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Collision frequency shift of a short electromagnetic pulse

M.V. Chegotov

Abstract. The frequency shift of a short electromagnetic
pulse interaction with a plasma-like medium is discovered and
studied. The shift is caused by elastic collisions of free
electrons with ions or neutral particles.
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1. Introduction

The interaction of ultrashort electromagnetic pulses (EMPs)
at different frequencies with matter is the object of extensive
studies (already performed or planned). This interaction is
nonstationary due to the short pulse duration. The studies
of the emission spectrum of the matter in the case of such
interaction is of great interest both from the fundamental
point of view and for possible applications (see, for
example, Ref. [1]). It has been shown in Refs [2—4] devoted
to the study of the emission spectrum induced by collision
processes in a plasma that EMP harmonics can be
efficiently generated in a sufficiently dense plasma due to
electron—ion collisions.

In this paper, the frequency shift of an EMP caused by
collision processes is studied. The study is based on the
three-dimensional approach [5, 6], which allows one to
determine the frequency shift of the EMP during nonsta-
tionary processes proceeding upon the interaction of the
EMP with matter. An attractive feature of this approach is
that it determines the emission spectrum emerging from
matter in the wave zone with respect to the interaction
region. It is shown that nonstationary collisions in the EMP
field cause the frequency shift of the pulse, and the depend-
ence of the frequency shift on the parameters of the EMP
and matter are determined. In the case of a weakly ionised
matter, the EMP spectrum caused by collisions of electrons
with neutral particles shifts to the red, whereas in a stripped
plasma the spectrum shifts to the blue. The dependence of
the EMP frequency shift in the stripped plasma on the EMP
and plasma parameters is found.

The influence of ionisation processes on the EMP
frequency shift was not considered because the EMP inten-
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sity was too low to produce ionisation (see section 3) or a
gas was completely ionised. Note that the ionisation shift of
the EMP and the combined action of stimulated Raman
scattering (SRS) and ionisation were investigated in Ref. [5].

2. Basic relations

We will find the EMP frequency shift using the approach

developed in papers [5, 6]. Let us differentiate two
Maxwell’s equations
4n 1 0E 1 0B
rOtB—7J+za, rotE——EE (1)

n times with respect to ¢. The electric current density J in (1)
is determined self-consistently in terms of the electric field
strength E and the magnetic induction B. By multiplying
scalarwise the obtained equations by 8" E/dt" and 0" B/dt",
respectively, and subtracting the results, we find
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By integrating (2) with respect to ¢ from —oco to 400, we
obtain
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where f|'~"™ = f(t = +00) — f(t = —00). By integrating (3)

over a volume V), with the surface S, we find
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where ds = e ds is the vector element of the surface S with
the external normal e;.

Let us determine the position of the surface S, [a part of
the surface S in (4)] thorough which electromagnetic radia-
tion enters the gas, and also of the surface S,, (S=
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Sin + Sour) through which radiation leaves the gas volume
V. Radiation can also leave the volume V), through the
surface S;,. We assume that surfaces S;, and S, are located
at a sufficiently large distance from the plasma of volume V,
i.e., in the wave zone with respect to the volume 7 and, in
addition, B = H on these surfaces, where H is the magnetic
field strength.

The fields E and H in the wave zone satisfy the relation
E = [H, k], where k = [E, H]/|[E, H]| is the direction of the
energy flux at a fixed point of the surface S (see, for
example, Ref. [7]). By substituting this relation into (4),
we obtain
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or for the spectral energy density per unit surface, /(w,r) =
[¢/(4n?)]|H(w, r)|?, where [7]
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Here, we took into account that the electric current density
J is concentrated in the plasma volume V. Note that
relation (5) is also valid for n = 0:
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d*r. (5)
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which expresses the energy conservation law. We rewrite
equality (6) taking into account the direction of propaga-
tion of radiation through surfaces S, and S,y:
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where
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is the energy of electromagnetic radiation entering the
volume Vj;

Eout = J J Ioui (o, ¥)dwkds,
Soul 0

Eback = J J Iback ((U, r)dcokds
Sback 0

is the radiation energy leaving the volume V' through sur-
faces S,y and Spaek (Spack = Sin» SO that radiation emerges
back with respect to entering electromagnetic radiation),
respectively.

By introducing the 2n power of frequencies averaged
over the corresponding emission spectra
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and the backward reflection coefficient Ry, = &pack /€in» WE
write relation (5) in the form
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Expression (9) determines the 2n power of the frequency
averaged over the spectrum of radiation emerging through
the surface S,,;. For definiteness, we will analyse below the
spectral characteristics of this radiation. Equality (9) was
derived taking relation (7) into account. Expression (9) is
valid for any EMP intensity and an arbitrary irradiation
geometry, and determines the value of <w2">ouL in the wave
zone with respect to a plasma produced upon ionisation,
where, as a rule, the spectrum of emission emerged from the
plasma is detected.

When collisions are taken into account, the fields E and
B are absent for t = +o0, therefore, terms /, entering (9) are
zero for all values of n. For this reason, the shift of the
square of frequency <w2>0u[ averaged over the spectrum of
radiation propagated through matter with respect to the
square of frequency <w2>in = w? averaged over the spec-
trum of the incident pulse, neglecting backward reflection,
has the form

2
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It is assumed that the spectra of radiation incident on
matter and emerging from it are detected in the wave zone
with respect to the volume V. According to the energy
conservation law (7), we obtain &, — ey = &yy-

Taking the short pulse duration into account, we assume
that ions and neutral particles are at rest during the
interaction of the pulse with matter. Therefore, the electric
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current density J entering expressions (11) is the electron
current density. In addition, already at low ionisation
degrees the interaction of matter with electromagnetic
radiation is determined by free electrons [8]. This allows
us to neglect the bound electron current and assume that the
electric current density J is the free-electron current den-
sity Jj.

The free-electron current excited by nonrelativistic
EMPs in an isotropic medium is described by the equation

. 2
G_enep, e p (12)
ot nie ne
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= —men Vv(Ve) = —— jv(Ve), (13)
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where the summation is performed over all ions and neutral
particles; Fy is the volume density of the frictional force
caused by collisions of electrons with ions with charges ¢;
(the collision frequency is v.) and also of electrons with
neutral particles of the type «a (the collision frequency is v.,);
fe, e, m, n,, and v are the electron velocity distribution
function, charge, mass, concentration, and the efficient
frequency of collisions of electrons with heavy particles,
respectively; and ¥, = n, ! | v/f.d’v is the hydrodynamic
velocity of the electron motion. Note that Eqn (12)
describes, in particular, the dynamics of the current of
free electrons produced upon ionisation of a medium by a
short intense EMP [9]. In this case, the electron concen-
tration n, is substantially nonstationary. The exact values of
the frequency shift and broadening of the pulse in the case
of nonstationary ionisation were determined in Refs [5, 6].
We will study the collision effect assuming that n, is
independent of time, bearing in mind that the generalisation
to the case of ionisation produced by the pulse can be
performed within the framework of the general approach
[5, 6] by neglecting the current of bound electrons. By
substituting (12) into (11) and eliminating the derivative
oJ/ot, we find
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where u; = (e/m,) L’x Edt'. The current density j is the
solution of Eqn (12) under the condition j(t = —o0) =0
and has the form

! t t'
j= ene{uE —exp (— J vdz'> J Vi exp (J vdt”) dt'} )
(15)

When the EMP duration 7 exceeds the period of fast
oscillations of the electromagnetic field (twy > 1) and the
collision frequency v is low compared to w,, we can
calculate ¢, and e; using the approximation of slowly
varying amplitudes. In this approximation,

(14)

E= % [Ey exp(—iwg?) + c.c], (16)

where E, is the amplitude slowly varying over the period
21t/wo. Then, with an accuracy to (twg)”' and v/w,, we
obtain from (15)
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By using (16) and (17) and the fact that v = v(u,%) in an
isotropic medium, we can write expressions (14) for e, and
e,, with an accuracy to (twg)”' and v/, in the form
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where the bar means averaging over the electromagnetic
field period 27mt/w,. By substituting (18) into (10), we obtain
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Note that the terms proportional to v in (19) are cancelled.
Taking (16) and (17) into account, we find

(19)
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The value of V7 substantially depends on the EMP
polarisation. By introducing the degree n of circular
polarisation (5 =0 and +1 for linear and circular polari-
sations, respectively [7]), the expression for |VEZ| can be
written in the form

V2| = Vel P(n). Pn)=(1—u>)(1+07)"".  (20)

Therefore, in the case of a circularly polarised pulse, P =0
and the frequency shift of the pulse, within the framework
of approximations made above, is zero.

We will assume below that the velocity distribution of
electrons is Maxwellian, with the temperature 7.

3. Low degree of ionisation

Consider (19) at comparatively low EMP intensities when
the degree of ionisation is low and collisions of electrons
with neutral particles are important (in this case, m1,| VE\2 <
4T,). Then, we obtain from relation (13) determining v the
expression

o (%)m [For(m )
aué 3(21‘5)1/2 T, 0 5T,

X [Z vei (V) + Z vea(u)] exp <— n;e;: )dv, 1)
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which is independent of uy. The form of the function v,(v)
substantially depends on the electronic structure of neutral
particles of the type a. When v is comparatively small, the
frequency v.,(v) can be approximated by the power function
(see, for example, [10]): v, = n,,oava(v/va)ﬁ“, where f, = 0;
n, is the concentration of neutral particles of the type a; and
g, and v, are their characteristic collision cross section and
velocity, respectively. The frequency of electron—ion
collisions is vy = 4me’e’nAmg*v >, where A is the
Coulomb logarithm and n; is the concentration of ions
with charges ¢; [10]. Then,

2 Ba/2
Ao 3 TP (n) Z“ﬁar S4A) (2L
10 SOut a 9\/775 2 meva

+oo 2\2
X Ny0,0, — vC(Te)} J d3rJ dt(w) , (22)
Vv —o0 2Te

4(2m)'/? e2ei2ni/l

SRV e
where I’ is the Euler gamma function. It follows from
relations (22) and (23) that, when the degree of ionisation is
low, the shift A of the squares of frequencies proves to be
negative. Therefore, in the case of a low degree of
ionisation, the spectrum of a pulse propagated through
matter is shifted to the red. As the degree of ionisation
increases, the frequency of electron—ion collisions domi-
nates. As a result, the spectrum of the pulse shifts in the
opposite direction: when the matter is almost fully ionised,
the spectrum of the pulse shifts to the blue.

(23)

4. Stripped plasma

Consider an EMP of arbitrary intensity, lower than the
relativistic intensity for the frequency w,, propagating in
the stripped plasma. The effective frequency of Coulomb
electron—ion collisions for any space—time shape of the
pulse and the Maxwell distribution of electrons can be
obtained from expression (13) determining v (cf. [2—4])

1 2
V(“fr) = VC(Te)%JO Vxexp (— n;e;fE x) dx. (24)
¢

Note that for meup < 2T., expression (24) transfers to the
known limiting expression v = vc(T,) for weak electro-
magnetic field (see, for example, Ref. [11]). By substituting
(24) into (19) and taking (20) into account, we obtain
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where 7;(b) is the modified first-order Bessel function. We
will assume below for definiteness that the EMP is linearly
polarised: n =0, P = 1.

For low EMP intensities, when the inequality ¢ =
Inax/Qen.T,) < 1 is fulfilled (where I, is the EMP peak
intensity and n, = m.wd /(4nez) is the critical electron
density), expression (25) transfers to (22) at n, =0. The
shift 4 of the square of frequency for § < 1 proves to be

linearly dependent on I, because [me|Vg|*/RT.)]* o I
and e,y X Ipax-

We estimate the shift A4 for arbitrary ¢ in the three-
dimensional geometry by assuming that the EMP, neglect-
ing absorption (e¢y < ¢;,), has a Gaussian spatial shape.
Namely, the intensity I = ¢|Ey|*/(8T) = Ipay f(z, ¥, 1) Of
the pulse propagating along the z axis in the plasma is
described in time ¢ and direction r, perpendicular to the z
axis by the Gaussian function

1
flzr, 1) :m
X exp { -2 (1=z/c) -2 i } (26)
72 ré[1+ (z/zR)z}

where zp = worg/(ZC) is the Rayleigh length of the pulse.
Expression (26) describes in the parabolic approximation
the propagation of the EMP taking into account its
diffraction in the direction perpendicular to the z axis,
the pulse radius being minimum and equal to ry at the point
of tightest focusing with the coordinate z =0. By sub-
stituting (26) into (25), taking into account the expression
Eip = (n/2)3/ 2L Tre. We obtain

A =" R\ (T)F,
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By calculating the integral over the volume ¥V in (27), we
assume that this volume is a layer of thickness L (—L/2
< z < L/2). Then, the quantity F proves to be a function
of d and { = L/(2zR):
{
F(5,0) = J ®(0,s)ds,
0

4 (2\'? 523452
<D(6,s)—3(n) ] 1+s2L G(é
where s =z/zp is the normalised spatial coordinate. The
distribution of the function &(d, s) inside a plasma layer for
0 =100 is shown in Fig. 1. The function &(d,s) has a
maximum whose position z.,, depends on & as z,, ~
0.5V/0zg. One can see that the plasma layer can be
comparatively thin [{<zpa/Qzr) = V0] or thick [¢>
Zmax/(2zr)]. The dependence of the shift A4 of the square
of frequency (27) on ¢ proves to be different in these two
cases. Figure 2 shows the function F(9,{) [see (28)] for a
thick plasma layer (for all presented values of §) [curve ()]
and for { =5 [curve (2)].

Note that, according to expressions (28), the vicinity of
the maximum of the function (3, s) [when s~ v/ (see
Fig. 1)] makes the main contribution to the shift 4 (27)
(main contribution to the integral over s). For s ~ /9, the
oscillatory energy meué/Z of an electron in the electro-
magnetic field proves to be of the order of 7. Therefore, the
region of comparatively small energies, where nguz/2 ~ T.,
makes the main contribution to the shift 4 of squares of
frequencies in a thick layer. This is explained by the fact that
the frequency of Coulomb electron —ion collisions is propor-
tional to uz° for large values of up.

(28)

_ 2
22 o)
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@(3,5) | [PeTe(r,t = +00) — nT.(r,t = —c0)|d’r=¢,. (31)
0.5 2)y
04 b From expression (24) for v, we find (cf. Ref. [12])
meuz 3 me|Vi(r, 1))
0.3 H v ZeTeE:Z VC(Te)H<eTJI>, (32)
0.2 where
01 f 2 (¢ .
H(En) =—7| Vxe “[L(P(n)x) — P(n)1i(P(n)x)]dx;
Vel
0 10 20 30 40 50 s Iy(b) is the modified zero-order Bessel function. By
substituting (32) into (30), we obtain
Figure 1. Dependence of the function @(d,s) (28) on s=z/zg for AT t00)
_ r,t = +o0o
3100, Sl =T (),
’ (33)
F(,0) + o) = J+oo H(me| Vi(r, 1)) ’7> dr
9r ] —c0 4TC ’ T '
8 -
7 | For a linearly polarised electromagnetic Gaussian pulse
(n = 0) with the space—time shape (26), ¢ is the function of
or 0, R=r/ry, and s = z/zy:
5 -
4+ q= q(57 8, R)
d o0 5 2R?
5 ‘
2 =2| H{——exp(—2p%-— n=0)dy. (34
1 L <1+s2 p(y 1+s2)” >y()
! ! ! ! ! ! ! The spatial distribution of ¢ for 6 = 100 is shown in Fig. 3.
0 20 40 60 80 100 120 140 6 The maximum value ¢, =~ 1.7 is achieved at the point
r=0, Spax =~ 2.2. The value of ¢, virtually does not
Figure 2. Dependences of the function F(J,{) (28) entering the depend on 9, while s, slowly increases with increasing 6.

expression for the shift of the square of frequency (27) on ¢ for a thick
(for all presented values of ) plasma layer (1) and for { =5 (2).

4.1 Estimate of collision absorption
of electromagnetic energy and electron heating

Expressions (27) and (28) were derived assuming a weak
relative collision absorption of the electromagnetic pulse
(A =ey/en < 1) and a weak relative local change in the
electron temperature due to ohmic heating [AT,(r, =
+00)/T, < 1]. A change in the electron temperature
AT.(r, t = +00) can be estimated from the local equation
(cf. Ref. [12])

0/3

3 (E neTe) = novmau} . (29)

Assuming that AT.(r,t= +00) < T, and n, = const, we
obtain from (29)

2 [ 2 [re—
AT (r,t = 400) = 3 meJ vupde ~ 3 meJ vuzdz. (30)

—0 —00
The latter relation in (30) is obtained by neglecting terms of
the order of (wy7)~!, which are small compared to unity.
Note that Eqn (29) integrated over the time from —oo to
400 and over the plasma volume V' gives, together with (18)

and (7), the energy conservation law

By substituting AT, (r, t = +o0) from (33) into (31), we
find the relative EMP energy absorbed in collisions (absorp-
tion coefficient)

4= § n.T,
2 &in

vC(TC)IJVq(r)d3r.

By using (34), we find for a linearly polarised Gaussian
pulse

s TTTT7777
13 14 1|2 1.0]9:8/0.6/0.4 /
: ] 0.2 /0.1

4 b

qg=1.6
3k

® dmax

2 B /
1F ‘1/’/

.

1 w"f‘/ﬁ 1 1 1 1 1

0 1 2 3 4 5 6 7 R

Figure 3. Spatial distribution of the function ¢(J, R, s) (34) entering the
expression for the relative change in the electron temperature (33) for
0 =100 (R=r/ry, s = z/zR).
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¢

== e(T)a(d,0),  a(,0) = [ ¥(9,5)ds,  (35)

0

I\ oo 672}72
w(5,5) = 96( = k(K (6 ~—— )dy:
0.9 =96(3) | kK (s Ja

K(b) = ¢ "[Iy(b) = 1y (b)].

The distribution of the function ¥(d,s) inside a plasma
layer for 6 = 100 is shown in Fig. 4. The function ¥(J,s)
saturates in the vicinity of the point s, ~ v/0. The depend-
ence of @ on ¢ is shown in Fig. 5 for { =5, smaller than
s = 10. In the interval 10 < 6 < 150, the value of a changes
approximately as 1/ /6, in accordance with the fact that the
frequency of electron—ion collisions is proportional to uz>
for large ug.

Y(0,s)
3.5
3.0
2.5
2.0
1.5
1.0
0.5

0 20 40 60 80 100 s

Figure 4. Dependence of the function ®(J,s) on s = z/zg for é = 100.

0 20 40 60 80 100 120 140 o

Figure 5. Dependence of the function a(d, {) determining the coefficient
of collision absorption of the EMP energy (35) on ¢ for { = 5.

doi> K

<

Let us make some estimates for the EMP and plasma M=9.

parameters that can be easily achieved at present. For the
plasma temperature 7, = 10 eV, the electron density n, =
2.7 x 10" em™3, the layer thickness L = 10z for the EMP
with the wavelength A =0.8 um, ry =20 pm, and /[, =
1.7 x 10" W cm’z, we have the parameter § =~ 100, zg =~

1.6 mm, L ~ 1.6 cm, and the relative shift 4 ~ 0.02. In this m 13.

case, A ~ 0.04 < 1, and for the pulse duration t = 30 fs, the

maximum ratio AT, /T, = 0.06 < 1. The pulse power P, ~
0.11 TW is comparatively low and is much lower than the
critical power P,~ 11 TW required for relativistic self-
focusing [the value of P, in GW was estimated from the
known relation P, ~ 17(n./n.) (see, for example, review
[13]). In addition, the EMP intensity proves to be low for
excitation of SRS. Indeed, by estimating the space-—time
gain g, determining the exponential increase in SRS accord-
ing to [13], we obtain

n e \?
g~ = aowo(—) ~ 0.09,
ne 2¢

where the normalised vector potential of the EMP is
ay ~ 8.6 x 1074112 ~ 0.09 (4 is measured in pm, I, in
W cm?). Therefore, the nonlinear amplification of SRS is
absent at the parameters chosen.

5. Conclusions

The frequency of an EMP propagated through matter is
shifted because the frequency of collisions of electrons with
ions or neutral particles in the EMP field is nonstationary.
The direction of the frequency shift characterises the type of
interaction of electrons with heavy particles. In the case of
the Coulomb electron—ion interaction, the blue shift is
observed, whereas upon collisions of electrons with neutral
particles, the EMP shifts to the red.

The relative frequency shift (27) in a stripped plasma
depends substantially on the gas temperature itself [depen-
dence v(T,) (23)]. In addition, the frequency shift depends
on the relation between the maximum oscillatory energy of
an electron in the electromagnetic field and its thermal
energy o, as well as the plasma layer thickness. From the
point of view of optical measurements, the value 4 ~ 0.02
(see the above estimates) is comparatively large and can be
readily detected in experiments. The shift 4 can be used for
estimating the temperature of the electron component of the
plasma.
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