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The paper considers the problem of diffraction at normal incidence of a monochromatic beam of photons on a grating of thin metal
strips. Quantum-mechanical approach is used to describe the phenomenon of diffraction of particles. Based on the elastic interaction
of photons with electrons, that is in the strip and carries a one-dimensional movement in the potential pit with barriers of finite height,
relations for discrete values of angles, at which the diffraction peaks should be observed, were obtained in the first approximation.
The equations obtained in this work are the same in the case of small angles of diffraction as the known in the scientific literature
expressions that determine the position of the diffraction peaks in the case of diffraction of light at a diffraction grating surface. The
relation to determine the height of the potential barrier at the metal — vacuum interface was obtained.
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B poGorti posrisHyTa 3anaga qudpakxiii mpu HopMaIbHOMY MaliHHI MOHOXPOMATUYHOTO ITydKa ()OTOHIB HA rPaTKy HECKIHYEHHO
TOHKHMX MeTaJeBuX CTpiuok. IIpym po3m’s3aHHi 3amaui BUKOPUCTAHO KBAHTOBO-MEXAHIUHMIT MiAXiM 10 omMcaHHs sBUIA Judpakiil
YaCTUHOK. BUX0/514H i3 ySIBICHHS PO MPYXKHY B3a€MOIi0 (POTOHA 3 €EKTPOHOM, 1110 3HAXOAUTHCS B CTPIvlli, i 31MCHIOE OTHOBUMIipHUIA
pyX B MOTEHLIaJbHI{ IMi 3 MOTEHIIAIbHUMK Oap’epamu 00OMEXKEeHOI BUCOTH, OTPUMAHO B MEPLIOMY HAOIMKEHHI CITiBBIAHOIIECHHS
JUTSL IMCKPETHUX 3HAYeHb KYTiB, il SIKUMH TMOBUHHI crioctepirarucs audpakuiiini makcumymu. [Tokazano, 1o piBHSHHS, OTpUMaHi
B po0OTi, 30iraloThcsl y BHUIAJIKY MalMX 3HAYCHb KyTiB AMQpaKiii 3 BiIOMUMHU B HAayKOBiil jiTeparypi BUpa3amH, 10 BH3HAYAIOThH
posTanryBaHHs AUPPAKIiHHIX MaKCUMYMiB y BUMaAKy Andpaxuii cBiTia Ha qudpakmiiinii rparmi. OTpuMaHo CHiBBiTHOMIEHHS IS
BU3HAYCHHS BUCOTH MOTEHIIIATEHOTO 0ap €pa Ha MEKi METal-BaKyyM.

Kunrouosi caoBa: enekrpon, (oronu, mudpakuis, mydok, noreHuianpbHuit 6ap’ep, MOTEHIIANbHA M, TUCKPETHUI CHEKTP,
Npy’KHa B3aeMOJisl, audpakiiiina rparka.

B paGore paccMmorpeHa 3anaua AMQGPAKIMU MPY HOPMAJIBLHOM TaJICHMH MOHOXPOMATHYECKOro Iy4ka (JOTOHOB Ha pELIeTKY
OECKOHEUHO TOHKMX METAIMYECKMX JeHT. Mcronb3yercsi KBAHTOBO-MEXaHWUECKMM I101X0/l K ONUCAHMIO SIBICHMS AUPPaKLn
yacTuil. IcXo1st U3 NpesicTaBieHust 00 yIpyroM B3auMoaeiicTBUM (JOTOHA C 3IEKTPOHOM, HAXOJSIIIUMCS B JICHTE M OCYIIECTBIISIFOIIEM
OJIHOMEPHOE JIBW)KEHHE B MOTCHIMAIPHON siMe ¢ GapbepaMy KOHEUHOH BBICOTHI, MIOJIYUEHBI B IEPBOM NPUOIMIKEHUH COOTHOILCHUS
JUISL IUCKPETHBIX 3HAYEHHUH YIVIOB, MOJ] KOTOPBIMU OJDKHBI HAOMOAAThCS TU(PAKIIMOHHBIE MAKCUMYMbl. YPaBHEHHS M0Jy4YEHHbIC
B paboTe, COBIAIAIOT B Cilydae MaJbIX YIIOB AU(PPAKIMU C U3BECTHBIMU B HAY4HOH JINTEPAType BHIPAKEHUSIMHU, ONPEACIISIOMNMI
HOJIOXKEHUS TU(YPAKIIMOHHBIX MAKCUMYMOB B cllydae Ju(pakiu cBeta Ha AM(pakiMoHHO# perierke. [TomyueHo cooTHOLEHHE Julst
OIIPE/ICIICHUS BBICOTHI IOTCHIIMAIBHOIO Oapbepa Ha IPaHMLE pasjiesia METaI - BAKYYM.

Kunrouesbie ciioBa: DIeKTpoH, OTOHBI, TU(paKIus, My4oK, HOTCHIMATBHBINA 6apbep, MOTCHIIHATIBHAS SMa, TUCKPETHBIN CIIEKTP,
yIpyroe B3aumojeicraue, TuppakiiioHHas pelerKa.

Introduction

The article [1] offers a quantum approach to describe
the diffraction of light from two slits and from periodic
system of parallel slits on metal screen where they form a
diffracting screen. This approach is based on the following
model. Metal tape is compared to infinitely deep potential
pit, slits are infinitely high barrier. Herewith, diffraction
pattern composed of interleaving of minimum and
maximum of illumination intensity is explained as a result
of elastic interaction of photons with electrons. These
electrons in strips are in the state of free movement.

This work offers a model close to reality where strips
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are compared to finite depth pit and slits are compared to
finite height barriers.

Statement and solution of the problem

Supposing photon flux falls normally to the screen
plane from the side of negative values X located in the
YOZ plane with Y-axis slit (Fig.1). When photons pass
through slits they interact with electrons of material,
suppose photon deflection from rectilinear propagation is
observed as a result of this interaction.

Further the following model is taken as a base.
Quantum-mechanical model of grating formed by infinite
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Fig. 1. Photon falling on the screen with slits.

sequence of slits (Fig.2) may be a periodic sequence of
potential barriers (pits) where pits correspond to non-
transparent opaque areas and barriers correspond to slits

Here we will base on the following assumptions:

1) photon passing through the slits interacts with
electron;

2) electron is in the state of free movement in one-
dimensional potential pit with walls of finite height;

3) collision of photon with electron occurs according
to the perfectly elastic collision law;

4) width of slit b is small compared to the width of the
metal strip a.

It is a complicated task to produce mathematical
expression of intensity distribution in the interference
pattern. Here we will limit ourselves to dimension that
determines the positions of the maximums.

According to the law of conservation of impulse
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Fig. 2. Quantum-mechanical model of grating.
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Ptk =p,+k,, (1)

where Kk ;> k2 are photon impulses before and after
collision, ]_5 B ]_5 , are impulses of electrons in metal strip

before and after collision. Diagram of impulses is shown in
Figure 3.

ki

Fig. 3. Diagram of impulses of photons and electrons.

Since electron is in a plate-dimensional motion in one-
dimensional potential pit, it can not have X, an impulse
component. Consequently, in the projections on the axis

we will get
k, =k, cos 8, )

p,=—p,+k,sin§.

Rewrite the system of equations (2) as following

0=k, +k,cos$,
p,=—p,+k,sin$.

After squaring and adding we will get
2 2 2
ps =k +k; +2kk,cos9+

+p. —2pk,sing. 3)

According to the energy conservation law
E, +E, =E, +E @

k2>

Where E E 4> 1s total energy of photon before

k1>

and after collision, £ I E , lstotal energy of electron
p p

before and after collision. Ep1 =hwo,, Ep2 =hw,,
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Ep1 ='\/m204 +pfc2 , Ep2 :«/mzc4 +pzzc2 ,m -

stands for mass of electron at rest.

Using binomial theorem, we get the following
approximate expressions to calculate energy of photon and
electron of metal strip:

1
kX2 k}
E, =mc’|1+— =5 | »mc®| 1+—1=
m-c 2m’c
k2
E,,=mc’ (1+ 2m§c2j : Q)
2 2
~ 2 p ~ 2 p
.Ep1 = mc [1+2m;czj ,E,, =mc [1+2m§czj

Rewrite the energy conservation law (4) as following:

1
kZ E pZ
2 1 2 1
mc”| 1+ +me”| 1+ =
( m’c? j ( 2m?*c?

k2 pZ ’
2 2 2 2
=mc| 1+ +me”| 1+

( 2m*c? ) ( 2m?c?

After minor changes in the expression (6) we will get

2
k
m’c* + pyct =m’ct| 1+— | +
2m’c

2 2 \?
k
+mzc4(l+2£—écz)2 +m?c? (1+ 2 zj +

k12 pZ
1+ |- (7
2mzc2)( 2m*c? @)

+2m*c* [1 +

Ignoring second-order term in the expression (7) we
receive
pi=pl+kl—k; . ®)
Equating right parts of (3) and (8) we will get

-2k k,cos 8+ 2p k,sin9=-2k;. 9

In the optical range the change of frequency of photon
as a result of collisions with electrons (the Compton effect)
is very small [3], therefore in the equation (9) can be

assumed that K ;R k , and get the relation between the
initial value of the impulses of interacting particles and the
photon scattering angle, a diffraction angle 9 :

l-cos$ sind  p
sin$  l+cosd Kk
We now determine the eigenvalues impulses of the

free-electron that are moving in a symmetric potential pit
with a height of potential barriers U . The spectrum of

(10)

impulses / momentum of electrons, which move in the
potential wells is discrete [2], and thus the deflection angles
of the photons (diffraction angles) when passing through a
screen with slits will also be discrete. For a given task the
eigenvalues of the wave numbers can not be obtained
analytically. To determine them, the transcendental
equation has been obtained [2]

ka = nr —2 arcsin

N2mE
h

1,2.3,... (11)

kh
— 4=
N2mU

,h =% is the Planck constant.
T

where k =

It is obvious that the movement of electrons is
localized in potential pits, beyond which they can not get
out, which is consistent with the idea that the free electrons
in the metal are free to move in the sample, but can not
go beyond it. So when we have a periodic sequence of N
stripes, energy levels corresponding to a single isolated pit
will not be split.

Solution of equation (11) can be obtained by iteration
method. We rewrite this equation in the form

znh 2h :
———arcsin

a a

kh=

kh

T (12)
\N2mU

The first term on the right-hand side of equation (11)
determines the eigenvalues of the momentum for an
infinitely deep potential pit. As shown by numerical
analysis, results of which are shown in Table 1, it is a good
starting (zero) approximation for calculating eigenvalues
of impulses (and energy levels) of the finite depth pit U .
Therefore, it is better to represent it in the following form

Dy

2h )
= p, ———arcsin , (13)
PR By
Tnh
where Py = , n=123....
a

This expression (13) shows the electron momentum in
the first approximation in the pit depth U (obtained by
iteration method). Equation (13) can be simplified.

_ P01, we will get
A 2mU

2 py
a 2mU

Substituting (14) into (10) we obtain an equation of a
diffraction grating

Assuming that in the equation

=1

D= Dy (14)
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sing  nA 2
Y - , (15)
l1+cos® 2a aNmU

determining the position of the maxima in the diffraction

pattern, A is the wavelength of the incident light. For small

diffraction angles ¢ <1 and a deep well (pit) U —> o0

we get the well-known equation of diffraction grating in
the case of normal incidence of light [4],

asing =nAi (16)

Table 1 shows the results of numerical calculations for

pit depth U =33 eV, and width a = 10~ m. It also presents

the results of comparison of the values of energy £, = and
momentum p_ for the infinitely deep well with the values
of energy £, and momentum p, for the finite depth pit

that were calculated by the formula (14) in the first
approximation .

. In the above table also shows the values of energy
E and momentum p, * for the finite depth pit,

calculated by formula (12) by finding successive
approximations by Newton’s method. There are 9 roots in a
pit at a given height of the barrier. As the table shows, the

energy eigenvalues differ little from E,  as well as p,

from p, * and really are a good zero-order approximation
for calculating eigenvalues of momentum for the finite
depth pit. Comparing the energy eigenvalues En" with £
(and accordingly p, * with p ) we can see that the error
does not exceed 3.5%.

According to the definition arcsin equation (12) can
be written as

Sil’lpo_pl q= Py .
2h 2mU

From equation (17) can determine the height of the
potential barrier

(17

2

Py

U=
. a
2msin® {2}5(p0 —pl)}

(18)

Suppose that we know the diffraction angles 9 from

the diffraction pattern obtained as the result of light
diffraction on two slits or a grating formed by the N slits. In
this case, the magnitude of the impulse p, can be
determined from equation (9)

sin$  2xh
"1+cos9 A l+cosd

sin 9

P = (19)

Conclusion

In the article the expression for calculating eigenvalues
of the electron impulses in a potential well bounded by
barriers of finite height has been obtained. Their estimation
accuracy is given. An expression that defines the angle of
diffraction, allowing finding the position of the maxima
in the diffraction pattern has been obtained in the first
approximation. The formula for the calculation of the
potential barrier at the metal-vacuum interface has been
derived.
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Table 1
n|E _,eV|E",eV |E,eV | p_,10°kGm/s | p, 10°kGm/s | p*,10°kGm /s | (p-p)/p,% | (E" -E )/E" , %
1| 0.381 0.334 0.324 3.297 3.118 3.077 1.3 2
2| 1.524 1.335 1.299 6.594 6.234 6.151 1.4 2.6
51 9.528 8.301 8.123 16.49 15.55 15.32 1.5 3
9| 30.87 26.32 26.32 29.67 27.66 27.11 1.9 3.5

BicHuk XHY, Ne 1158, cepia «®isuka», sun. 22, 2015



