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Abstract

We determine the Compton effect from the Volkov solution of the Dirac equation
for a process in medium with the index of refraction n. Volkov solution involves the
mass shift, or, the mass renormalization of an electron. We determine the modified
Compton formula for the considered physical situation. The index of refraction
causes that the wave lengths of the scattered photons are shorter for some angles
than the wave lengths of the original photons. This is anomalous Compton effect.
Since the wave length shift for the visible light is only 0,01 percent, it means that
the Compton effect for the visible light in the dielectric medium can be performed
by the well educated experimenters.
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1 Introduction

The process of the photon scattering on electron is called the Compton process after
Arthur Compton who made the first measurement of photon-electron scattering in 1922.
He used the monochromatic X-rays for the determination of their scattering on the free
electrons in a block of graphite. He observed that the scattered beam consisted of X-
rays is of the longer wavelengths in addition to the original beam. This was explained
successfully by applying the laws of conservation of energy and momentum in the collision
between X-ray photon and free electron inside graphite block. Compton was awarded in

1927 Nobel Prize in Physics for his discovery.

He derived the equation
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mc
where )\ is wavelength of the scattered X-ray and 6 is the angle between the incident and
scattered X-ray. The scattering was considered in the laboratory frame where electron
was at rest. The considered process was so called one photon process with the symbolic
equation

vy+e—v+e. (2)

At present time with the high power lasers there is possible to realize so called the
multiphoton scattering according to equation:

Ny+e—vy+e, (3)

or,

Nvy+e— My +e, (4)

where N and M are numbers of photons participating in the scattering.

The equation (3) is the symbolic expression of the two different physical processes.
One process is the nonlinear Compton effect in which several photons are absorbed at a
single point, but only single high-energy photon is emitted. The second process is the
interaction where electron scatters twice or more as it traverses the laser focus. Similar
interpretation is valid for equation (4).

In our article, the attention is concentrated to the situation where the Compton process
is considered in dielectric medium with index of refraction n. The index of refraction
is generated microscopically by the system of bound electrons and this system forms
a medium called dielectric which enables transmitting of electromagnetic waves in this
medium. There are also free electrons in this medium. The scattering of photons of the
medium on free electrons in this medium then can occur. At present time, the beam of
photons can be realized by lasers which play prestige role in all physical laboratories.

Our aim is to determine the Compton process in the dielectric medium as a result
of the Volkov solution of the Dirac equation. The Volkov solution involves not only the
one-photon scattering but also the multiphoton scattering of photons on electron. In time
of Compton experiment in 1922, the Volkov solution was not known, because the Dirac
equation was published in 1928 and the Volkov solution in 1935 (Volkov, 1935).

To be pedagogically clear, we remember in the next section some known ideas
concerning the Volkov solution of the Dirac equation.

2 Volkov solution of the Dirac equation in vacuum

Let us remember the derivation of the Volkov solution of the Dirac equation in vacuum.
We use here the method of derivation and metric convention by Berestetzkii et al. (1989):

(v(p — eA) —m)y =0, (5)

where



At = A(p); o = k. (6)
We suppose that the four-potential satisfies the Lorentz gauge condition
0u A" =k (A") = (kuA") =0, (7)
where the prime denotes derivation with regard to ¢. From the last equation follows
kA = const =0, (8)
because we can put the constant to zero. The tensor of electromagnetic field is
Fu =k, A, — kA, (9)

Instead of the linear Dirac equation (5), we consider the quadratical equation, which
we get by multiplication of the linear equation by operator (y(p —eA) +m), (Berestetzkii
et al., 1989). We get:

(p—eA)? —m? — %er,a‘“’ = 0. (10)

Using 0,(A*¢) = A9, which follows from eq. (7), and 9,0" = 9* = —p?, with
pu = 1(0/0x") = i0,, we get the quadratical Dirac equation for the four potential of the
plane wave:

[—0% — 2i(AD) + e*A* — m? — ie(vk)(vA")] = 0. (11)

We are looking for the solution of the last equation in the form:

v =e"TF(p). (12)
After insertion of this relation into (11), we get with (k? = 0)
MF=Fk'F, 0,0'F=kKF'=0, (13)
the following equation for F'(¢p)
2i(kp)F' + [—2e(pA) + 2 A% — ie(vk)(vA")|F = 0. (14)

The integral of the last equation is of the form:

Fooe {_i /- r(%) ~ 30 AZ] o 6('2'2223A>} v (15)

where u/+/2pg is the arbitrary constant bispinor.
Al powers of (vk)(yA) above the first are equal to zero, since

(k) (YA) (V) (vA) = —(vk) (7k) (YA) (VA) + 2(kA) (vk) (vA) = —k*A* = 0. (16)

Then we can write:
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So, the solution is of the form:

o= R [1+ z,jpwk)(vA)] e (18)

where u is an electron bispinor of the corresponding Dirac equation

(yp —m)u =0, (19)
with the normalization condition wu = 2m

The mathematical object S is the classical Hamilton-Jacobi function, which was
determined in the form:

kx ¢ e
S=-pr— | [A—AQ]d. 20
pe= [ oo o) - G2 (20)
The current density is
ju = @Zp’yulbpv (21)
where ), is defined as the transposition of (18), or,
_ u e .
= 1+ ——(yA)(vk) | e7™. 22
o= = [14 55, 14000) @)
After insertion of 1, and 1/_)13 into the current density, we have:
: 1 e(pAd) e*A?
gt =— p“—eA“+k”< — . 23
Po { (kp)  2(kp) 29)

which is in agreement with formula in the Meyer article (Meyer, 1971).
If A¥(yp) are periodic functions, and their time-average value is zero, then the mean
value of the current density is

2
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3 Volkov solution of the Dirac equation for plane
wave in a dielectric medium

The mathematical approach to the situation where we consider plane wave solution in a
medium is the same, only with the difference that the Lorentz condition must be replaced
by the following one (Schwinger et al., 1976):

O A = kA’ = (jie — 1)(nd)(nA) = (= — 1)(nk) (nA) (25)

with the specification n* = (1,0) as the unit time-like vector in the rest frame of the
medium (Schwinger et al., 1976).



For periodic potential A* we then get from equation (25) instead of kA = 0 the
following equation:

kA = (pe — 1)(nk)(nA). (26)
Then, we get instead of equation (14) the following equation for function F(y):

2i(kp)F' + [—2e(pA) + e A% —ie(vk)(vA") —ie(ue — 1)(nk)(nA)|F =0.  (27)

The solution of the last equation is the solution of the linear equation of the form
y' 4+ Py = 0 and it means it is of the form y = Cexp(— [ Pdz), where C is some constant.
So, we can write the solution as follows:

R P L B N T c(k)yA) , e | wu
F‘exp{ J [<kp><p“‘> ) |t 20 T 20w }m 28)

where

a = (pe = 1)(nk)(nA) (29)

The wave function ¢ is then the modified wave function (18), which we can write in
te form

o= 143 (505) CarOBGEA)] e (30)

where

= o) e ~ DR (1A), (31)

and where we used in the last formula the following relation

(VR (A" = (22)" (vk) (v A)- (32)

So, we see that the influence of the medium on the Volkov solution is involved in
exp(T"), where T is given by equation (31) and in the new term which involves sum of the
infinite number of coefficients.

4 Compton emission of photons by electron

Now, let us consider electromagnetic monochromatic plane wave which is polarized in
circle. We write the four-potential in the form:

A = ay cosp + ay sin p, (33)

where the amplitudes a; are the same and mutually perpendicular, or,

a?=a3=a* aay;=0. (34)



If we use the derived solution (30) of the Dirac equation in a medium, we get very
complicated formalism. To avoid such complications we use the original Volkov approach
and then we introduce index of refraction into definition of a photon in a medium. Such
approach was used in the similar form by Schwinger et al. (Schwinger et al., 1976) in case
of the description of the Cerenkov radiation with massless photons and by author (Pardy,
1994) in case of the Cerenkov effect with radiative corrections and of the Cerenkov effect
with massive photons (Pardy, 2002). We hope, that this simple method can be used also
in case of the application of the Volkov solution for photons in medium.

Volkov solution for the standard vacuum situation is of the form:

B e . u(p)
Yp = {1 + (2(/%9)) [(vk)(var) cos @ + (vk)(vaz) sin w]} Vo
—ie(alp) sin ie(a2p> COS Y — 1qx
exp{ () ¥ + (hp) <059 1 } (35)
where
2 @ (36)

¢ =p—e
2(kp)

because it follows from eq. (24).
We know that the matrix element M corresponding to the emission of photon by
electron in the electromagnetic field is as follows (Berestetzkii et al., 1989):

ik'x

Spi = —ie® [ &'ty (v Yy, (37)

2w’
where 1, is the wave function of an electron before interaction with the laser pulse and v,
is the wave function of electron after emission of photon with components & = (w', k).
The quantity e is the four polarization vector of emitted photon.
Then, we get the following linear combination in the matrix element:

671'&1 sin p+ia cos (38)
e—ioq sin p+iag cos cos (39>
e—ial sin p-+ia cos @ sin ©. (4())
where
a1p CLQPI
_ (ap 41
(651 e ( k‘p kp/ ) ) ( )
and

/
(12:(3(@2])—@2]9,)_ (42)



Now, we can expand exponential function into the Fourier transformation where the
coefficients of the expansion will be By, By, Bas. So we write:

9]
P . . I .
el sin p+iagcosp _ e i4/af+as sin(p—po) _ Z Bse isp (43)
s=—00
. . . . 2 2 . 0 .
e taisin p+iag cos cos @ = e /aj+az sin(p—po) cos @ = Z Blse—zsgo (44)
$=—00
. . . 2 2 0 .
et sin p+iag cos ¢ sin © = e~ /ai+az sin(p—po) sin o= Z BQSG_ZSW. (45)
s=—00

The Coefficients By, Bis, Bas can be expressed by means of the Bessel function as
follows (Berestetzkii et al., 1989):

B, = J,(z)e"#0 (46)
1 . ,
B = 3 [Jsﬂ(z)el(sﬂ)soo + JS_1(2)62(8_1)¢0:| (47)
1 : (o
By, = - [Jena(:)e0090 — () 0%0] (48)

where the quantity z is defined in (Berestetzkii et al., 1989) through o components as
follows:

z=1/a} + o} (49)

and

oS Py = %; sin g = % (50)

Functions By, By, Bas are related one to another as follows:

OélBls —I— OéQBQS = SBS, (51)
which follows from the well known relation for Bessel functions:

2s

Jsfl(Z) + J3+1(2) = ?JS(Z) (52)

The matrix element (37) can be written in the form (Berestetzkii et al., 1989):

1 s . / /
Spi = S M @) is W (sk + g — ¢ — k), (53)

\/2w'2q02q) s

where the §-function involves the law of conservation in the form

sk+q=q +F, (54)

where, respecting eq. (24)
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Using the last equation we can introduce the so called ”effective mass” of electron
immersed in the periodic wave potential as follows:

2
F=m% m,=m (1 — 6A2> (56)

Formula (56) represents the mass renormalization of an electron mass in the field A.
In other words the mass renormalization is defined by the equation

Mphys = Mbare +dom (57)

where om follows from eq. (56). The quantity mpnys is the physical mass that an
experimenter would measure if the particle were subject to Newton’s law F = myysa. In
case of the periodic field of laser, the quantity m has the finite value. The renormalization
is not introduced here ” by hands ” but it follows immediately from the formulation of the
problem of electron in the wave field. We know the general opinion that renormalization
is unavoidable in the quantum field theory ('t Hooft, 200), (Veltman, 2000). On the other
hand Schwinger source theory works without renormalization at all (Dittrich, 1978).
We can write

¢ =q%=m*1+&) =m?, (58)

where for plane wave (35) with relations (36)

¢ = V=d (59)

m
According to (Berestetzkii et al., 1989) the matrix element in (53) is of the form:

s — (! / 2,2 k}@I k
M) = —eviara(p) { <(’Ye )—¢€a 2((kp)) ((/ZP’))> b

¢ <<val><wk><we'> (ve’)(’ykﬂval)) Bit

2(kp/) 2(kp)
(vag)(Vk)(ve') | (ve')(vk)(yaz)
‘ ( W) T 20k) ) BZS} u(r) (60)

It is possible to show, that the total probability of the emission of photons from unit
volume in unit time is (Berestetzkii et al., 1989):

e?m? & du
W= 4qq ;/(1—1—@2 x
{cze e (24 15, ) (2a@) + 240 - 202000 | (o1

where
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Variables a2 are to be expressed in terms of variables v and uy from the equation
(62).
When ¢ < 1 (the condition for perturbation theory to be valid), the integrand (61)
can be expanded in powers of £. For the first term of the sum Wy, we get

e*m? , [u u? u u
2 4% (1= du=
4p0(S /0 [ +1+u U1< U1)] !

e*m? 4 8 1 8 1
-2 _°)ma S R S 63
i ¢ [( w U?) nirm g ] )

le

with

__ 2(kp)

1~ .
m2

(64)

It is possible to determine the second and the next harmonics as an analogy with the
Berestetzkii approach, however the aim of this article was only to illustrate the influence
of the dielectric medium on the Compton effect.

Let us consider the equation (54) in the form:

sk+q—kK =¢. (65)

The equation (65) has physical meaning for s = 1,2, ...n, n being positive integer. For
s = 1 it has meaning of the conservation of energy momentum of the one-photon Compton
process, s = 2 has meaning of the two-photon Compton process and s = n has meaning
of the multiphoton interaction with n photons of laser beam with an electron. The
multiphoton interaction is nonlinear and differs from the situation where electron scatters
twice or more as it traverses the laser focus. It also means that the original Einstein
photoelectric equation can be replaced by the more general multiphoton photoelectric
equation in the form:

1
nhw = imv2 + E;, (66)

where F; is the binding energy of the outermost electron in the atomic system . It means
(Delone et al., 2000) that the ionization effect occurs also in the case that hw < E; in
case that number of participating photons is n > E;/hw. We will not solve furthermore
this specific problem.

We introduce the scattering angle 6 between k and k’. In other words, The scattering
angle 0 is measured with respect to the incident photon direction. Then, with |k| = nw
and |kK'| = nw’, where n is index of refraction of the dielectric, we get from the squared
equation (65) in the rest system of electron, where ¢ = (m.,0), the following equation:

1 1 s

s o= m*(l —n*cos?), (67)

which is modification of the original equation for the Compton process



(j/—i:;b(l—cose). (68)

So, we see that Compton effect described by the Volkov solution of the Dirac equation

differs from the original Compton formula only by the existence of the renormalized mass
and the presentation of index of refraction.

We know that the last formula of the original Compton effect can be written in the

form suitable for the experimental verification, namely:

h . 56
AN = 47r% sin” o, (69)
which was used by Compton for the verification of the quantum nature of light (Rohlf,
1994).
If we consider the Compton process in dielectric, then the last formula goes to the

following form:

h
AN = 27— (1 — n®cos®). 70
7TmC< n-cosf) (70)

It is evident that relation A’ — A > 0 follows from eq. (1). However, if we put

1—n%cosf <0 (71),

or, equivalently

1
3 < cosf <1, (72)

then, we see that for some angles determined by eq. (72) the relation X' — A\ < 0 follows.
This surprising result is the anomalous Compton effect which is caused by the index of
refraction of the medium. To our knowledge, it was not published in the optical or particle
journals.

The equation sk + ¢ = ¢’ + k" is the symbolic expression of the nonlinear Compton
effect in which several photons are absorbed at a single point, but only single high-energy
photon is emitted. The second process where electron scatters twice or more as it traverses
the laser focus is not considered here. The nonlinear Compton process was experimentally
confirmed for instance by Bulla et al. (Bulla et al., 1996).

The formula (67) can be also expressed in terms of A as follows:

2
sN — A= 7rs<1 —n?cos0) (73)

Y=

where we have put h = ¢ = 1.
Formula (73) can be use for the verification of the Compton effect in a dielectric
medium and on the other hand the index refraction follows from it in the following form:
9 1 My

n= 1-— 27rs(s/\ - A)|. (74)

It means, if we know the 6, \, X', s, m,, we are able to determine index of refraction
of some dielectric medium from the Compton effect. To our knowledge, this method was
not published in the optical journals.
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5 Discussion

We have considered the Compton effect in the framework of the Volkov solution of the
Dirac equation assuming that the process occurred in medium with the index of refraction
n. We have determined the Compton formula for such physical situation, and we have got
the formula from which we can determine the index of refraction of a dielectric medium.
While the Compton was awarded in 1927 Nobel Prize in Physics, it is not excluded, the
Compton effect in dielectric medium is in the state of preparation.

The index of refraction which is substantial in the considered process, is effective
quantity which was introduced into physics from experiment. Following Lorentz, the
contributions of large numbers of atoms can be averaged to represent the behavior of an
isotropic dielectric medium with the index of refraction n. We know that the introducing
the index of refraction as a constant physical quantity is inadequate, because it fails to
account for the decomposition of white light in prism. In other words index of refraction
depends on frequency. We can understand it only by learning more about the optical
properties of matter. We know that the electric composition of matter is, that every
atom of matter consists of positive nucleus and negative electrons. After application of
the electric field, the polarization of the system occurs (Sommerfeld, 1954).

The electron charge is separated from the ion charge after application of electric
field. The phenomenon is called polarization. In other words polarization means that
the electric field displaces the electrons from their rest position. In the elementary theory
of polarization it is supposed that electrons are bound elastically to their rest position. So,
their motion can be described by the equation for harmonic oscillator with frequency wq in
the most simple case. Using some elementary physics and mathematics of the dispersion
theory, we can derive the known formula for the index of refraction of matter.

Ne

2
nm =1+ 22
meg Wi — w

(75)

where N is the number of dispersion electrons per unit volume, &y is the dielectric constant
of matter.

Let us remark that the above definition of the index of refraction is the classical one.
On the other hand, there is the quantum theory of the dispersion and of the index of
refraction. It is described in many textbooks of quantum mechanics and quantum optics.
The modern aspects can be found in the article of Crenshaw (1989).

It is substantial of our approach that electromagnetic wave is transmitted by the bound
electrons and not by the free electrons. In such a way the process can exist in matter
where the electromagnetic wave is diffracted by existing free electrons. And this is the
Compton effect.

In particle physics, we know the processes at the finite temperature where the medium
is usually formed by the electron-positron pairs and photon gas at finite temperature
(Ternov et al., 1986). Formulation and solution of the Compton process at finite
temperature is, of course, possible, however we solve the problem Compton process in
dielectric medium. We have proved that this problem is physically meaningful, because
of the existence electromagnetic waves in medium and free electrons in medium. Free
electrons in medium contribute also at the index of refraction, however this contribution
is considered here as very small.
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The interesting result of our article is the derivation that for some scattering angles
given by eq. (73) there exist the so called anomalous Compton effect, where the wave
lengths of scattered photons are shorter than the wave lengths of the original photons.
To our knowledge this effect was not published in the physical journals.

The present article is continuation of the author discussion on laser problems (Pardy,
1998; Pardy, 2001; Pardy, 2003; Pardy, 2004), where the discussion of the Compton
process in the model of the laser acceleration was considered.

It is obvious that the Compton scattering is, at the present time, the elementary
laboratory problem because for the monochromatic X-rays for A = 14 the shift of wave
length is several percent. This is quantity which can be easily measured. On the other
hand the Compton wave length shift for the visible light is only 0,01 percent. It means
that the measurement of the Compton effect for the visible light in the dielectric medium
involves some obstacles and it means that this problem can be solved only by the well
educated experimenters.
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