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ABSTRACT

In this paper we try to describe some of the main qualitative features of
the Compton effect within the realm of classical Stochastic Electrodynamics
(SEB). We found findications that the combined action of the incident wave

(frequency W}, the radiation reaction force and the zero point fluctuating

electromagnetic fields of SED, are able to give a ﬁigh average recoil velocity-

N'/(.‘=D(/(\+eﬁ) to the charged particle. Our estimate of the parameter of

gives g ~ %&u)/,qg?'where 217*& is the Planck comstant and pucf;fis the rest
energy of fhe particle. We have verified that this recoil is Jjust that
necessary to explain the frequency shift, observed in the scattered radiation,
as due to a classical double Doppler shift. We have alse calcuiated the
differential cross section for the radiation scattered by the recoiling charge
using classical electromagnetism. We found the same expression as obtained by

Compton in his fundamenta work of 1923.




I) INTROBUCTION -

Certainly the two greatest revolutions in the XX century Physics are
directly connected with the electromagnetic phenomena. One of them, the Theory
of Relativity, generated profound concepiual achievements that contributed to

harmonize MNewton 's mechanics with Maxwell's slectromagnetism. The other

revolution was Quantum- Theory, which-was born .with.the problem of blackbody -

radiation, and, gradually, penetrated the domain of microscopic phenomena.
After three decades of development it has become the most powerful theory

conceived up to now.

However, during this period (and also ‘tater on) several distinct
interpretations of Quantum Theory were proposed attempting to clarify
conceptual problems (1).' Despite: the efforts- of De Broglie, Schrodinger,
Einstein and others, the Copenhagen interpretation of Bohr and Heisenberg has
prevail over other interpretations. With the appearence of the so called
Relativistic Quantum Electrodynamics, with a quite impressive predictive power,
the attempts to -find other theories and interpretations of microscopic
phenomena has almost disappeared. In the same period we have observed an almost
comp1efe absence of attempts to understand microscopic phenomena through

Classical Physics.

Despite the predictive power of Quantum Electrodynamics some important
conceptual problems of this theory remain unsolved, for instance the
renormalization problem and the more delicate questions concerning the

violation of causality in the phenomena invelving the socalled the wave

" function-collapse;-Because-of .this a growing number of physicists are more and -

more finvolved in the debate concerning the interpretation of microscopic:

phenomena (2).

One of the many attempts, developed in order to clarify at léast a few
points of those complicated questions, is the sdca1led Stochastic
Electrodynamics (SED}. This theory is simply Classical Electrodynamics with new
boundary conditions, - that is the -existence .of -fluctuating -electromagnetic
fields in free space even at zero temperature (1'3’4). In -this view, SED is .
an attempt to extend the frontier of Classical Physics up to. the &omain Qf

microscopic "stochastic* phenomena.

This is done by postulating that the zero-poiht electromagnetic field has a
Lorentz invariant spectral distribution f%{tﬂ) which is uniquely given by
(1,3.4) '

B
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(1.1) %(03) =

where 0 is the frequency, ¢ is the velocity of light and Xﬁ is the oniy free
parameter of the theory. This parameter can be identified with b\/iTF where h
is the Planck constant. In this way the theory is able to explain, within an
entirely classical context, many phenomena before considered to belong to the

exciusive domain of Quantum Theory. As examples we have the blackbody
radiation, the wmicroscopic properties of the harmonic oscillator, the
diamagnetic behavior of free and harmonically bound charges, the Casimir forces

between macroscopic objects and palarizable particles and a few other



phenomena(l"a"‘). These achievements of SED and also the historic development

‘of " this theory, are very well presented in many interesting review by

Boyer(a), de. la Peﬁau), Santos(s),f Mﬂonni(e) and others(”. We
address the reader to- these references and also- to the 1963 paper by

Marsha11(8) which is one of the. first in SED.

It we accept. the zero point electromagnetic field as real but random, we

must’ Took for.more..indirect observations of its effects, .because -direct.-

detection is prevented due to isotropy and the Lorentz invariance (9) of the
spectrum(l). However, a formal expression for the zero-point electromagnetic
density, which can be shown to be equivalent to {1.1)}, is gquite suggestive as

we shall see in a while.

Let us consider the electromagnetic energy in an infinitesimal volume
arround an arbitrary point r of free space. This is a rapidly fluctuating
guantity because the electric E(r,t) and magnetic B(r,t) fields are random

functions in SED. The average electromagnetic energy density can be written as
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with all freguencies contributing to the energy present in the infinitesimal

volume because g(uj) is given by (1.1)

If we consider a box with volume V, and write E{r,t) as a superposition of
plane waves with Frequencies&)“-:c,k_, , where k is the wave vector, then it is

not difficult to show that (3+6)
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" is equivalent to (1.2) if %@) is given by (i.1). -

The above expressions (1.2) and (1.3) deserve 4s_9n_1e,_cpmén:_1_:§. Both  are

-divergent if Po@) is extended to the full range of frequencies oOLW oo -

The questions related to this ultraviolet divergence will not be disédss_ed
here. We simply assume-that (1.1} is valid up-to-a very -h-ighl frequency't:hatv we
cannot estimate. On the other hand (1.3) 55 very suggesﬁve. First of all we
see that there is an average energy —h_uJ\K,_ , dassociated to the y}a\res with .
frequency(ﬂm, inside the volume V. If V is the vo]ﬁme. of a ch-arged
particle(lo) and, for some reasons to be’ gxp]a__ined later, _th_e_part'igle_‘_‘m
induced to absorb energy 'fr_om a wave with frequency OJ“(, ___ﬂjom :thé ,tgaqur_-qgnd '
radiation them -an energy ‘V\u)y, and a mementum ’F\,\K- is imparted to the charge.
This resembles very muchk the kinematics used by _Comp{:or'i'(_ll)f" in‘--_iﬁs
corpuscular theory of 1ight proposed in 1923 in order to e.xp1ain. the wavé]éhtjth

shift observed in the scattered radiation.

Having the above observations in mind it is quité easy to explain the
purpose of .our present paper: _we want to see, by using . the simp}_e_;t
calculation, if it is possible to obtain a g_ual1tative-‘description.l of some of

the main features of Compton scattering, within the reaim of classical SED.
In order to reach our goal this paper is presented as follows.

In the next section we give a brief discussion of the historic deve]opm_ent

of the phencmena related to the Compton effect(lz). We start with the first




propositions which appear a few years after the Roentgen (1%5) discovery of X

(12) and end the section with some comments about the

rays
K1ein-Nishina(13)fprmu1a. However the .main purpose of this section is to

review Compton‘s efforts, experimental and theore_'eica], in his attemﬁts to

explain the observed physical pfopertieé of X and%-rays. We stress in this

section the hybrid mature (classical and glantum) of Comptq'n's 1923 p_ape-r'.

"In section. III.we give-our-qualitative description-of -the wavelength- shift
and- also discuss the departure from the Thomson theory observed “in the

scattering radiation cross section. In order to do this we have invoked the

possibility that a resonance, between the X-ray pulse {from the primary beam) -

and thé wave, with the same frequency , from the zero point radiation, can
Geeir. In such a case it is possible to show that the radiation reaction force
15 ‘able to impart a high i‘eboﬂ"ve]dcity' v=¢ [5 to the electron. Within our
qﬁa.Htativé ' caiéulatio'ﬁ “we  were able to show that

(3: d/‘(‘-‘l“dﬂ) i o(zt-!'“-l:)},'wh'ere m is the mass of the charge. This high recoil
velocity generates a wavelength shift by double Doppler effect exactly as was

proposed by Compton in his hybrid 1923 paper.

For completness we. discuss in the appendix the Einstein-Ehrenfest(14'16)
i'nod'é'l, for the equilibrium between matter and cavity radiation at temperature
T,"adapted to the' realn of classical SED.  With simple assumptions and a

nonrelativistic caleulation we derive ‘the kinematics of the Compton effect,

necessary to maintain the equilibrium between radiation and matter. We also try'

to identify the hypothesis (made by Einstein and Ehrenfest) which introduces
the “corpuscular® properties of the random classical electromagnetic fields of

Finally we present in section IV a summary of our conclusions and we also .
comment the conections hetween this work and a related work by Marshall and
santos{17+18) yithin the realm of “Stochastic Optics'. A little discussion

about feature research is also presented.



11. Brief history of the Compton effect

Near the end of the last century, doing experiments with catode rays,
Roentgen (19B5) discovered what he called X-rays(!Z). Their nature was them
discussed for approximately three decades, generating many different
interpretations and theories. The clarification of the subject only started
wfth~the-presentationﬂoﬁ-a corpuscular -theory -of radiation-by-Compton(ll)‘1n
1923. Later an, in 1923 with the work of Klein and Nishina,(13) the phenomena
involving the scattering of radiation by electrons were incorporated into the

recently developed Relativistic Quantum Mechanics.

In what follows we shall give a brief exposition of some of the attempts to
explain the Compton effect as well as the experiments which g'raduaﬂ'y

contributed to the comprehension of the phenomena.

“After his discovery of X rays, Roentgen was not able to observe reflection,
refraction o} polarization of these rays, and therefore made the propositon
that they were longitudinal oscilations of the aether. Two years later, Stokes
and independently Wiechert, put forward a theory based on transverse
electromagnetic pulses. Latter on, in 1903, J.J. Thompson improved this

theory (12) .

W,
In 1905 one piece of experimental evidence was obtained favopfing the
Stokes-Thompson theory, namely the detection of the X-ray polarization by
Bark1a(19’20). At approximately the same time, however, the first controversy

appears. It was noticed that the incidence of X rays on matter (and also the‘ﬁ

rays just discoverad) was followed by the ejection of electrons. This behavior )

_was difficult to explain by the theory of electromagnetic “puises and

Bragg(m'zz) (1907) was compelled  to suggest that tﬁe X-rays were made by

"neutral pairs of particles travelling with some unknown velocity”. A division

of the physicists around the corpuscular and onduiatory theories was again
starting. Very important names such a Planck and Sommerfeld were resisting the
corpuscular interpretation of X-rays, while Stark(23*24) was defénding the
jdentification of X-rays with the energy quanta introduced by Einstein (in

190%) in order to explain the photoelectric effect.

Those discussions §timu1ated many experimental works,- mainly betwean 1908 _ .
and 1914, with very interesting results. Firstly there. was observed _(b_y' doing
experiments with "6 -rays mainly) a deviatilon from the angular distribution
predicted by Thomsen and based on the wave theory of light. The exp_erirrlenté]
observations could not be explained by the simple expression (valid t;o'r'

unpolarized beams or for circular polarization)

2 2.2
(2.1) (%—-fsz)'t\mmsm: (\ '\':’BEB ) 'F%c?)

where@ is the angle between the direction of primary and secondary beams. The
radiation scattered in the direction of the primary beam (9 =0} seems to be
more intense than that scattered in the ‘opossite direction (@ =1T)"and this
fact is not predicted by the expression (2.1} which 1is symmetric in 8=09
and ® -1 . Another observation was that the secondary beam was less’
penetrating than the primary beam. Afterwards it was verified that the
scattered radiation frequency deviates from the ‘frequency of the original beam

and is a function of the scattering angle® .
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In 1912 Laue discovere_d X—fay diffraction which reinforced the
experimental evidence_s.favor_ab]e to thg theory of electromagnetic pulses. Many
physici_sfs were cqnvinced that Maxwéﬂ's eiectromagneti_c theory shou]d be
applied to X-rays.; Tl_ae next step was,' ther_efore, to define more clearly its

behaviour when in interaction with matter.

One of the physicists who initiated careful experiments involving X-rays
was Compton, in 1916, and _he wés a supporter of the classical wave theory
rather than the corpuscular theory. Because of this Compton made many attempts,
based on (lassical Electrodynamics, to explain results apparently strange to
the theory. He conceived, in 1917, a model(ZS) in which the electron was
extended enough so t_hat interference effects should be able to explain the
asymmetry_,in the intensity of the scattered rac_ﬁation. Nevertheless, this
model presented some difficulties, for instance the mass of the extended
electron. According to Campton's calculations the electron must have a radius
like 1/10 of the diameter of hydrogen atom and therefore with an
electromagnetic mass 2000 times 1ess_than that observed experimentally. Later
on he conceived an e1ectrdn.physica1ly more acceptable, that is, with a bigger
mass, by proposing the. \;'i;lg-.eiectmn mode]“z) in 1918. Atr the same time he

was developing and realizing experiments in order to test his theories.

In 1919 Compton travelled to England and there he performed a series of

experiments with"ﬁ -rays. With the results of these experiments he decided to

abandon the ring electron model. Despite the buoyant state of Physics in Europer

at that time, Compton decided to continue his experiments insisting on the

ide_a_s of the theory of el_ectromagns_:tic pulses. So returning to America, he

V2

prepared more - experiments and, 1in 1921, he was sure that the scattered

radiation had a lower frequency than the radiation from the primary beam(lz).

This remarkable fact was difficult to be incorporate in the classical
electromagnetic theory, and lted Compton in the direction of the corpuscu]ﬁr
radiation theory. Initially Compton suggested(%) that the electron absorbs
from the incoming radiation an energy "guantum® with momentum ‘I\'\’/C, which is
able to impart to the electron a velocity v =\M,/ B C where m is the mass of
the particle andy is frecuency of the incident radiation. The electron reemits
the energy during its motion, providing a modification in the wavelengh that
was calculated, up to order v/c, according to the classical Doppler effect. He
was able to obtain, with this reasoning, a value for the wiavelength of the
radiation, scattered to ¥ /2 from the incident beam, which was very close to

the experimental value,

The posture of Compton during these years, of theoretical and experimental.
investigations had twe main characteristics: a great liberty in doing
experiments and theoretical concepts derived from Classical Physics. In his
first modets (spherical electron and ring electron), - he believed that
classical electromagnetism was a good theory to explain the scattering of
radiation by electrons. The deviations observed should be attributed to the
structure of the electron. Gradually, however, he modified his point of view ip
the direction towards the theory of energy quanta (as well as the associated
concepts of energy and momentum). Therefore, he published in 1923 his
fundamental work about the guantum theory of the scattering of X and‘&—rays by
e1ec'trons(11). However, as we shall see below, his theory was hybrid since he

used many classical concepts.
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He assumed as is well known, that a “photon" with frequency \)o (momentum © and in’ the next .sect_/ion we shall .explain in details why this part of the
h\{,/c) collydes with an electron in such a way that energy and momentum are . -calculation is classical as was pointed ou;c veéry soon by Noo(zn in 1925.

conserved as in a.game of bi]h‘ard;. With a simple relativistic caicu]ation he

obtained the wavelength displacement law ) - The result {2.3) was verified to be in goud agreement with the expenmental
‘ data and wheno(—'yo we have 20 and h\)ol me .90, so that -the expresswn
(2.2) ‘9—2’" = M \"'\’o (\ (359) ) - ) reduces to the Thomson cross ;pection as expected.
ﬂ-o 1’0-' m(‘ _ _ .
" where Sis the same as. before and 1.'0 \)O =)a = C. _ e ‘ Independent]y, also in 1923, Bebyetza) published S paper proposing - a
_ ' .theory which had many points in common w‘Ith the Compton ca?cu'latmns. By using -
The existence of i-ecoi'ling electrons helped Compton in his calcuiation of the same considerations as Compton he was able to ca]culate, not vonly the.
the cross section for the scattered radiation. To get this he assumed that the - wavelength shift (expression (2.2)), but also the -ene.rgy of sercondar,y erje_c_trons
recoiling electrons behave as a system that emits guanta in such a way that in : and the relation between the scattering é‘ngfee s of the emitted l"ph::;t_e:_m",_ ‘and '
tﬁe rest frame the intensity is emited according to the Thomson classical the ang1_e\.p of the reccﬁ'li_ng electron. Trﬁs s shown in the figuré below
theory. He was also able to prove that (2.2) is due to a double (classical) 7 . ) ) .

T

Doppler effect #f each electron is moving with a constant velocity af = € @:
' -“‘-"b/mc?‘)/("" 'n,\)o/,q_c?—) in the direction of the incident radiation beam. In

this way, having succeeded by means of two different methods in obtaining the

same result for the wavelength shift, he postulated that the intensity of the

-scattered radiation, obtained by the two methods '(the first one quantum and

second one ciassical) should be the same. With this assumption he was able to

'calcul_ate,' by using the classical method, the angular distribution of “photons"
emited by an electron moving with constant velocity v ~CF) Cal/ (1+o{) where Therr;elation between these angles is given by

x = h B/ c?. The result was

. s z( \_\_mze _\_zd(\_mm_%e\z (2.4) (k+v() Jccm.(%) Jtom.(({’) =
IE)QMF;'%.(ML’*) \ [+ «G-ceso)]>

(2.3)




with Os_e $_‘“‘ Debye therefore concluded that, in the laboratery frame, the
electrons are always scattered in the forward direction.()ﬁgtq Sgﬂg;whi!e'the
“photon* can be scattered in any direcfion, & result that was not so_evident

from Cf.:mp‘ccm1 s work.

In order %o ca]cu]a;e thé Cross séction, Debye modified the Thomson result
by multiplying the cross section by the factor ¥ (B’)/\)D according to the
correspondence principlie, With this he obtained a resutt qualitatively similar
to the Compton case, but with a worse quantitative agreement with the

experimental data.

Immediately, after these works, a series of attempts, by more conservative
physicists, were made traying to incorporate the Compton effect to (lassical
Electrodynamics through semi-classical theories. A11 these attempts started
fro—m the fact, pointed out firstiy by Compton, that the radiation emitted by an
electron which is moving in the direction of the incident beam, suffers double
Doppler effect in such & way that the wavelength change is given by (2.2). As
we said before a good example of such theories is the ca}cmation by Woo
{1925), by means of which it is poessible to.get the cross section (2.3) by
using Classical Electrodynamics (27). In order to do this Woo assumed that
the incident classical wave is scattered by an electron which is moving with
constant velocity c@=g(/&+d)_(here again o -_-,hvo/m“’-) just neccesary to
get (2.2) through Doppler effect. We also mention the work by Breit (1926) in
which he tried to accompiish Compton's theory wutilizing the correspondence

principle but without the concept of the “phaton"(zg).

e

An interesting and controversia1(30) work is due to Bohr, Kramers and
Slater (1921). It was a qualitative work in which the main goal was an attempt
to conciliate two apparently con"cradictory situations, _'tha_t is, how c1a551c_al'
electromagnetic radiation (with.continuous energy variation} can interact with .
a system that can only occupy disAcrete energy levels -(an atom) ,' in such a way
that the conservation of energy is verified. The authof-s reasoning was that
the atom is in interaction with a "virtual" racﬁat_ionfie]d which contains all
the frequencies necessary to make -aH ﬂthe_ possible transitions, and that energy
conservation is valid only statistically. These ideas generated many arguments
that were resolved by the experiments of Bothe and Geiger {1925) concerning thé
electron recoi1(31'32). The predictions about the ejected electrons made by
all semiclassical theories were refuted by these experiments. Ever_‘ything_ )

pointed towards the way proposed by Compton.

At the same time, the efforts of De Broglie and Schridinger generated the
"wave meéhanics" that become popular very guickly due to its symplicity and the
power of its predictions. This motivated Schrodinger (1927} to published a °
paper(aa) {almost unknown) with a different (34) approach to the Compton
effect. He considered that the electrons are characterized by a wave function
which is a solution of a Kiein-Gordon type equation; that is, “quantum®
electrons (latter on it was verified this equation is not quite appropriaie to
describe electrons}. To Schrodinger, however, the radiation was made of
classical electromagnetic fields which are diffracted by "wave matter" pattern
of the incoming and cutgoing electrons. This semi-classical treatment is quite
different from those of Compton and Debye, mainly because Schrddinger did not

mention the concept of the "photon". However he did not calculate the
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scattering cross sections. The only result obtained by him was the wavelength

displacement giQen by (2.2).

Later on, with the propesition of a cdvariant equation for the e1ectron’b&
Dirac, Klein and Nishina (1929) cbtained the famous expression for the cross
section déscribing the scattering of radiation by electrons{i3) Tﬁe
treatment inCiudes effects due to the magnetic dipole of the electron, and the
results are in Qery good agreement with the experimenta1- data. The

Klein-Nishina formula for unpolarized beams §s given by

dfy - L (LA vrwede
(2.5) (E)K'“\' 7’("“1) (\w(\-cese)’-

o2 (1-(e0) _
(14620) [+ A (1-t956) )

Sy

It is interesting to note that the analyses by Klein and Nishina was done
without an explicit guantization of the electromagnetic field. Only Tamm {1930}
realized the calculations within the realm of Quantum E]ectrodynamics(35) for
the first time, that is, 35 years after Roentgen‘s discovery of the mysterious

X -rays.

1%)

III - - QﬁaIitative:description of the Cdmpton :

effect within fhe realm of SED

In the Tlast section we have shown the reasons . why the theory- of-
elecfromagnetic'pulses, proposed by Stokes and Thomson, did not explain the
Compton effect. The theory was not able to explain the w&velehgﬁh disp]acément,-
the.assymeﬁryuobserved,in the radiation -scattering-and -also the recoil of-the -

electrons.

" However, as far as we know, there is no classical treﬁtmént {or éVEn
semiclassical) that takes into account the possible effects generated by the
zeropoint electromagnetic fiuctuations that characterizes SED. As we shall try

to show in what follows, these effects are not negligible but, on the contrary,

have the virtue to describe  semiquantitatively some important aspects of

Compton\s scattering.

We shall initiate our analysis by describing, with a few details, the
interaction between a plane monocromatic (frequency®)) wave and a free charged
particle. It s possible to find exact solutions, neglecting radiaticn
reaction, for the equations of motion even in the relativistic case in which
the magnetic force is not negligible. In Landau and Lifchitz book(36) N for
instance, we find a sophisticated solution to the problem. Here we only give a

brief exposition of the results.

Let us consider that we have a plane wave with circular polarization which

is propagating in the direction of the z axis. The electric field can be
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written as E = Eotﬁcosw (t-z/c ) + a‘senw-(t-z/cﬂ. The stationary solution
is such that the coordinate r , which gives the position of the particle with

charge ¢ and rest mass#h , is given by the simple expression
(B3.0) W= = L@,?_:.[ﬁ ces(wt) + g'sim.@:l-.)-)
R Ca® oo -

2 2

with a* = m 2+ CZ Eozlu),z.

The conc]usmn is that the particle wﬂl undergo a circular motwn (w1th

the same frequencyuk) in the xy plane, that is, perpendicuiar to the directwn

in w_hlch the wave is .propagatmg.. We can verify a1so that the_parhcle does not’

recail since,. initially, it was assumed te be in the origin of coordinate

syst_:em. ’

The fact that we. are considering the case in which the wave has circular
polarization is only to simplify the calculation and there is no loss of
generality. If the polarization is linear, for instance, the periodic motion is

more complicated but there is no systematic recoil(?'s).

e want to analyse the situation.in which the wave intensity is low but the
freqqency is. h_igh:. Such condition imply that Q,Eolm(,‘.u) <\ for beams of X
or ~6 - rays preduced in the laboratory. This assumption ensures that .the
oscillatery motion. wiH. be nén re]ati\:iistig: since \\i"\"_i_QEn/mu) L as we

can see from-{3.1}.

20

JWe can now calculate the radiation scattering cross section., The radiation
intensity -emitted into a solid ang]e&naround some direction characterized by

the unit vector i will be

(3.2) A'I (\"'XV\.) de

\T.'C,

If we use the solution (3.1), take the time average in (3.2) and ‘divide by '

the moduius -of _the. Poytmg vaector of the 1nc1dent beam,- we get

an %E (\+cer=e (md-)

which is the Tho:nisonf cross section. This is symmetric 1‘na= 0 and 9=1\' wheree

is, as before, the a.ngle between the direction of gbservation and the-direction
of the incident wave. In doing the calculation we take 0?' bitng NV\?‘CZ‘

that is, @ E~° £ W\.C.UJ which is the condition as_sumed above, The
radiation emitted has the same frequency as the incident one. All Ithe results
of this relativistic calculation are in contradiction with the _experimenta] .
facts discussed in the previous section. Oﬁr argument will be that the above
calculation is incompliete, that is, we have not considered all the existing

forces. )

. Let us see what hapens if we take into account the radiation reaction force

which is gemerated by the action of the self fields on the charged par;ic]é_. o

This difficult problem has no exact solution in the relativistic case but
it 1is possible to use some iterative procedure as was pointed out before by

Hagenbush(37) for 1instance. Here, however, we will use & non relativistic
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approximation, much more simple, and after we shall do an adaptation of the
resylt to relativistic motion in the same way as is done by Landau and

Lifchitz(38),

The radiation reaction force can be written approximately as \F,,'.-= e \V/3Ca
in the reference frame in which the velocity is low. Therefore, if the partic]e
"is under the action of the electric (E) and magnetic (B) fields of a wave, the

equation of..motion.will-be-

(3.4) WV = ?.(\E-\-MX\B) + _%.

If we recognize that the radiation reaction force is small as compared with the

others, we can writte

ak " .
s YN L g 4 2 (Vx®)
- LN MC
as an equation valid in the reference frame -in which the particle is
instantansously at rest. En this frame we also have ';E(Q,/m) E and the
“radiation reaction force can be written as- (38)

W Z Q?'

—
T e mma—

(3.6}

It is clear that the second term above is the part of the radiation
reaction force which is in the direction ‘I’c\ of the incoming wave. The first
term, which is perpendicular to the incident divection, is osciliating in time
and gives no contribution on the average. Therefore the time average of the

radiation reaction force can be written as

2%

an (Ky=F¢ Uian'
where Ui_nc = L E4ncZ YA the average energy. density contained in.
the incident wave and € =(8'W./3) ( gZm c®? is the Thomson "cross

section, that is, (3.3) integrated over 'Eleirectiuns.

The force. (\:} is.-in the d'lrect'lon of the incident beam, but m genera] _15.;_..‘

(37,38)

neg]'igitﬂe recoil ‘Then the oscillatory motwn caracterued by (3 1)

will remain with the frequenc_vu} . This has a fundamental 1mporta.nce for the._

" effects of zero—point e‘lectmmagnet'lc fluctuations in our di scussmn concermng

the (,‘ompton -effect..

’ Accord'ing to previous expenence of many authors(3 9) workmg w1th SED we

know that if we have an oscillating System (er “an harmomc - oscﬂlator for

instance) a resonance, between the system and zero pomt radiatwn, mth fhe

same frequency, “can often -occur because aﬂ frequencies (and phases} are'

present in the zero point e1ectromagnet1c f!uctuahons

If V is the volume of the charged partic]e the average energy - denSIty from

the background radiation (with the same frequency as the mmdent wave) is -
(3.8) <\Eme- ik ) ~ A ’\'/i,wf,‘-i ¥
4T Vo

as was shown in the introduction. Our proposition'is that this can contribute

to <lFr§ derived above (see (3.7)) if the incident wave from the beam is in

.very small. (excep_t for very 1ntense beams) and therefore 1t generates"'
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phase with the same wave (that is, same wave vector, same polarization) from
the zero point electromagnetic field. If the frequency is high enough (a‘d -ray
for instance) Uo can be very large also because the volume V is very small

if the charge is an elementary particle 1ike an electron.

The above discussion is very much idealized, because in fact a beam of ‘6 -

rays from any 'experimenta] device is not a plane monocromatic. wave with

cqrcmar pcﬂarlzatwn. In rea'nty We -have. short pulses. almost. monocromatic,-

tha.t is, in fact we have a wave packet w1 th a more complicated po]anza.tmn

In this- more r;ealis.tié situation we believe that 1't.1's possiblé to
calcuiaté ‘the probabitity (@) to obtain in the zero—{:oint field the same
configuration as in the wave packet from the§-ray beam. The exact value of Q
must depend on the spec1f1c form of the wave-packet representmg the 'ﬁ—ray

signal. Th1s kind of calculation has been performed quite recently by Marshall

a_nd Santas w1_thm the realm of what they call Stochastic Opt'lcs(le)._Tms
theory is essentially SED of visible tight. And aTsc the goal of these authors
is the same-as ours, that is, to see if the classical zero.point'ﬂuctuations
of the e}ectromagnetic can ge_nerate effects similar to the corpuscular theory
'_;:f light. In other words we are looking for evidence for “a reaffirmation of

" the wave nature of light".

Since-our paper is qualifative we pfefer' to leave for future research a
more realistic calculation and, instead, we maintain simplicity by assuming
that the incident beam is & monochromatic plane wave. We also assume that there
is some unknown probabﬂityQ (0 (Q(\)that characterizes the possibility of

resonance with the wave with the same frequency in zercpoint background.

M

With these simplified ideas in mind we can generalize (3.7) by writing for

the radiation reaction force

| -
ER ) =i Eamopst) 7 ¥ o 5o R
S utr '

where we have négTected Uinc as compared with U'o because, by 'assumpt’ioh.

we have an- incident-wave-with low intensity and high frequency.’

" He wmust remark -that the ahove expression is valid in the instantaneous fes_t .

‘frame of the charged. particle. In order to calculate the recoil veioci-ty v.=

C P k in the laboratory frame we shall use the procedure exp]amed very c1ear1_v .

in the text of iandau.and Llfch1tz(39)

. In or&er to do this we use an auxiliary reference frame' S‘ in whi'éh the
charge is at rest and (3.9) is valid. In this frame the parttc]e acceleratwnf

{in the direction of the incident wave) will be written as
3.10 D = = Uo
( ) A

in the reference frame in which the particle is moving with ve1_oc1'tyN’=c (5

(laboratory frame) we have

Gy O = i’,ﬁ(\“ = ) (H'P

' .
because the energy density in the proper frame {U o} is related with the

energy density in the 1ab0rator_v frame (Uo) through the expressmn \)0-00 _..E\

P
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But now Uo"must be ‘written taking into account that the particle is
" moving and its volume must have a Lorentz comtraction in the direction of
motion. By assuming that the charge $s distributed inside a spherical region of
radius r its volume must be written as V :(41!'/3)r3 dl - PZ in the
lahorator-y frame. We are alse going to assume that the Thomson cross section

6= BW/ ?,zlm c2)2 is related with the. particle . radius r
by 5":-.;11"\-"7‘ . In this case r is called the "classical" radius of the charged
particle. This assumption could be aveided but we prefer to use it because we

believe that our reasoning will be more transparent in this particular case.

Taking -inte account these considerations the expression {3.11) takes the

form

(3.12) ({I"E -?-)—lé'u:')" (\_ P)‘z'

= Twme,

where (s} is the freguency in the laboratory frame.

The above simple expression can be integrated during the time interval At
in which the particle is under the combined resonmant action of both waves, that
is, the one from the incident beam and the other from zero point radiation with

frequency s .

After the integration we get:

[
(3.13) (5 — T

2%

TR _
with A = = 'N‘\.C,?"

L{ :

AL R
>

The question which appears immediately is how to estimate - At_. Our
proposition 15 that CAt = r or, in other words, the. background fadiation
yesonant action has the order of magnitude of the cerrelation time associated
with. the random (and. radiation reaction) force acting on. the particle.with
radius r. This hypothesis is based on our previous experience(qo), when we
have studied the motion of free, and harmonically bounded, extended charges in-

the confext of SED(H}.
We cbtain, in this way, the following result %of
'(3.1@) a& r~ R /M_Q?’-

in order of magnitud.

It is easy to see that, for high frequenﬁés, the contri_b,uti_on from -th_e
background radiation is much bigger than the action genmerated by the 1ncideﬁf
beam. We.can also verifiy that, even in the case in which the resonant
interference occurs in very short time, the ‘partit_:le witl reach the

realtivistic ve]ocityn)"=(‘.%=ﬁa(/ {1 +ol).

Now we are going to make some approximations that have the virtue that with
then the following calcuiation will be much more simple. We shall assume that

the radiation pulse is very long in time (as compared with&t = r/c), that is,
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the ptane wave has an infinite duration for calculation purpeses. We also
assume that the particle enters into the réso'n.{nt reg.imen_, with the background
radiation, immediatelly after the pulse arrives, and remains with constant
velocity 0 = Q.@ during all the- time. Those simplistic hypothesis are

idealizations which will be discussed more below .

Let us firstly see what happens with the scattered radiation if we take
into account the Doppler effect. It is interesting to reaj'lember.now what we said
before, that is, that Compton himself used the Doppler effect in his hybrid

(quantum and classical) 'paper in 1923,

The particle is moving with velocity ¢ (Bin the wave pfopagation direction.

Due to the Doppler effect the wavelength in the proper frame will be (42)

(P \/'L
o= ()

where ;\.is the wavelength in the VTaboratory frame. In the proper frame the

{3.15)

radiation emitted will have a wave]engthﬂ.‘. To an observer in the laboratory,

the radiation will suffer another Doppler effect, and the wavelength observed

Will be  such that
_ (}\’_q‘&\—-ECﬁe)
(3.16) = Ay o
\ -.—F» A

wh_ereBis the angle between the primary beam and the direction of observation.

The above result together with (3.15) can be written as

cay AN = Nk = )\.(—P:E)(PQBS@)

28

If we use now our previous estimate f_or_(}_, which is given by (3.13), we get.

(3.18) % = A (\— ®s0)
where d\zlﬁ,(_ﬂ/m el ih.o_rder of _ﬁagnitude.

If Oﬂihw/mf?' the above result coincides with that obtained by Compton
{formula (2.2)) through the realtivistic kinematic relations postulated by him
in his corpuséu]ar theory of light. Here we want to mention that we are able t‘:o,.
derive Compton's kinematics by Vusiﬁg the Einstein (1917} - Ehre_nfest: (1923)
model fof cavity radiation. The model is addapted to SED and is tovbe
considered classical in the o_pinion of th_e p-resent authors. However the
calculations are non reiativistic as in the original papers by Einstein ?and
Ehrenfest. The presentation and the discussion of a1l these calculations -are

left to the appendix.

Now we are going to calculate the radiation scattering cross section,
utilizing only Classical Etectrodynamics, as was done by Noo(27) in 1925, We
use the same assumptions, that is, the particle is moving in a straight. line

with relativistic velocity v = c{}k .

If the particle has an acceleration ;I, the radiation electric field at long

distances R is given by (43)

= (2 \H(.ﬁ-w/c)x\\f_\ -
\Em&, C?‘Q- (\f \ﬁ.-\V/("wﬁ ) 'F{

(3.19)
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and the instantaneous radiation emittéd in the solid angle df2 around R s dI =

- E2paqRRdL2 /AT or

2 )4 dr v
7)) Ta T Toave)e
(3.20)° ARy
AW _RND (g

The incident -wave (here incident wave means the signal plus __hak'cgrouncl

* radiation with the hypothesis (3.9), that is, the signal is much weaker than

the zero point field) has an electric field such that \E - E°[£ 'Ces_m(\‘.-i'/c) ‘

‘_\_Ssi‘m@@t%/c)land therefore the .acceleration will be approximately

transverse as we aré going to see. in a while. The exact (relativistic)

expression is such that (44)

i -2 [\E A8 — Y (\:‘z-'\EfX

v = <2
W o=
(3.21)

Since the charge is in approximately uniform motion we have v.E=0 because

\\] gc_a%’ . In this way we get
* Q, _ 7 (o
(3.22) W = \[l @ (_\ (})\E

Now we can introduce this simple expression for v in (3.20) and take the

time average. Here however we must remember that the expression (3.19) for the

30

electric field at distance R must be taken in the retarded time Yoot R/,
Therefore in doing the time average the time increment dt must be rep?_acéd by
dt' and th1§ introduces a factor dt/dt =(1-n.W/c) in (3.20). The integration
is trivial. The cross section is obtained by dividing the result by the modulus’

of the Poynting vector from the incident beam. The result is (4%,46)

- - 2 2 A .
0-@Y G-p) (2x) (ﬁ)ﬂee;:-:

(3.23)

| -
- (\— pcese)?-'

2 (\- pcese)‘-": |

“Substituting P— 0(/(“—0() we obtain

) e = 38

(3.20) a N2
|+ 050 & 204 ({4 X) (\—0359) '
\— : o am B :
0 4 x (—wso))
where O(E,JV\UJ/M&

In the Timit ‘hu)(( N\.Q;L the above expression reduces to the Thomson
result {3.3) as expected. Both calculations, by Compton (11) and by Woo
(Z7) jead to the expression (3.24) for the radiation scattering cross

section. At this peint however Compton made a corvection which improved the

A
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agreement with the experimental data. In order to do this he based his

reasoning on the corpu_scuia-r properties of the "photon", In other words the
scattering of a photon in the forward direction (& =0) is not accompained by
the receil of the electron. In this case Compton said that it is reasonable
that the cross section should be the same as in classical Thomson's theory,

that is:

| @2 \%
(3.25) S)_:\Zﬁ':\ = (‘N%(’z)

However in the expression (3.24) there is an addm\-l-?-l?(‘(\-}ﬁ/h—p)

evt‘en for © =0.- Campton{u) simply discarded this factor in order to get

's result{3.25) to the scattering in the forward direction.

the Thomson
Our analyses based on SED cannot give a differential cross section in full
quantitative agreement with the experiments. The reason is that instead of

(3.24) one must expect.a resutt somewhat different, that is .

ST -PSRELLE VR

whereQand' \\L-_, are corrective factors to be discussed below.

Q is the probability to find a resonance between the incoming wave-packet
(atmost monocromatic) and the background waves with the same frequencies. As Qe
have mentioned above, this probability is _difficu]t“g) t_o' calculate because
it depends. on the details of the incoming wavé—packet. Here . we _have_ simply

assumed that. the wave-packet is a plane monccromatic wave.

32

Ne 1s a normalization corrective factor also neccesary in (3.29) because,
according to our assumptions, we believe that (d G’/d.Q..) Woo gives a.overstimate
of the scattering cross section in all directions. In order to understand this
better let us remember one of the simplistic assumptions made before. We have
assumed that the particle is travelling with a constant recoil velocity v = ('.|3
<CK/ (1 + &) in the field of a plane wave with infinite duration. This.
hypothesis can, of course, gemerate unphysical results like the factor 1+2¢( =
{1+ (’J)/(l- p), which appears in (d§ /dS2) Woo as can be se_eﬁ from {3.24). This
factor produces a divergence in the cross section whenpal. There is no reason
to expect such a behaviour with a real wave-packet falling upon an electron in

the laboratory frame.

Since we have not the intention to calculate Q,and- Ne in this qualitative
paper we leave this problem to a future more realistic analysis. We simply

assume that Qand N¢ are independent of the scattering angle® and that

- s 02 2
(3.27) (AG (6 °) = k \‘ée_o) = (N\.c?-)

since according to {3.18)AN =0 only for © =0. Therefore it is reasonable to
assume that- our qualitative calculation within classical SED should be in.
agreement with the classical Thomson calculations in this angle (€ =0} because
in his theoryAA=0. Here our argument resemble the Compton's one given above
Jjust before (3.25).

According to these considerations and taking into account (3.27), (3.25)

and (3.24) we get that Q \\\ (H-Zo{) (l-ib)/(wp;)and
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48 .
(%%)SE_D = h—'n)Cem\:’tem .

-(3.23)

% | 4005p 4 2 (1) (-85 6)
N . 2
At T+ xQ-tese))®

for the differential scattering cross section.

This is the same expression as the one obtained by Compton in 1923, He has

compared'the theoretical caT;uIation with the experimental results and found a.

behavior very close to the observations. This comparison is shown in the figure
below in which the dotted curve is the Thomson cross section (3.3} as a
function of the scattering angle . The continuous curve represents the cross
section we have calculated (expression (3.28)) foro{nz1.l which corresponds to
a wavelenght A = 0.022-3. The experimental points are the resuits measured by

"~ Compton.

)

Ji_e2_
mc?

P

34




35

We want to stress again that our simplified calculations claim only to give
indications about the possibility of an- approach to Compton effect within the
realm of a classical theory Tike SED. A quantitative calculation (within SED)
will require a higher level approach sophisticated enough to characterize a new

work.

30

IV - Summary of the conclustons

Despite the simplicity of the appruxima;ions introduced by us, we were able
to justify the electron recoil without the corpuscular concept of a "photon.
With our estimate .of the average recoil ﬁelocity of the electrons it ﬁaé
possib]e-to calculate the wavelength displécemant and the radiation scattering

cross section as a function of the scattering angleB.

As far as the recoiling electrons are concerned there is an appreciable

difference between our calcuiations and the experimental - facts -where a

distribution of recoiling electrons are observed.

Based on the corpuscular radiation theory . Compton ahd.Hubbard (1924)_ﬁere
able to ealculate the . differential cross section for the recoiling
e1ectfcns(45). According te the cofpuscu1ar concebtion; each “photon' {s_
scattered by an electfon. and this fixes in a unique way the scattefing ang{é )
between them. Therefore it was not difficult to obtain aﬁ expression for the
distribution of the recoiling electrons by using the differential cross section

(3-28) for the scattered radiation.

In our calculation, however, we have limited ourselves to the ca1cu1§tion
of thel average recoil velocity v = c¢oh/ (l+ @) in the direction of the
incident beam. But we beljeve that it is clear in our picture that we have not
taken into account all the possiple effects of the zero point electromagnetic
fluctuations. One important fact that we have not considered is that the

electrons are executing some kind of Brownian motion, due to the action of the
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random electromagnetic fields, before the action of the incident pulse (.Jf\& or
X-rays. This, of course, introduces transversal fluctuations and the recoil
velocity is not simply v = ¢ (5’[: but a distribution around the direction ’I? of
the incident beam(®). The conclusion is that there is an mportant
_ difference between SEU and the quﬁntum interpretation as far as the recoiling
eiectrons are concerned. tn our interpfetation, the electron emission is also
generated by the zero-point radiation but in the usua1.quantum (corpuscular)
interpretation only the primary beam, made by “photons", is résponsib]e for

this fact.

Anbther important point which is self-evident is concerned with the energy
balance in our SED interpretation of the Compton éffect. We have coﬁc]uded that
the background radiation, combined with the rédiation reaction force, is able
to give a high kinetic energy to the particle in such a way that is has a
relativistic receil, According to the quantum theory, however, the energy comes
only from the primary beam. In this cénventiona] description, very well
accepted, gquantum objects ("photons") with dual nature (particles and waves),
are in interaction with other guanta (electrons) in such a way that the energy
conservation is restricted to the system "photon" - electron, without any

mention to the gquantum zero.point electremagnetic fluctuatiens.

_ However 1s quite im_partant to stress the similarity between our approach to
the (_:ompton effect and other analyses in which the concept of the "photon® is
not necessary(47) to the understanding of some important questions, as the
photeelectric effect and the stimuiated emission, for instance. These are
semiclassical approaches in which the electromagnetic radiation is considered

classical but the matter has guantum behavior, since the electrons are assumed

%

to obey Schr'édinger‘s eguation. It is this wave equation that introduces the
fluctuating (quantum) character which must be jhvol¥ed in order to explain’ the
transference of -energy guantum from the classical (continuous) wave to the
matter-. This is very well explained in a paper of Scully and-Sargent III‘('47)'.
The deterministic electromagnetic fields act as ‘a perturbation allowing the *
transition befween the quantum states of the system (an atom for insténcé). He
observe in this treatment the recovery of Planck' s view ccncer.ning “the
interaction between radiation and matter. We must also stress, however? that,in 7
order to get an accurate quantum description of some phenomena like the Lamb

shift and the anomalous electron magnetic moment, it is necessary to Anclude

-the zero-point fluctuations.

In our gualitative classical analyses, presented here, we have -verified
{curiosly) that the action of the incident wave (with frgqueﬂcy(.\)} and the-
radiation reaction, generate conditions that an appreciable amount of energy 7
(“Y’\.u)) can be extracted from the background radiation of SED. The Planck
constant Zﬁ‘h enters into the description through the zero point field, instead
of coming from the incident wave, since this constant was introduced in SED as

a multiplicative factor in the zero point spectral density.

It is also important to remember that the qualitative comections of our
paper with the work by Marshall and Santos(la), within the relm of Stochastic

Optics, are more or less obvious since the goal is the same, that is, .to

identify pseudo corpuscular properties of light by invoMing th_e role of zero
point electromagnetic fluctuations with average energy V{\E‘L}/qq-_:z)ﬁu)‘\‘
P 9

inside the volume V.
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Future reseach on these subjects are quite desirable because up to the
moment we only have semiguantiative, model dependent, calculations to compare
with the experimental measurements. However, in our opinion, the gualitative
features of the Compton effect have been clearly identified within the realm of

classical- SED.
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APPENDIX

A model for equilibrium between radiation and matter within Stochastic

Electrodynamics

The purpose of this appendix is to discuss other ideas connected with the
concept of the photon. These ide&s are invoked 1in 'or&er to c1§rify the
kinematics of the Compton effect. We believe that some of the most interesting :
attempts in this subject are  the Einstein{6:14)" {1917)" and :
Einstein;Ehrenfest(IE) (1923) works cbncerning the equilibrium between
radiation and métter. Therefore, for the reader convenience, we“decided fo
reQiew (briefly) part of these papers and alse to discuss how these ideas c0u]ds
be interpreted within. SED. A similar review of thﬁs and. other works by

Einstein can be found in a paper by Jimenez et a1!49) .

a) The original Einstein's model

The name of Albert Einstein is directly connected to the first attempts to
establish a quantum theory for the g]ectromagnetic radiation. It is well knawn
that_Einstein, attempting to give an explanation to the photcelectric effect
introduced, 1in 1905, the energy quanta of the electromagnetic field which,
later on, were called "photons". Subsequently he tried to extend his ideas to a
wide class of phenomena (involving the absorption and emission of radiation by
atoms and molecules), and therefore presented in 1917 a paper with many
interesting results. Traces of . this work are familiar te the students of modern

physics under the name of “the coefficientes A and B". Unfortunately, however,
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the main - ideas contained in the paper - remain atmost unknown. A very good
"discussion of the most important ideas contdained. in the finstein-Ehrenferst
work can be found in the review paper by Lewis(le) . We address the

interested reader to this work,

In what follows we are going to do two things at the same time, that is, to
give a brief review of the Einstein-Ehrenfest papers and alsc to adapt their

phenomenological model to SﬁD.'

In order to understand the emission and absorption of elec{romagnetic
radiation by atoms immersed in thermal radiation characterized by the spectral

density Qagn) » Linstein (1917} started from the following hypothesis(lﬁjz

1. The atoms have discrete energy stafes
2. The Boltzmann distribution is valid for the atems in these states_j“‘
3. Wienls 1aw is valid for the spectral distribution at temperature T,

that is, EJQQ) = F(U%ﬁ) where F is an arbitrary function

The first hypothesis was named by Einstein as the quantum assumption due to
d15crete character of the energy states. The other two are completely classical

assumptions, based on thermedynamics and e1ectromagnetism.

With these assumptions Einstein was able to derive that 62‘&03 must be

given by the Planck formula

% W
e Lup(ge) -

o o)

Hz

“1if-we have equitibrium between radiation and matter,

However in 1923 E1nste1n and Eherenfest discarded the f1rst (quantum) g

-~ hypothesis _by ﬂl10w1ng the atoms to occupy a cont1nuous set of energy

Ieve1s(16_r Th1s “fact” has changed - lot our apprec1at1on of the Einstein -

£hrenfest work because now the derwetwr\ of P(&) seems to be ent1reny

class1ca1.

b} The Einstein - Efrenfest model within SED

We are going to discuss this point a litle more but with one additional
assumption, that is, there are also the electromagnetic zerq point fluctuations
of SED and they are characterized by a spectrat distribution _(agab)_ which is

given by

hw?
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(A-2) Q.,(N)

If we admit this, them, it is quite natural to assume that this zero point
ratiation 1s able to stimulate -emissions and absorptions in a polarizable
particle .mith harmonic internal oscillations. For simplicity we will study
initially, as well as Einstein, only transitions between energies E£3 and
Ef (with Ep > ).'Later on we shall consider the continuous case. Let
us assume that. the system absorbs energy, mith frequency. a). , from the
fluétuatjng electromagnetic fields and suffers a transition from the state with ..
energy E; to the state with energy Ep . Then, according to Einstein

phenomenclogical model, the transition probability dwip/dt will be given by
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A'glf‘? = ho QW) + By Pl

(A-3)

where A]z and Byp  are constants independent frem the fregquency and

temperature.

Here we want to make seme remarks. The first one is that {A-3) can be
considered as a classical transition probability because both terms on the
right hand side are connected with the spectral densities ?0 and F-r of

the fluctuating electromagnetic ~field. The second one is  that the

phenomenclogical express'inn'- above can be justified, on classical _grounds, .

because it is wellknown that a harmenic oscillator with frequency €A) absorbs
energy from the background radiation at a rate propertional to the spectral
density at the same frequency(l'd) . And finally we have introduced. the term

Az Po {3} which correspond to absorption from the zero point field.

Another important remark is that when the atom absorbs energy, from a wave
with frequency W) and wave vector k , it is also absorhing momentum (in the
direction &) from the background radiation. Therefore it 1s reasonable to

assume that all the absortion processes induced by PO or e\_ are directional,

In an analogous manner we are going to write the transition probability

from the state Ep to state E] as

oy i}% = Ao Q) ¥ ?}z‘ piw)

o

Here AZI'P@) is replacing the term corresponding to spontaneous.
emission in Ein?tein and Ehrenfest!s original calculation. This means that we
are assuming that the spontaneous emission in in fact 'induéed_,_ ‘by the zero
poiqt radiation. This hypothesis was put forward many years agc by Nelton(so_)

(1948} and discussed more recently by Mitommi (51)

The second initial assumption by Einstein (Boltzmann statistics for the

- particles) will be maintained, that is, if we have WL(Ep) particies in the

state E; and VL{E3) in the state €z the relation

(A-5) V\-(Es}

WE) Q%P[(E‘—. B /Rt )
is valid on the average.

As in the original Einstein work we will assume that theé equilibrium is

reached through the detailed balance condition:

Wy
{A-6) WE.) c&_ﬁ_\l\]u = &) %—Jc—?-

Analysing this expression in the lilnitST—)ﬂ)Ezhen NEIMNIE)  and
ReyPo ) w0 Ehen NECCNE) e Rk PO_-\ e

find, respectively, the relation Byp = Bz) = B, Ajp=0 and AglgA#O.

—

The fact that Ajp=0 means that the zero point radiation does not stimulate

(81}

absorptions in the equilibrium situayion . This is expected in SED because
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in this theory we admit that the zero point background is also responsible for

the stability of the gfound state of the atoms.

-1t easy to show from (A-6) that

B ACY
o G = wrpfEee) ) )

W

and the Wien"s law (the third classical hypothesis by Einstein) demands that

Ez—E]_:JR(ﬂ where &\1‘5 a universa} constant,

The value of the constant A/B can be fixed by using the Rayleigh-Jeans
(Pﬁj(w)') expression for the blackbody radiation. This law is valid for low
frequencies UV\.“’ ((‘k?\' ) and must coincide with (A-7) in this limit., In this

* A
.way, because PRl_h'T /‘\‘\'C'.3 and P L P(m) k\-k\\ﬂ ,» we must have

A=2B. The constant?;\'[lﬁ which appears in (A-2) cem be identified again with

" Planck ‘_s constant. With this we verify that the Einstein's derivation of Planck‘s

.. formula s compatibie with the existence of zero point electromagnefic

fluctuations.

_ The relation A=2B deserves a few comments. At first sight this means that
the zero point electromagnetic fluctuations are twice more effective than the
~thermal electromagnetic fluctuations in order to finduce the emission of
"radiation. We are inclined to understand this result (A=2B) in the same way as
was suggested by Minonni(sl) and by Franga and Marsha]1(52) in  recent
papers. There we invoked the radiation reaction force contribution to the

emission processes (A-4). In other words, the self fields of the charge induces

He

emission as well as the zerg: pomt spectral densnyP(lB)n'u? The dependence on
the third power of the frequency is connected to the fact that for an harmomc
oscillator {frequencyM) the. Larmor formula for the em1tted power' PL is such
thatﬁmxum‘*x . If the harmonic oscilliater is immersed -in the zero pcnnt‘
radiation we have <x2>—‘k/2 mg) and therefore (PL7 re u} (xz‘ r\J .
~ w. ~ Pa-(“’) . In summary R(u)) has two channels to _contﬂbut‘e .t'o .
(A-4). '

‘In what follows we are going to remove based on the work of Eisnteih and

Ehrenfest(15'16), the hypothesis of discrete énergy j-evels for the particles.

They' have assumed that one particle suffer N absorptions, in twhe

. s : R K\ \ \
freque_nmes'@t .u).h,....b)n, and M emissions, in freguencies UO‘ . u),a ,7.,..mn,
in such a way that the partiéle goes from an initial state with energy Ej to
a final state with energy Er (E7 and Ef arbitr'ary). In the didactical
diagram depicted below we can have an intuitive feeling of the Einstein -

Ehrenfest proposition:




"

In order to have a mathematicaf description to the processes indicated above, a
general-ization is necessary for the expressions {A-3) and (A-4). Therefore
Einstein and Threnfest wrote for the transition probability dwip/dt,
representing the change from the state with energy Ey to the state with

energy Ep, the following exprgssion(lﬁ):
3w o ™
To the inverse process we have
o 20 TR 8o} TT{BRW
=\ 6"‘

It is important to mention at this point that the above expressions are
valid only if the C“elementary" processes (emission and absorption} are
statistically independent. This means that the processes of emission and
absorption occur in very short times such that there is no interference between

them.

By the other hand, we expect that under the influence of thermal and zero
point radiation, the particles are induced to add and subtract energy and
momentus to the radiation field. This field is represented by a superposition
of plane waves with all frequencies. For this reason it is reasonable to expect

that each absorption {in a freguency @J. — Cm(. ‘) is acompained by a
: A A

Y3

transference of momentum (From the wave to the particle) which is directed
according to the corresponding wave vector ki. [f we consider induced

emission as the reverse of induced absorption them it is natural to assume that

also these processes involve the emission of plane waves each one with a
definite direction for the momentum. With these censiderations it is .simple to
accept that the energy removed or added to the radiation inside t|.’19. cavity will
be converted in-translationm kinetic added or removed from the particle. ATl
these considerations are consistent with the Einstein-Ehresfest model and with

SED.

Taking into account -these observations the final energy (EF).' and the

initial energy (Ej) of a particle are Expected'to be related by

LI b .1 .
—EI':-?:__@@L)“'Z(\?@(S}

(A-10) E e ﬂzl

| _

where #)(UH and ¢(m‘] are positive unknown quantities to be fixed below. The
first sum in (A-10) represents the energy extracted from the radiation field ‘
after N absorptions, and the second sum is the energy added to the radiation

field after M emissions.

From now on our discussion departs from the original one by Einstein and
Ehrenfest.. This happens because our intention i§ nut to derive dgain Planck's
formula for PT(LO) . This formula has been derived many times in the c]aés_icai-
context' of SED(”_ Then we shall assume that (%(UJ) and RQ@) are we]lknowri__'

and we change our goal, that is, we want to abtain the unkmown quantities dxu)}

and @P'(u)" }.
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The procedure is the same as before, that is, the Boltzmann distribution is '

assumed and we have

w(e
(A-11) ..Y_l_é:l). =' -W")EEF-E:J /M.T_)

Also the detailed balance condition

ey W) %‘: = WNEg) %_?E.I

is assumed in order to keep the equilibrium between radiation and matter.

Entroducing (A-8), (A-9), (A-10) and (A-11) into (A-12) we get

( B Q) 2 Tl /kr ) )
J=t gD(uh,) + P 9(\’3 )

(A-13)

A (BRYD TP er)

B\ AR ) £ B o)

This expression must be valid for any N and M and also for arbitrary sets

\
of Wy and U)J-. This means. that each term in the sguare brackets above
must be equal to 1. Since we know that A/B=2 and that g(u)) and g(u))are

wellknown, from previous {different) amalyses based on SED, the only unknown

%0

quantities are @(\0) ~ and (‘p(u}") o+ It isvsimple .to show from  these

considerations tﬁat (b‘w) _—_’hw (1!‘\,&. .¢‘ \(U‘) ="G\,u)‘ .

If we use these results and write {A-10) for N=M=1 we get
(A-14) EI-LJﬁ.&O = B, R
as a relation to be validy on the average.

This is a very suggestive result as far as thé Cor_nptor}.\s kinema}:‘ic, are.

concerned.

Einstein 1917 paper has anothes very interesting part which i$ a Jdetailed
analyses of the momentum exchange between radiation and mast'sr. The ca1cu1atfon
is non relativistic and very well explained in the review saper “ by
Mﬂonni(s). It is also possible, intmducing the same h_ypothesis discussed
above, to adapt this part(s) of Emstem work to SED This was done in an

unpublished work by one of the authors of the present paper(53)

Here we only
gwe the result of the analysis. The concluswns was that, as 15 1ntu1t1ve11y___r
suggested by (A-14), the absorption of energy in a frequency b.} = clk}] and
emission in frequency ll) = o' is accompainad by a change in the momentuzml of

the particle from “31 to \PF The relation between these quantities is

(A-15) \?I Rk = \PF + R




By

The results (A-14) and (A-15) are exactly the well known Compton ‘s
kinematic relations obtafned here in the nomrelativistic context of classical

SED.

It is also clear fram (A-14) and (A-15) that apparently we have recovered

the corpuscular (quantum) properties of the "photon*. This i: somewhat

surprising because we were using only classical assumptions and SED, which is a

classical theory despite the presence of’h .

In the authorVs opinion, the discrete character was introduced with the
Einstein - Ehrénfest-a§suﬁption that it is péssib]e to count the number N of
absorptions and the number M of emissions, all statistically independent. With
this assumption .it was possible to.writte down {A-8) and (A-9). The discrete
sumi(Ajlﬂ) is aiéo a_coﬁééquente 6f the'counting hyﬁothesis and, of course,
the relation £;¥W= Er+tia) .

This “corpuscular” behaviour appearing in SED does not embarass us since

we are able to'identify where this hypothesis was introduéed, at least in the

Einstein - Ehrenfest model. In fact we expect that such a pseudo corpuscular

behaviour can appear many times in SED.

2%
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