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In the problem of electron diffraction by a standing light wave (the Kapitza—
Dirac effect), an electronic refractive index can be defined as the ratio of electron
momenta in the wave field and outside it. Moreover, both kinetic and canoni-
cal electron momenta can be used for this purpose, which corresponds to the
Abraham—-Minkowski controversy in photonic optics. It is shown that in both
cases the same expression for the electronic refractive index is obtained. This is
consistent with Barnett’s resolution of the Abraham—Minkowski dilemma.
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Introduction. According to Ginzburg [!], "There are in physics a few literally
“perpetual problems’ which continue to be discussed in the scientific literature for
decades and decades." On all grounds, these problems include what is commonly
referred to as the Abraham—Minkowski dilemma or controversy. The Abraham—
Minkowski dilemma has been discussed for over a century regarding the correct form
of the energy-momentum tensor of an electromagnetic field in ponderable media.
Many studies [2—6] have been developed in favor of the energy-momentum tensor of
the electromagnetic field in a dielectric medium both in the Abraham form [7, 8] and
in favor of the expression proposed by Minkowski [9]. Moreover, other expressions
have been suggested for a similar purpose [10]. However, due to the lack of irrefutable
arguments in favor of one of the existing approaches, the controversy continues.

In the previous article [1 1], we have made a preliminary report on some obser-
vations about the momentum of an electromagnetic wave propagating in a dielectric
medium with a time-varying permittivity. It was shown that the momentum of an
electromagnetic wave in the form of Minkowski is preserved with an instantaneous
change in the dielectric permittivity of the medium. At the same time, the Abraham
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momentum is not conserved, despite the spatial homogeneity of the problem. This
circumstance was interpreted as a manifestation of the Abraham force.

Before presenting a complete account of the research on the problem of correct
formulation of macroscopic electrodynamics of continuous moving media, which goes
beyond merely discussing the issue of various expressions proposed for the energy-
momentum tensor of an electromagnetic field in ponderable media, here we make
another observation about the presence of an analogue of the Abraham—Minkowski
dilemma in electronic optics.

Refraction Index for Electrons Passing a Standing Light Wave. In 1933,
Kapitza and Dirac predicted [12] that the standing light wave can act as a diffraction
grating for electrons passing through its periodic structure, similar to the periodic
lattice of crystals in the experiments of Davisson and Germer [13]. The Kapitza—Dirac
effect is nowadays an experimentally established phenomenon [14] and arouses a
tangible interest [15, 16].

Here we are interested in the elementary approach developed in [17] to describe
the Kapitza—Dirac effect in the framework of electron optics. A similar method was
employed in [18] to describe an analogous effect predicted in [19] for the diffraction
of an electron beam by a traveling laser wave propagating in a dielectric medium .

Thus, electrons with mass m and charge e = —|e| at an angle 6 fall on a
monochromatic linearly polarized laser beam propagating in a medium with a refrac-
tive index n. Choosing the axes x and y in the direction of propagation and polarization
of the laser wave, respectively, we can represent the electromagnetic field in the
following form:

AR (x,1) = (0, A) = (0, 0, Acos(kx — o1), 0), (1)

where u = 0,...,3, and wave amplitude A represents the intensity of the laser
beam: I ~ nw*A%. The four-wavevector has the following form: k* = (®/c, k) =
(w/c, k, 0, 0), where @ and k = ®n/c represent the angular frequency and wave-
number of the wave, respectively. The four-momentum of electrons incident on a light
beam at an angle 6 has the following form:

8in Ein .
Pin= (C, pm) = <C, Pinsin®, pi,cos6, 0> , 2)

where the energy €;, and the three-dimensional momentum p;, are related by the stan-
dard relativistic relation &2, = m?c¢* + p2 c2. For simplicity, without loss of generality,
we have chosen pl(;) = 0, which means that the interaction of electrons with the laser
beam occurs in the x — y plane (Fig.1 a).

Since light propagates in a dielectric medium at a speed u less than the speed of
light in vacuum: u = ¢/n < ¢, we can move from the laboratory coordinate system to
the frame of reference moving in the direction of wave propagation at the speed u of
light in the medium, which we will contingently call the wave frame of reference. For
the four-dimensional vector potential of the electromagnetic field of a light wave in

the wave frame of reference, we have:
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AM(%,7) = (0, 0, Acos(k%), 0), (3)

which is actually the solution of the Maxwell and Minkowski equations for a plane
electromagnetic wave "propagating” in a moving medium. In this relation, k =
®+/n? —1/c is the wave number of the laser beam in its own frame of reference, at
the same time determines the spatial periodicity of the diffraction grating: A=2m / k.
In addition, the diffraction grating represented by the laser beam in this frame of
reference has a stationary character: ® ~ n@w —kc = 0.

Fig. 1. Geometry of electron scattering by a laser beam in a dielectric medium
in laboratory (a) and wave (b) reference frames.

For we are interested in a specific geometry, when electrons in the frame of
reference associated with the laser beam fall on it at a right angle (Fig. 1 b), as in the
usual Kapitza—Dirac effect in the Raman—Nath regime, it is necessary to require that
in the laboratory frame of reference in the direction of light propagation the electron

beam moved with the speed u of propagation of the light beam: p = 2 ps:) /Ein = u.

in
In this case, for a four-momentum of electrons, one can obtain:

- gin -
Pin = <C, 0, pin; 0) : @

We are now ready to apply Hamilton’s analogy, representing the "trajectory” of
electrons in an electromagnetic field as the "optical path" traveled by electrons in a
medium with a variable refractive index. For this, one need to determine the refractive
index of electrons moving in the laser field as the inverse ratio of the kinetic momenta
of electrons in and outside the laser field: N(X) = p;,/p(%). Given the stationary
nature of the light wave in the wave frame associated with the light beam, we can
apply the law of conservation of energy:

AF)\’
m?c* + p2.c? = m*ct + <~(i) - ) . 5)



172 K. K. GRIGORYAN

Then, taking into account relation Eq. 3 for the four-dimensional vector potential
of the light wave field, for the refractive index defined above we obtain:

eA

CPin

When deriving this formula, working in the Raman—Nath approximation, we
neglected the angle between the vectors p and A.

Further calculations within the framework of the problem of electron diffraction
in the considered configuration can be found in [18]. Here we analyze the question
of the electron-optical refractive index. Note that above when defining the electron-
optical refractive index, we mimicked Abraham’s approach defining the refractive
index as the inverse ratio of the kinetic momentum of electrons in and outside the
laser wave field. Meanwhile, following the Minkowski’s approach, we could define
the electron-optical refractive index as a direct ratio of the canonical momentum of
electrons in the field of a laser wave field and outside it:

NEX) ~1- cos(k%). (6)

S e -
_[PE) G Acosk®)| | ed cos(k) + ... %
Pin CPin

Here, when obtaining the last result, we have taken into account that within
the framework of the Raman—Nath approximation the kinetic energy of electrons is
neglected due to the short duration of the interaction of electrons with a light wave. As
a result, one can neglect the change in the kinetic momentum of electrons: p(%) ~ pj,.

Now we note that formulas 6 and 7 are completely identical, and the approxi-
mations used along the way to derive these formulas are consistent.

Conclusion. Thus, as a result of simulating Abraham’s approach, we get the
Eq. 6 for the electron-optical refractive index. But it is completely identical to the
Eq. 7 for the electron-optical refractive index obtained by mimicking Minkowski’s
approach. This is essentially a confirmation of Barnett’s interpretation [4] of the

Abraham—Minkowski contraversy (or duality) within electron optics.
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4. 4. 4rpaNr3vL

UAMUINUU-UPLUNJUUNF SWHUUNEE-8SUWL LUuWLUuL
ELEUS NLUSPL ONShUUsNry

Yuwiqlwd muwyhlt wihph Ypw btppnbbbph ghdpuyghwyh fubnponud
(Guwhgw-"Yhpwyh Eptin) Juptih b uwhdwity bppnbuht pljdwb gnighsp
npwtiu wihpwjht nupnd b nuwphg nmpu biypponbwght )dynubtiph hwpupt-
prupynl: Wbiht, wyn byywyquyny Juptih ©oguyugnpdty Lityppnbdbtph W yhob-
phy, W quinbwlub pdwynyubtpp, hosp hwdwyugpuupwimd - Wppuhwd-
Uhtynuym hwuunipjuip $npnbwghtt oyipphljuynud: Snyg £ yppdwd, np tplm
ntiypnmu b fapyppniuwghtt pdwub gnighsh hwdwp uipugymyd E ony b wppuhugg-
nnipgniip: Uw hwdwhms b Uppwhwd-Uhtynjuym tpypbyppuiph Awupbtipph
[nwddwbn:

K. K. TPUT'OPAH

AHAJIOI' [TPOTUBOPEYNA ABPAXAMA-MITHKOBCKOI'O
B DJIEKTPOHHOI OIITUKE

B zagaue audpakimm 3,1eKTpOHOB Ha CTOsTIeli ¢BeTOBOI BostHE (3bdekT
Kanunpr—/lupaka) MOXKHO ONpPEJEIUTh SJIEKTPOHHBIN TIOKA3aTE/b MPEIOMIIe-
HUS KaK OTHOIIEHNE UMITYJIbCOB 9JIEKTPOHOB B BOJTHOBOM I10J1€ U BHE ero. BoJtee
TOTO, JJIsd 3TOI ImeJjn MOXKHO HCIIOJIb30BaTh KaK KI/IHeTI/ILIeCKI/IfI7 TaK 1 KaHOHU-
YeCKUI UMITYJIbCHI 9JIEKTPOHOB, YTO COOTBETCTBYET MIPOTUBOpeUnio AGpaxama—
MunkoBckoro B poToHHOM onTuke. IlokazaHo, YTo B 000UX C/IydasX IOJIyva-
€TCsT OTHO W TO K€ BBIParKeHHE JJIsi SJIEKTPOHHOTO MOKa3aTesIsl IIPETOM/ICHHUS.
D10 coryacyercs ¢ pemenneM BaprerTa muiemmbl Abpaxama—MUHKOBCKOIO.





