATES

1. Electron and ion density dynamics

The rate of change of electron density N, and the nega-
tive ion density N_, Egs. (4a) and (4b), are given by
aNe/at = O(raerad + Se - Ley (Al)

ON_/or=S_—L_, (A2)

and the source and loss terms are given by

Phys. Plasmas 21, 013103 (2014)

Se = VeottNe + VopN— + B_N_N, + B,N,N_, (A3)
Lo = BN.N, + N, + Bs.NaN,, (A4)
S_ =N, (A5)

L. =p ,N.N_+BNN_+v,,N_+ _N_N,
+ Bo_NaN_, (A6)

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,
Ny is the density of aerosols, v, is the collisional ioniza-
tion rate, v,y is the photo-detachment rate, f, ~ 3
%1078 cm?® s7! is the electron-ion dissociative recombination
rate, f, = (5-10) x 107 cm’?s™" is the negative ion
detachment rate due to collisions with neutrals, 7 ~ 10851
is the electron attachment rate, f, ~ 2 x 10~ cm3 s~ ! is the
negative ion recombination rate, fj,_ is the aerosol-ion
attachment rate and f,, is the aerosol-electron attachment
rate, V., is the collisional ionization rate, and f5_ is the neg-
ative ion detachment rate due to collisions with electrons.
The various attachment and recombination rates are compli-
cated functions of the system parameters, in particular the
electron temperature. In our model, we approximate the vari-
ous attachment and recombination rates as constants given
by the above values. For example the negative ion detach-
ment rate due to collisions with neutrals is estimated as
B, = ovo, exp(—Usqs/T) where o (~ 1071 cm?) is the elas-
tic collision cross-section, vo- is the O, thermal speed and
Ugyr (0.46 V) is the electron affinity.

2. Photo-detachment of O;

The electron affinity of O, is 0.46eV and therefore can
undergo single-photon photo-detachment with laser radiation
of wavelength A = 1 um (1.24eV) or 2 = 0.8 um (1.55¢V).
The photo-detachment rate is vy = GopCNpn = Gopdo /i,
where ¢N,, =1, /ho is the incident photon flux, I, is the laser
intensity and o, is the photo-detachment cross section. The
experimental value for the single-photon photo-detachment
cross section of 05 is G, (4 = 1 um) ~ 4.5 x 107" cm? and
Gop(2 = 0.8 um) = 7.5 x 107 cm?.'® The single-photon
photo-detachment rate for O is therefore

23, i=1lum

3, 2=0.8um. (A7)

e = 1 Wjen) {

For the parameters considered here, multiphoton ionization
of air can be neglected since the ionization potential for
clean air (0,) is ~12 eV and requires ~8-10 photons.

3. Collisional (avalanche) ionization of air

The collisional ionization rate is given by v..; = Ny
fvolo dva.on(v) vf.(v), where g,y is the collisional ionization
cross section and f,(v) is the electron distribution function is
taken to be a Maxwellian, with jdv f. = 1. The cross section
can be approximated near the threshold by o,y ~ C (¢ — U))
where & = mv? /2 is the electron energy, U is the ionization
energy, v; = (2U;/m)"/?, and C is a constant associated with
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the molecule. The collisional ionization rate in air can be
written in the form Veo; = Veo(N2) 4 veon(O2) where the
ionization rates of N> and O, have the form

Veon(X) = vx (To/Ux)** (Ux /T, + 2) exp(—Uyx /T.), (A8)

with Uy, = 15.6 eV, Uy, = 12.1 eV and, at STP, vy, = 7.6
x10'"'s ! and Vo, = 10 g1 18

4. 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 elec-
tron cooling rate increases due to collisional excitation of the
nitrogen molecule vibrational states. We model the inelastic
electron cooling rate as 1/Tcp = (2/3)(2m/Meﬂ)eff Ve,
where M, is the effective molecular mass and the electron
collision frequency v, is the sum of the electron-neutral and
electron-ion contributions, v, = v, + Vi, With Ven [s’l]
~107"N, [em3]T!?[eV] and v,[s~'] ~ 10> N, [cm 73]
T.3/?[eV]. In the computations the effective molecular mass
M.y is taken to be 200 in order to obtain the correct break-
down field for ionization with 10.6 um and 1.06 um lasers.
For the parameters of interest here the plasma is weakly ion-
ized and electron-ion collisions are negligible compared to
electron-neutral collisions.

5. 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,7)) €,/2+c.c. and J =J,(z,1)
exp(i'¥(z,t))e,/2+c.c., respectively, where ¥ =w(z/c —1),
Jo(z,t) = ig* No(z, 1) (Eo(z,2) /m) /(0 + i ve(z, 1)), E,[V/cm]
—27.41)/2|W /em?] is the laser field amplitude, I, = ¢ |E,|* /87
is the intensity,  is the laser frequency, €, is a unit polarization
vector along the x- axis, and c.c. denotes the complex conju-
gate. The electron current density and field are related by
oJ/ot+v.J =(w 2/47‘5)E where @, = (47¢*N, /m)l/2 is the
plasma frequency. The time-average rate of change of electron
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energy density is ({ -2E> = (/81 EXy [ve, where Eop =
(ve/w)] (1412 /0?)?E, is the effective laser electric field.
In practical units

(J - E) [eV-cm™3/s] =1.9 x 1073 N,[em ™3] 2*[uum]
x I,[W/em?| v, [s7']/(1 + 12 /?).
(A9)

Typically, for lasers, @ > v, while for millimeter waves @
can be comparable to v,.
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