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ABSTRACT

Aims: X-ray scattered from a silicon single crystal was investigated. A new scattered line
with increased frequency was observed.

Study Design: In order to ascertain that the new modified X-ray line observed is not
accidental, an inelastic scattering experiment has been performed, using a grazing
incidence X-ray instrument with a resolution of 2x107.

Place and Duration of Study: Institute of Physics, Bubaneswar, India, between Jan 2011
and Nov 2011.

Methodology: In this experiment, X-rays are reflected from both the specimen and the
focusing monochromator; which is known as reflection-reflection mode in double-crystal
spectrometry (+1 -1). Incident radiation from an X-ray tube operated at 40 kV and 40 mA

was used to obtain polychromatic CuK X-ray photons in the order of10' photon/s to observe
a new scattering pattern from Compton effect caused excited plasmon (life time 10 e s)
standing wave in the silicon crystal.

Results: CuK X-rays scattered from silicon (333) crystal of 15 x 15 mm? and 1mm thick,
possess unambiguous existence of a new modified line with increased frequency. The new

scattering possesses high momentum transfer kp > k., as high as kp =6.16 +0.01 A" and (

kp / k,:)2 = 8.9. These findings are in agreement with the previous plasmon scattering results
reported by various authors. The total cross section of this scattering is experimentally found
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out to be 2.95 + 0.009 x 10 cm? electron and is inversely proportional to the third power of
kp . Both theoretically calculated and experimentally observed wavelength shift data match

well with each other.

Conclusion: The new incoherent line was observed with the following major features: the
energy of the new modified peak is greater than that of the Rayleigh peak; the new modified
peak observed is narrower than the Compton peak for the same incident X-rays line.

Keywords: X-ray scattering; compton effect; plasmon excitation; radiation interaction.
ABBREVIATIONS

FFT Fast Fourier Transform

GIXRD grazing incidence X-ray diffraction
NR non-relativistic

NRI negative refractive index

RI refractive index

RPA random-phase approximation

1. INTRODUCTION

Compton scattering is widely used as a unique and a very powerful tool for the investigation
of electronic structure of materials of diverse nature [1-3]. Recent reports show that this
effect covers various problems in advanced laser technology, accelerator-based radiation
research and astrophysical studies [4-6], cancer therapy in medical physics [7-8]. Again, a
number of good works on X-rays Compton effect caused plasmon scattering have already
been reported by various authors [4-17]. In this radiation interaction (Compton effect)
process, materials behave as a metamaterial because of plasmon excitation. In solid-state
plasmas (¢ <0, ¢ >0), the square of the refractive index (RI), i.e., n’ becomes negative, which
leads to reflection of X-ray waves from such a medium with higher frequency as in the case
of inverse Doppler effect (radio waves) [18]. Substances with negative permittivity (£) and
permeability (z) have some properties which differ from those of substances with positive ¢
and A The critical density of plasmons can be defined as

n,=(gm'w.)le’ (1-¢ )=n,/(1-¢), and RI of the plasmons has been defined as
n=\1-(n,/n)=+R, Where n, is the electron density, n. is the critical plasmon density and

& =&, € (€ is the static dielectric constant and &, =1/47 is a constant). The numerical

factor of R increases with a higher value of €. From the above expressions related to n. and
¢ , the relation between electron density and static dielectric constant can be define

qualitatively  as The electron density of silicon crystal ne (

n
—+g,e=1"
.

_ Valency electron x lattice point ) s 3x10%°. Again, the critical plasmon density n, is inversely
Volume of unit cell x107** cm’

proportional to the square of the X-ray wavelength (1), i.e., n, =7r/(r0/12 ), where 7, (=

2.82x107"%cm ) is the “classical electron radius”. X-rays of large A produce smaller value of
n.. It is clear from above relations that if n. decreases, Rl becomes negative. So, for the
negative refractive index (NRI), i.e., n = —R, material behaves as a metamaterial [19]. Hence,
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the dielectric constant of the above excited state can be simplified as €,=4rx (n _ne'j/nc,

wherene' is the excited plasmon density. So far as the author’s knowledge is concerned;

there is no report on the scattered X-rays of increased frequency from materials like silicon.
Therefore, the focus of this work is the physical origin of the enhancement in the frequency
of the scattered X-rays.

In this paper, three novel results are presented: (1) theoretical model for the enhancement in
the frequency of scattered wave, (2) derivation of the theory of impact between X-ray photon
and Compton-effect-caused excited plasmon, and (3) experimental observation of the
increase in X-ray energy using low-energetic photon from the single crystal silicon. In this
experimental study, we have selected silicon as the scatterer because of three reasons: (a)
Si-single crystals are the most perfect crystals with narrowest bandwidth available today, (b)
silicon is commonly preferred for use as a pre-monochromator for relatively high-resolution
work in X-ray spectroscopy, and (c) static dielectric constant of silicon crystal is quite
impressive (€ =11.8) as compared to other low-Z elements. Non-observance of this type of

incoherent scattering peak in the earlier Compton scattering experiments may be due to the
following reasons: (i) most of the earlier Compton scattering work was restricted to relatively
hard radiation; (ii) intensity of incident X-rays drastically decreases upon use of a pre-
monochromator at its initial stage; (iii) the new scattering was masked by Compton tail of the
neighboring incident X-ray line; and (iv) the number of photons emitted per second was
much less in X-ray sources used in earlier experiments. Thus, the observation of the X-ray
effect (i.e., incoherent scattering), which is presently under discussion, could have gone
unnoticed.

The present work reports the theoretically predicted and experimentally observed new
modified X-ray in single-crystal silicon. This new effect may be as useful as “Raman effect”
and “Compton effect” for physicists and materials scientists to characterize materials of
diverse nature. The new X-ray effect will give a new dimension to understand the electronic
structure of materials in the same line as Compton effect.

2. THEORY

The quantum mechanical theory undoubtedly gives an adequate picture of the change in
wavelength in Compton scattering. Applying Schrédinger and de Broglie hypothesis, the
incident electron can be represented by a continuous train of  waves of wavelength

A = h/(m,v/2), moving along the Y- direction (negative) and the recoil electron (atomic)

matter
by a similar wave train of the same wavelength moving along the Y-direction (positive), the
two wave trains together will form standing waves (later referred as grating) for which the
electronic charge density is proportional to y, - and the distance from the node to node is

(Aparer 1 2) = h/(myv) . The de Broglie waves representing the electron thus form a Bragg

grating space d = h/(m,v) and will diffract the incident X-ray waves according to the usual

matter

expression 2d sin@ = A . The diffracted waves are modified in wavelength by the deflection
because the grating is in motion (receding), resulting in a Doppler effect. For a wave (X-ray)
traveling in normal dispersive media (stationary frame of reference) and incident on a
receding grating, the receding grating velocity or group velocity (Vgou,) and the phase
velocity (Vpnase) Of the incident wave (X-ray) are parallel; therefore, the incident field in the
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frame of the receding grating oscillates with a relatively low frequency as expected for the
conventional Doppler effect possessed Compton effect. In the anomalously dispersive
medium (solid-state plasmon), the v,p,se Of the incident wave and vy, are anti-parallel. In
this case, the incident field in the frame of approaching grating (in excited electron / plasma
medium) oscillates with a relatively high frequency as expected for the inverse Doppler

effect. Again Rl is given as n=c/v ., which shows that for NRI material (solid-state

plasma), the phase velocity becomes negative and v, = ¢*/(xv

velocity. The experimental observation of the inverse Doppler effect, i.e., increase of
frequencies of reflected radiowaves from a receding boundary, has already been reported hd
Hence, it is expected that X-rays reflected from the standing wave pattern approaching the
solid-state plasma media, generated because of Compton effect, produce waves of
increased frequency.

phase) ’ SO the approaChing

In Compton effect, a photon of energy 7iw, , after the collision scattered through an angle 26
from materials consisting of set of rest and free electrons having initial momentum p,,
becomes a scattered (Compton) photon of reduced energy/iw,. These rest and free

electrons absorb the amount of energy lost by the photon scattered with a momentum p, .

Hence, there is a vacancy in the atomic orbit. However, the number of positive charges in
the centre remains constant. Then, the electron density fluctuation takes place. Hence, the

excited oscillatory motion of fluctuating bound electrons possesses a new momentum p;,.
These excited electrons, after transforming energy to another incident X-ray photon, attain a
relaxed state of momentum pl', which is nearly the same as the initial momentum ( p,). X-
ray photon scattered from the above oscillating electrons (solid-state plasmon of energy
ha)p) shows a new type of incoherent scattering of enhanced energy fiw; . From energy-

momentum conservation laws, we have

ho, +(p32/2m0):hcu3 +(p1’2/2m0) (1)

or, p;y =hk; =k, + p, [ p1, = pl] (2)

where p, and p, are the initial and final momenta of excited plasmon, respectively. The k; (

=, /c) is the final momentum of the new scattered photon and kp =k, —Kk,, is the

scattering vector shown in Fig. 1. In the transition mechanism, the Compton scattering
follows between lower ionization state (i.e., intermediate state 1) and bottom of the continuum
state, and the new incoherent scattering follows between higher ionization state (i.e.,
intermediate state Il) and top of the continuum state.

Simplifying (Appendix-A), the energy of the newly scattered X-ray photon at an angle 26’
can be written as
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{2 ho, (v’j sin® 0'}
ooy = — A ¢ 3)
Py (=cos20")]  [1—y (1-cos26")]

This Eq. (3) is valid for all angles when y << 1, i.e., non-relativistic photon (<15 keV). A non-

relativistic (NR) description of incoherent scattering can be applied to X-ray below roughly 15
keV and in this energy range; the relativistic effect can be negligible. Again, in this
incoherent X-ray scattering mechanism, the energy (momentum) transfer is very small

(<1keV) compared to the E, (inverse of inter atomic distance r, ) of the target system ( the

collective scattering regime, 4hw <<1keV ,kr, <<1).

As it is difficult to detect the scattered electron experimentally, one can only record the
energy distribution of the scattered X-ray photons and then infer the momentum distribution
of the electron. In order to extract the information regarding the momentum of the scattering
electron, let us consider q’ the plasmon’s initial state momentum and the new shift
associated with the electron oscillation, which may be given as

q' =K,.p/|k,| (4)
where k, =/(k, —k, )* = \Jk? +k? —2kk, cos26’

Hence, ¢’ may be simplified as,

/- (~137) o, — o, — (20,0, /mc? (1= cos 26"} -
\/hza)]z +h’w; —2h° 0,0, c0s20'

where myc=137=1/a and the « s the fine structure constant. Again,

myca =h/a, =1 at. unit. (a.u.) of momentum (= 1.99275 x 10 ° g. cm/sec). In addition,

1a.u of energy is equal to 27.2 eV. For convenience, the electron momentum can be
expressed in energy unit by multiplying it with the velocity of light ‘c’. So, 1 a.u of momentum
(in energy unit) = 27.2 x 137.036 eV = 3.727 keV. Thus, with the help of the Eq. (5), the
photon spectrum can be transformed to an electron (oscillatory) momentum spectrum.

The total cross section of this new incoherent scattering can be obtained by integrating the
differential cross section over [daj (Appendix-B), the solid angle, dQQ =27 sin8' d6'.
1.9}

N

do
oy = j (EJN o 6)
1) 1
Or, oy :a{k—J Mcﬁ(ed)zne I:Zﬂ' sin@' do' 7
» P,
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where M, (= 2.756x10%) is a constant quantity, since, m,c =137 and considering

h =c =1, as used to study X-ray scattering from electron gas [20,21].

(a, k)
(E5, p3)

Tonization state-I11

—_—— e (Y —— —

Ground state

Fig. 1. Schematic energy level diagram indicating the mechanism of: (a) Compton
process in first intermediate ionization state (I, bound state) showing momentum
conservation, where p, and p, are the initial and final momenta of the electron, k; and
k,, of the X-ray photon. E;, and E,, are the initial and final energies of the electron, o,
and @, of the X-ray photon. The k is the scattering vector, which recedes from the
collision centre; (b) new scattering process in the top of the second intermediate
ionization state (I, bound state) showing momentum conservation, where p; and p,

are the initial and final momenta (as assume in eq. (1), i.e., pl' = p,) of the excited

electron (plasmon) due to Compton effect, k; and k; of the X-ray photon. E;, and E;,
are the initial and final energies of the plasmon, @; and @s, of the X-ray photon. The

—

kp is the scattering vector approaching the collision centre

Finally, the total scattering cross section of this new scattering is found out to be
3 1
1 3 12
On :O-T{k_J (47[)2Mc&( : ] n, (8)

P p2
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where the scattering vector k  has magnitudek, = (47/A") sin@’, which is a constant

[22]. Again, the number of plasmons per unit volume n; in a semiconductor, may be given
3

by n, =4.8x 102' 72 e M%7 \where T is the temperature in degree Kelvin (°K ), and kg

is the Boltzmann constant. In plasma physics, it is convenient to use the electron-volt as a

unit of temperature (°K ) and is related aslel /k, =11604.505°K . Hence, the new

scattering cross section is found out to be inversely proportional to the third power of

momentum transfer, i.e., klf3 . In addition, this new scattering cross section is found out to

be directly proportional to the /c ~as predicted in the hypothesis. Also, the final momentum
p5 i.e., the momentum of the relaxed electron after scattering of the photon of enhanced

energy, is the same as the initial momentum p,, ie., p; = p,. Since velocity ratio

v__ 1z where Z=14, and n =3 (electron arrangement in the atom follows the 2n’
¢ 137.0377 n’

P, %
rule). Hence, the ratio of momenta —-or —- (velocity ratio) is calculated as 0.574.
1V

3. EXPERIMENTAL DETAILS

The experimental setup consists of a grazing incidence X-ray diffraction (GIXRD) instrument,
(Bruker AXS, D8 ADVANCE™ X-ray instrument) operated with monochramator in non-
dispersive arrangement in parallel beam geometry with a resolution of 2x107 used for the
inelastic scattering study. The system shows the FWHM of 8.05 eV at 8 keV X-ray, which
corresponds to a momentum resolution of about 0.05 a.u. A section through scattering
geometry is shown in Fig. 2. The grazing-angle geometry is characterized by the deep
penetration of X-rays into materials, hence the yield of inelastically scattered quanta
drastically increases [20]. In this geometry, the sample was mounted in a two-axis
goniometer; scanning was done by holding the angle of incidence constant (48.19°) and
varying the diffraction angle 26 (= 96.34°) about the Bragg angle. Incident line focus CuK,
radiation from a high-power X-ray tube operated at 1600 W (40 kV and 40 mA) using a
KRYSTALLO 780 X-ray generator. Again, source with the Be-window of the high-power tube

having 95% transmissions emits CuK, X-ray photons in the order of 1.2x1016ph0t0n/s

(considering only 1% of power converted to polychromatic CuK X-ray). The CuK, excitation
from the line-focus tube, then the X-ray beam was collimated through fixed-divergence slit of
6 mm (= 3°) before irradiating the sample. The scattered X-ray beam from the sample was
well collimated by passing through Soller slit of 0.23° before getting it reflected by LiF (100)
crystal monochromator (d = 2.2265 A). A Nal dynamic scintillation counter of quantum yield
around 95% was mounted on the arm of the goniometer circle of radius 300 mm. Step size
chosen for this experiment was 0.05° with scan rate of 0.05°/min (step). In this arrangement,
X-rays are reflected from both the specimen and the focusing monochromator; which is
known as reflection-reflection mode in double-crystal spectrometry (+1 -1) [2,21]. The
observed spectral data were collected using a fully computer-controlled system and
analyzed using software supplied by Bruker AXS, USA.
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Fig. 2. X-ray scattering spectra (accumulation of 10 hrs) of refined intensity data
obtained from Si (333) crystal using CuK X-radiation incident at an angle 48.19°,
applying GIXRD showing X-ray coherent peak, Compton scattered peak and a new
incoherent scattering peak

4. RESULTS AND DISCUSSION

Experimentally, it seems feasible to observe this kind of scattering phenomenon using low-
energy X-ray photon. The lifetime of plasmon excitation and the incident photon flux are very
sensitive and bear out the idea of the feasibility of this new type of scattering phenomena.
The lifetime of the plasmon excitation [10,15] is of the order of 10 % s, at the same time the
lifecycle of the plasmon standing wave generated due to Compton effect (using low-energy
X-rays of 10 keV), calculated using de Brogile’s hypothesis, is of the order of 10 '° s. Since,
the number of photons emitted by the source is of the order of 10 '® photon/s, the possibility
of this type of collision cannot be ignored. Hence, it is justified to think of the experimental
feasibility of such type of X-ray scattering from the plasmon standing wave whose lifecycle is
a few hundred times greater than the previous one (X-ray wave).

In order to ascertain that the new modified X-ray line observed is not accidental or a random
one, experiments have been performed on different samples since 2000, using different X-
ray wavelengths in both energy- and wavelength-dispersive spectrometers [22]. It was found
that the existence of this new peak was as real and reproducible as the Compton peak and
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was highly dependent upon scattering angle and characteristics of the scattering
substances. Since then, various ftrials were taken to increase the intensity of this new
scattering peak. In the present attempt, polychromatic (CuK,s, CuK,,, CuKg, CuL,, etc.) X-
rays were used instead of monochromatic X-rays for the Compton scattering experiment
(post-monochromator was used instead of pre-monochromator). Comparing the intensity,
the CuK,, and CuK; are, respectively, 0.5 and 0.2 times less intense than the CuK. If
perfectly monochromatic (using pre-monochromator) X-ray of the order of 10" photons/sec
is used, one can observe both Compton as well as this new effect. In such case, the
Compton effect caused plasmon standing wave events are same as the amount of X-ray
undergo Compton effect. However, in the second order interaction, i.e., X-ray interaction with
plasmon standing wave is less probable (or nearly same) as compared to the Compton
interaction. So, the new peak is less intense (or nearly same) as the Compton peak.
Similarly, for polychromatic X-ray interaction with the crystal (sample), the amount of
Compton effect caused plasmon standing wave events are more as compared to the earlier
case. Using a post-monochromator set for CuK,; one can observe Compton, Rayleigh peak
of CuK,; and the new incoherent line respectively. In this case, interaction probability of
CuK, with plasmon standing wave produced due to multiple Compton effect (CuK,4, CuK,s,
CuKg, CuL, , etc.) is more as compared to the earlier case. So the intensity of the new
incoherent peak will be greater than or equal to the Compton peak. Again, the plasmon
standing wave generated is directly proportional to the incident photon flux or the net

incoming X-ray intensity, 1 (=1, (1.0)+ 1,0, (0.5) + 1, 5(0.2) +...). Hence, it is

expected that the amount of standing wave generated using polychromatic CuK radiation
can be increased around 1.7 times as compared to monochromatic CuK,,. Again, at the
recoil electron resonance condition (the Compton recoil electrons must build up standing
waves in a direction normal to the lattice planes), the above intensity of the new scattered
line will be highest due to the maximum interaction of standing wave with the X-ray photon.
Because of this, relatively more intense peak as compared to Compton peak for the same
material system was experimentally observed and is reported in the present paper.
However, it is expected that this new peak intensity may decrease on increasing the
scattering angle because of the damping of plasmons at higher scattering angle.

The scattered spectra of CuK, (8.048 keV) X-rays by a 15 x 15 mm? and 1mm thick Si-single
crystal using GXRD spectrometry was recorded. With an exposure of 10 hrs (40 kV and 40
mA), at an incident angle 48.19° the spectra possess the usual coherent, incoherent
(Compton) peaks and a new incoherent X-ray peak at low-angle side of the coherent peak
(CuK,1) was also observed. The total spectrum was collected with a scanning speed of
0.00083°s. The profile fitting, smoothening (applying Adjacent Averaging, AA) and data
refining (applying Fast Fourier Transform, FFT) were carried out using Origin 6.1 software.
The 9-points AA-smoothened data with 5-points FFT-refined spectrum of the scattered
spectra are shown in Fig. 2. The wavelength shift of the Compton peak, which varies with
the scattering angle 26 (97.05°), was calculated to be about 0.0250A (using the expression
defined in Allison [21]. As stated, during Compton process the material target behaves as a
metamaterial and the NRI of Si (€ =11.8) was estimated to be -0.97. Because of NRI of the
target material, X-rays of low frequency were scattered with high frequency. Wavelength
shift in this process is found to be 0.0238A experimentally for the Si (333), which matches
well with the theoretically calculated value 0.0269A and shown in Fig. 3. The intensity ratio
(refined data) of the modified (Compton) to unmodified, i.e., I./ I, (=R ) was found out to be
0.45. It is interesting to mention that a new peak of about 1.75 times more intensity than the
Compton peak, as expected, was observed on the high-energy side (with respect to the
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coherent peak) of the Si (333) spectra. The statistical counting error in the observed
intensities of the new peak is about 0.05%. Intensity ratio of the above incoherent peak /,
with usual unmodified peak I, i.e., I,/ I, was found to be 0.78. The position of this new peak
corresponded to an energy transfer of about 140 eV (high-energy side of the CuK,4 line),
whose Compton shift energy of about 142 eV (low-energy side of the CuK,; line).
Experimentally, the width of the Compton profile (62 eV) was found out to be more than the
new incoherent profile (43 eV). Hence, performing profile correction, the incoherently

scattered photon energies 7w, and hw, are found out to be 7.970 keV and 8.147 keV (Eq.
(5)), respectively. Again, in impulse-approximation (lA) [23], g = z, the IA is valid over the
range — o0 to + oo . The experimental data, however, can only be analyzed up to some finite
upper limit on the long-wavelength side of the Compton profile J(z). In actual practice, the

solution to this problem is to select some convenient range from —z to + zthat easily
encompasses all the valance electron contribution, say 1.27 for silicon crystal [24]. In the
present scattering study along Si (333), the profile functions g (Compton) and q” (new
incoherent) were calculated for both types of scattering process and were found out to be +
0.719 a.u. and + 0.490 a.u., respectively. Again, this confirms that the energy exchange in
the new process is lower as compared to the Compton process.

1504 ' ' ' ' ' ' ' ' -
1.58 4 . -
1.57 .
] " ]
1.56 .
Theo
Exp

Theo _

_ Exp _
1.53 -

1.55

1544

4 > onm

152 -
41

1.514 -

Modified wavelength (A%

1.50 A -

1.49 4 A

T T T T T T T T T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180
Scattering angle (deg.)

Fig. 3. Modification of wavelength of CuK ; X-ray in Compton (H: theoretical,®:
Experimental) and in new process (A: theoretical , ¥: Experimental)

According to random-phase approximation (RPA), X-ray scattering from plasmon appears
clearly under the condition that k is smaller than the critical wave vectork,, i.e., k <k,.
Though, the theoretical predictions for the dynamic structure factor of Si known so far are

207



Physical Review & Research International, 4(1): 198-216, 2014

restricted to the above range, and higher value of this RPA plasmon cut-off wave vector £, (
L
=0.47x,/r, k) has been reported [25, 26], here k(= [37z2ne]3) is the Fermi wave

2
vector and 7, (= [47.11/ha)p ]E) is a dimensionless parameter [25]. As in the case of the
dielectric of our interest, £(w,k) <0 (where wis real and kis imaginary), the wave is
damped with a characteristic length 1/|k,

1.38 A" [calculated with n, = 3x10% em’, ha)p ~16.6eV, E. =12.4eV and k, =2.07
A™. The present experimental (Cuk X-ray scattering) results show high momentum transfer (
k,> k), as high as k,=6.16 + 0.01 A" and (k ,/ ke)* = 8.9, which is similar to the results
reported in Suzuki and Tanokura [10], and Papademitriou and Miliotis [26] published
separately, when CuK X-ray scattered from beryllium, (kp/ k,:)2 = 8.4 (where k.= 1.22 A'1).

(plasmon cut-off vector), for silicon k,_is around

These results are in agreement with the previous finding [10,22,26]. This indicates that
plasmons do not disperse when the momentum transfer exceeds the critical value. There is
no exact theory available to define this high value of momentum transfer in plasmon
scattering till date.

The wavelength-dependent critical electron density (theoretical critical density)
n, (z 7 l(r A )) in the present experiment is about 4.7x10°° cm™. However, dielectric-

constant dependent, nc(: n,/1-g, e) of silicon is 4.9x10** cm™® [calculated with

n, =3x 10 cm™, ande =11.8]. Also, the excited plasmon density, #_ is found out to be

e

3.74x10* cm™ [calculated with AE =142 eV, energy absorbed in Compton process]. The
abrupt change of plasmon density at the crystal surface mainly depends on two factors: one
is the temperature and the other one is the energy absorbed by the system and is defined in
expression (8). In the present case, though the temperature of the system remains more or

less constant, but the energy absorbed by the system AE', is large due to Compton effect.
3

Because of this, the plasmon density increases exponentially ( n; «T? e
!
the above n, and n, values for silicon crystal, the €, was calculated to be 2.98. A non-

relativistic (NR) treatment can be applied to analyze the new scattering cross section. In
Compton process, the total cross section for 10 keV X-rays is of the order of 10

cm?/electron. The total scattering cross section o, , which is inversely proportional to the
third power of the k, (equation (7)), is found to be 2.95 + 0.009 x10** cm?/electron. This is
very close to the theoretically calculated result 2.88 + 0.01 x10%? cm?/electron. However, the
o is of the order of 10 cm*/electron, which indicates that the new cross section obtained

is higher by two orders of magnitude as compared to the Compton cross section in NR
region. The result is similar to the result obtained in electron Compton cross section, which is

AEkgT ). Using

higher by five orders of magnitude [27]. Again, the o, is directly proportional to./€, as
given in equation (7), which indicates that the materials of high value of dielectric constant
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produce high value of o, . The instrument used for this purpose is sensitive (Compton

effect) to the polarization of X-rays considering all the geometrical factors, where the
polarization sensitivity of the device is a measure of asymmetry parameter A. However,
asymmetry parameter of low-energy X-ray is given elsewhere [28]. Therefore, in the present
X-ray instrument, the value of A is estimated to be 0.026 + 0.002 (CukK,), using the theory
suitable for the asymmetry of Thomson scattering spectrum (since Compton effect is less
prominent in case of low-energy X-ray) [28].

Again, X-ray scattering from plasmon with k > k_has also been experimentally observed

[14,16,29,30]. This large value of the damping constant may be because of quadratic
dispersion of RPA Lindhard-type dielectric constant [31]. In addition, the plasmon dispersion
curve bent over for larger values of k and showed little dependence of @w and k. The

calculated bandwidth [32,33], W, of the analyzing crystal (post-monochromator) can be

expressed as A4, where A is the product of the receiving slit width w, (same as Soller slit
A

for the present setup) and the reciprocal of the linear dispersion,i‘g (z tangj. So, the
dA A

w| = 2r A l: 0.23° lis 0.21°. However, the total separation is around 0.42°, since the
B
tand A tan48.19°

diffractometer always read 26. Based on the above bandwidth calculation, there was no
extra diffraction peak identified. Weak and extended diffuse scattering peak from the
epitaxial Si layer in the X-ray rocking curve around the Si(333)-substrate reported by Fenske
et al. [34] supports the above finding.

5. CONCLUSION

In the present paper, theoretically predicted and experimentally observed new modified X-
ray peak in single-crystal silicon using polychromatic X-ray has been reported. The new
incoherent line was observed to have the following major features: (i) the energy of the new
modified peak is greater than that of the Compton peak; (ii) the new modified peak observed
is more intense and narrower compared to the Compton peak for the same incident X-ray
line; and (iii) the new modified peak observed is better resolved than the Compton peak for
the same scattering angle. Since the broadening of scattering peak decreases with
increasing incident energy and vice-versa, so the Compton peak is not cleared in case of low
energy X-rays. Thus, the non-observance of this type of incoherent scattering peak in earlier
experiments is probably due to the absence of polychromatic quantum interaction
mechanism. Although our use of relatively low-intensity X-ray source, is unable to provide
precise data, it is expected that, use of more intense X-ray source (e.g., 3¢ generation
synchrotron radiation or Free electron laser), X-ray detectors of excellent energy resolution,
advanced Compton spectrometer, suitable scattering angles and materials (possessing low
atomic number, high dielectric constant) will, no doubt, provide a more prominent new
modified peak with better signal-to-noise ratio. Such a scenario is likely to provide better
understanding of the electron density distribution of solids. Also, it is expected that this new
effect will give a new dimension to understand the electron dynamics and electronic
structure of materials.
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APPENDIX-A

The amount of energy transferred to X-ray photon from plasmon may be written applying
Eqgn. (1) and Eqgn. (2) as

Aa)|N =w; — o, =(p32/2m0)—(p12/2m0)

= (pl + kp)2 /2m, — (pf/2mo)

So, Aa)|N = (kp +p1)2 /2m, —(plz/2m0)
Or, Aw|N = (k;/2m0)+ (kp.p,/mo) (A1)
Now, the Egn. (A1) contains an extra term, which is also linearly dependent on the electrons

ground state momentum and the inverse Doppler shift associated with electron in plasmon
excitation. Hence, the new profile of the scattered photon is centered on kf,/Zm0 with a

widthk  .p,/m,, .

Here k is the scattering vector, and kp is the wave vector having magnitude‘kp‘ =27/A".

The energy transferred to the system in Compton process is
Adw = ho, —hw, = (k2/2m0) (A2)
In terms of the Compton scattering angle 26,
k* =k, —k,) =k + kI —2kk, cos20 (A3)

Typically, the energy of the X-ray photon is usually very high compared to its momentum.
So, to a first approximation|k1|2 ~ |k2|2, SO

k* =2k} —2k? cos26 = 2k2(1—cos26) (Ad)
Since, @, = k,c and w, = k,c, the Eqn. (A2) may be written as

Adw = (a)la)2 /m,c? ) (1 —co0s20) (A5)
Simplifying Egn. (A1) as per Eqn. (A2), similar to the case of electron in motion, gives

Aw|N = (a)3 —w1)+(kpp1/m0)
a)3=Aco|N+a),—(kpp1/m0) (AB)

Again, modifying Eq. (A5) for this scattering, it gives
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Aol = (a)la)3/mocz)(l—cos 26") (A7)
Simple algebra using Eqn. (A6) and (A7) leads to the following result:

w, = (a)la)3/moc2)(l—cos 20")+ o, —(kppl/mo) (A8)
Finally, simplifying Eqn. (A8), energy of the scattered photon becomes

1
- o, m k,p,
“ = [1-7(1-cos20")] [1-y (1-cos20')]

(A9)

Simplifying the value of k,, and applying the first approximation |k,|2 e |k3|2as in Eqn. (A4),
one can have

k, =\(ky =k )? = \Jk2 +k? =2k k, cos20’

= 2k (1-cos20) =2 (ﬂ] Vsin® ¢/
C

(A10)

h 1 :
Hence, the term — kpp1 in Egn. (A9), which is actually — kpp1 and can be simplified to

0 0
'

= k,p =— [2 (&j Vsin? H'J.mov' =2 w, (V—j Vsin* @’ (A11)

m, m, c c
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APPENDIX-B

Applying statistical model of the atom, the incoherent scattering cross section of X-rays by a
system of interacting particles is expressible in terms of density distribution functions for the
system & ® as follows:

(k) = o [ P(k,r) n(r) dr (B1)

where, P(K,r)is the local correlation function, and n(r) is the electron density function.

However, the maximum information about the many-particle system is contained in the
quantity P(K,@), which is the Fourier transformation in space and time of the time-
dependent pair-distribution function for the system 24 or known as spectral function. The
spectral function P(K,®) is directly measured in an inelastic-scattering experiment. Applying
the Born approximation, the angular and energy distribution of scattered photon defined as

2
d’o —m° p3V P(k,w) (B2)
dQdo 87’ p,

for the particle (electron) of mass m, initial momentum p, scattered to a final momentum

P, with energy transfer between @ and @+ d® , and scattering angle specified by d<2.
In the case of collective mode, the Coulomb interaction factor ®, is simplified as
2 2
V, =d4re’lk, (B3)

However, the static Coulomb interaction generated due to the scalar field (static field) °,
@ ¢ ,t), awell-defined function of the particle coordinates at the same time.

Again, this P(K,®) s related to the structure factor © P(k) by

[ P(k,w) do=PK)n, (B4)

where, P(k):<1//0 ol p, 1//0>/n6, and the P(K)is directly measured in a scattering

experiment in which one determines the differential cross section. Then the differential cross
section is determined by integrating over all energy transfer °

2
my Py 1,2

- =0 B p2 pk)n B5

de' Io dea) 87> p, " (), (59)
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Considering the interacting Fermi gas model (i.e., the electrostatic interaction between
electrons) which deals with relation between the pair distribution function and the dielectric
constant of the uniform gas ® ' In the interacting Fermi gas model, the correlation term

P(k,r)used in the above Egn. (B1) can be taken as P(K)(for brevity by omitting the

argument (') and can be expressed in the RPA as a function of dielectric constant € (k, @)
as

» e, (k,w)
*le (k,oo)|2

P(k) = k) |

B6
4z* n, e’ (50)

where, € (k,w)=¢, (k,o)+iec, (k,0).

After a bit of algebraic simplification, one can have the P(k) as the same as given in earlier

Eqgn. (B4). A quantized plasmon oscillation correspond to oscillations in the particle density.

The collective contribution to P(k)in the small k, region is, to an accuracy kp4 k3,

2

kp
Pcoll (k) = m o (B7)
13

where @, is the oscillation frequency of the collective mode with the wave number £, and

k,.is the Thomas-Fermi screening wave number, k.. = (4/7)(k, /a,), and a, is the
Bohr radius °.

The dielectric function £(@, k) of the electron gas, is strongly depends on the frequency and
wavevector. The RPA is more also called the Lindhard dielectric function and is a model for
a static £(k) or dynamic &(w, k) dielectric function °. For brevity, we do not exhibit here the

frequency dependence (the predicted scattering is highly dependent on critical number
density of plasom, n.).

According to the dispersion relation, the collective frequency @, of the electromagnetic wave
propagated in solid ¢ can be simplified as

1
2 2 |5 2 2
c’k, 2 4r c'k, 2

k e(w, k) € (88)
where,e = ¢, €,and g, =1/4x
czkp2 2
Wp =) —— (B9)

| (n, =)/,
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Hence, simplifying Eqn. (B5) using expressions (B3), and (B7), one can have

2

do  m,’ b | drne k,’ ,
do' 8’ p, kp2 2m, @, °©
1
2 2 ) k2 2
_my py 4r e » €

n, [substituting @, from (B8)

e

C8r’ P, kp2 2m, | 4rx czkp2

e Y[ 1 3(mc)4p n* -
=l —1||— o [47]%[]zn, (B10)
m,c k, l6z° p, (myc)
3 1
Hence,d—6=0'T 1 M. Py, (B11)
a0’ "\ k, | p,

where M, (= 2.756x10%) is a constant quantity, since, myc =137 and h=c=1. Since

the solid angle Q(r,#") is a function of rand @', the above Eqn. (B11) can be written as

d 1Y !
(—Uj o, | —| M, L5 (e)n, (B12)
dQ ), kp P,
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