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AIM ‘

In this project, we have developed a python code to fit the model of the solar-like oscillations to the power
spectral density profile of a target star and thereby deduce the eigenfrequencies of oscillations and other relevant
properties like rotational splittings, the inclination of its rotational axis with respect to the our line of sight, etc..

We will first introduce ourselves to the basics of salar-like oscillations and then discuss how the theoretical
model in the frequency domain is developed. Finally, we will present the cancepts used to develop the code and
then discuss the results obtained with the G-type star 16 Cyg A (KIC 12069424).

I: BASICS OF ASTEROSEISMOLOGY:

LA&: INTRODUCTION TO ASTEROSEISMOLOGY:

Asteroseismology is the branch of astrophysics that deals with the oscillations (stellar “quakes”)
occurring inside stars that are direct consequences of their basic physical constituency. Precise and
accurate measurements of these oscillations with high resolution telescopes help in opserving these
oscillations, thus enabling us to draw out conclusions regarding stellar interiors. One very common
technique used to study asteroseismic properties of stars is photometry- the measurement of flux of a
certain band of electromagnetic radiation received on detectors from astronomical objects. With the
advent of very high precision photometry in telescopes like CoRoT, Kepler, TESS, etc. it is possible to
detect the very minute oscillations (usually in the order of parts per million) of the stars over a long
period of time. The signal received on performing fourier analysis enables us to identify the
eigenfrequencies of oscillations which carry information regarding the internal structure of the star.

LB: THEORY OF THE SOLAR-LIKE OSCILLATONS:

Solar-like oscillations, the stochastically excited (by turbulent convection) and intrinsically damped
resonant modes of oscillations are the direct effect of small-amplitude variations about the equilibrium
state. The conservation laws that govern the evolution of the fluids constituting the star are:

d
The equation of mass continuity: ~£ =—pV.v (1.B.1.a)
d s
Newton’s 2™ law of motion: p d—: =-Vp+pg+fomer _— (I.B.1.Db)
, . dg _ du d(1/p) 1 (dp r,p dp) 1 (dp 2 dp)
st f—_—= — = —_———— | = —— - -
1% Law of Thermodynamics: e at (-1 \at 5 At -1 \at Cs e
(I.B.1.c)
Poisson Equation for Gravitational potential: V2® = 4nGp (I.B.1.d)

where p =fluid mass density, p =fluid pressure, g=heat supplied per unit mass, u=internal energy per
unit mass, v=velocity of fluid, g=gravitational acceleration=—V®, fowmer =0ther forces acting per unit

; _(@lnp __ 4 _if@T _ A g ;
volume of the fluid, I} = (a ‘“P)aa J3-1= (a '“ﬂ)ad , T=temperature of the fluid, c;=adiabatic sound

speed.

Considering a non-rotating spherically symmetric star in hydrostatic and thermodynamic
equilibrium withf ., = 0, we have: Vp, = —p,g,F, where subscript ‘0’indicates equilibrium quantities.
Now we introduce small, linear, adiabatic (dq = 0) perturbations to all quantities about equilibrium. If
y(r, 8, ¢, t) be a scalar property of the gas, we introduce the linear perturbations y’ and y where y =

¥o + ¥  and Sy=y’+& .Vyowhere §=displacement vector. Thus velocity of fluid element is= -3—5 = -g—z
The aforementioned set of equations now becomes:
p' ;—V. (pod) (I.B.2.a)
Po5~=—Vp' —pVO' —p'Vy ____ (I.B.2.b)
P +§.9p =22 (o' +§.9po)_____(I.B.2.0)
Vi’ = 4nGp’ (1.B.2.d)
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Here, we have 4 equations with 4 variables (provided the equilibrium conditions are known) which are:
p',p', ', & With appropriate boundary conditions, these equations can be solved. Considering ' =
{p’,p', @'}, we can show by substituting that the general solutions as can be of the form:

4

f'(r.6,¢.t) = Re(f'(r)Y"(6, p)e'“*} (I.B.3.a)

Bl"m(ﬂ P) &

£r,0,6,0) = Re {[&,(Y"(0, )7 + (1) (255225 + ea"";f‘” p)|e-it} __(1.B.3.b)

where £, indicates the depth-dependent part of radial displacement, £, indicates depth-dependent part
of non-radial displacement, ¥/ (8, ¢») are the spherical harmonics, w is the frequency of oscillation.
We then eliminate &, using continuity equation and p'(r) using adiabatic equation. Hence, we obtain:

d 2 9o St 1. . +1).

g O )= zfr— =51 e ® ______ (I.B.4.a)
dp' g do’

P — P = NG =~ (B4
1d d® 11+ 1) p'  poN¢

Rl = = s

iy (r dr) 2 =4n G(c§ e & (I.B.4.c)

Cowling approximation of the radial perturbation gives us: p

d%,  w? N} s?
drz—‘?(l";f 1=az %

where &, is a dimensionless variable indicating radial displacement, w is the angular frequency of the
din pb d .tn Po

] :the Brunt — Vaisala frequency ,

oscillation that satisfies the equation., Nf= —, [ Tin @
S[ = '(Hl) c?: the Lamb frequency. The oscillatory eigenfunctions of this equation are trapped in regions

where:
i)  w?®>NZand w? > SE:p-modes
ii.) 0 < w? < Nf and w? < S} : g-modes (are absent in convectively unstable zones as N3<0)
There exist values for w where trapping regions of p-mode and g-mode are very close by, breaking the
uniformity in the mode spacing.
The eigenvalues of v = %are given by boundary conditions and are computed numerically. We

shall get back to them in section I. E. The net oscillation of the star includes all the possible modes.

Thus the Solar-like oscillations visible on the disk of the star may be described 4n terms of
spherical harmonic functions Y™ of co-latitude 8 and longitude ¢ defined at each radial eigen-mode n.

The spherical harmonic functions are given by:
Y6, ¢) = (=)™ P (cos 8)e'™? (1.B.6)

where P[" is a Legendre function (polynomial); and normalization factor: ¢,, is determined by:
2L+ 1)U -m)!
B = (l.B.7)
" 47 (l+m)!

L.C: SPATIAL RESPONSE OF OBSERVATIONS:

The integration inherent in the disc-averaged signal applies a strong spatial filter, making
observation sensitive to modes in Jow angular degree [ (due to averaging of values corresponding to high
values of [ to extremely small values), which measures the total horizontal wave number ki, on the
surface by:

ky = @, where R= Radius of the star. ’
This kj, is the square root of eigenvalue obtained on operating the Laplacian in spherical
coordinates over the Y™ (8, ¢) on the surface of the star (i.e., at r =R).

Equivalently the wavele;gth is: A = ?
h



Thus: /I(1 + 1) =¥ (L€ 1)

Let the position and time dependent intensity perturbation due to oscillations be: I(t; 6, ¢).
Then the integrated signal I(t) given by integration over the area of visible disc A is:

I(t) = [,1(t; 8, $IW (cos B) dA, - (£.C.2)

Where W (cos @) is a weighting factor that is assumed to depend only on the angular distance from
rotation axis of the star. For photometric observations, the dominant contribution that describes the
change in intensity is of limb darkening which is generally of the form:

N

W(cos8) = 1—2:(:,<[1—c05|5‘]‘c (1.C.3)
k=1
where c;, are the limb-darkening co-efficients.
The intensity perturbation (real part of eigenfunction at the surface) of a mode of given [, m and radial
order n having amplitude A, angular (eigen-) frequency wy;,, and an initial phase 8y, is then given

as:

L (658, ¢) = M(_l)mclmplm (cos BJAnlmCOS(m¢’ — Wyimt + Sntin)s = (£.C.4)

Considering the rotation axis of the star to be pointing along the line-of-sight (£i; = 0°), there is a net
cancellation of terms wherever m # 0, leaving behind terms containing m = 0. We, thereby, rewrite
equationlC.2as:

I (t) = S;Ap cos(@pit — 8yp),~—-———(/. C.5)

where we have composed a visibility function S, independent of n for high-order modes (good
assumption for solar-like oscillators):

n
22l F 1 f p,(cos 0) W (cos 8) cos 6 sin 8 d6 (I.C.6.a)
S! = 9

2nV2I+ 1 f ? Py(cos 6) W(cos0) cos20sinf do __(I.C.6.b)
1]

Equation /.C.6.a is used whenever scalar quantities (like photon flux) are measured’, whereas [.C.6.b is
used whenever projection of vectors (like Doppler velocity) along line-of-sight are measured (an extra
cos 6 term in the integrand for the sake of projection along L.0.S.).
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Therefore, we see from Fig. 1 that the modes of oscillations belonging to | = 3 are extremely small
compared to the rest and are thus not always prominent enough to be identified. They are usually lost in
the noise.

The response corresponding to a different choice of polar axis can be obtained by integration of the
spherical harmonics (acted upon by rotation operator in spherical polar coordinates) over the visible
stellar disc. An important special case arises when the polar axis lies in the plane of the sky. The effective
visibility function for the signal then turns out to be:

Sim = Jeim (5) 5 —01.€.7)

where g , G) can be found for different values of [ and m on substituting is=-’;E in the formula:

’

(I—|m

&,m(is) = T I)' [P,'m'(cos is)]?

(1.C.8)

It is quite evident from equation /.C.8 that g, _, (i5) = El,m(is)l-

For odd values of [ — m, there exist odd number of latitudes (since, number of latitudes = | —|m|) and
thereby one of the latitudes is the equator (equal number of latitudes being present on either sides of the
equator). Since P/™(cos @) is anti-symmetric around the equator, therefore there will be a net

cancellation of intensities. Also as evident from equation /.10, since F;'m'({)) =0
[We know, Pllmj(—x) = (—1)”*’“‘3'"“(::); forx =0, P,iml({]) = (—1)‘””"3""'(0); for odd values of

L+ |m), B™(0) = —=B™(0) => ™ (0) = 0] therefore |, () = 0| for the same.

L.D: FOURIER ANALYSIS OF THE TIME SERIES DATA:

The pulsations of stars like the Sun can be approximated to a number of superposed linear harmonic
oscillating signals (S.H.0.S.) of small-amplitudes. The data corresponding to the signals are collected and
their time series is constructed. Fourier analysis of this time string lends us important information about
the star’s oscillations, and thereby its interiors.

Let us start off with 1S.H.0.: [(t) = A, cos(wyt — §,) whose data has been collected over a time
interval T. It's Fourier transform (in positive angular frequency domain) is:

[T{w—aig) P
(@) = "T‘ﬂ[e'[—"—"**z %] sinc [“‘“2 “‘"’]} (£D.1)
The power spectrum P(w) is given by:
P(w) = |IL@)I|* = 27243 sinc? [£ (@ — wp)] - (£D.2)

Simultaneous scillations are richer in information as they give us an interference pattern when they
are closely spaced.

Let us consider a periodic wave which is a superposition of 2 5.H.0.s:

I(t) = a;cos (wyt— &)+ a,cos (w,t —&,) whose data has been collected over time interval 0
to T. It's Fourier transform (in positive angular frequency domain) is:

(@) = {ale [T{..-w J*“l]smc [ (m;wl)] A aze{‘rtu—w; +8 sinc [@]} ..... (1.D.3)

The power spectrum P(w) is given by:

P() = |l@||



12 af sinc? [—T—(w;—m‘}] + a3 sinc? [T[w—_w—ﬂ]

== fI= : B
= + 2ayazsinc [ﬂ] Sl [T(w w,)] [T(w22“w1) B, = 61)] (1.D.4)

The last term in equation /.D.4 corresponds to the interference pattern formed in the plot of the
power spectrum. The two major peaks give us information about the frequency of the individual
oscillating signals whereas the interference pattern (provided the peaks are considerably close to each
other) gives us information regarding the phase differences between the 5.H.O.s.

There arise cases where the time series’ data contains gaps, as if a mathematical window function
operates over the signal, due to periodic rising and setting of the object of interest ortlue to temporary
shutdown of C.C.D.s for downloading the collected data. Its Fourier transform can be easily deduced using
the convolution theorem of Fourier analysis. Thereby, its corresponding power spectrum is deduced. Let
us consider a single S.H.0.:

The data for [(t) = a, cos(wt — §,) has been collected in time intervals 0 to T and 7 to T+1.
Therefore, we consider the window function as:

W 1, forO<t<Tandt<t<t+T
(r)_{ﬂ, forT<t<tandt>T+T

Qur power spectrum now is:
2

—(1.D.5)

P) = ||W@) « @)| =

f W.(w — w) I,(0") do'
all w

If the oscillation signals are damped and their data are collected over a very large interval =(T — )
then we obtain a power spectrum which is a Lorentzian profile. This profile has a half-width at half-
maximum of the damping co-efficient. The mode profile centred on v = v, with amplitude a and half-

a
width-half-maximum {HWHM)ais:P(V) - —(V v0)2 ’
1 o

0-2
The starlight contains not one but numerous damped oscillation signals which is received as the time-
series data, commonly known as the light-curve. The power spectrum of this light-curve now contains
Lorentzians centred at their corresponding frequency with a particular amplitude and mode width.
Moreover when the star is rotating, modes with angular degrees [ are splitinto 2[ + 1 azimuthal orders
each of which is g, (is) times the total amplitude of the mode.

Now the effective power spectrum containing all the modes of oscillations will be of the form:
!

-y anefm (is)
Pn,l.m(V) = ! 1 1 + [v . (vnt + mns)]z —[’.D.6)
n m==—
_ ' [rnlm] »
where: A, = net amplitude of the (n,l) mode

Vi = central frequency of the (n,[) mode

[him = half-width of the (n,l, m) mode

i; = angle of inclination of the star’s rotational axis with the line of s1ght

Q. = rotational splitting of the (n,[) mode due to rotation

£1m (i) is the relative amplitude of mode inside a multiplet; defined in equation (/. C. 8)

LE: NATURE OF THE FREQUENCIES IN THE POWER SPECTRUM

Detailed analysis of the power spectrum helps draw out various conclusions regarding the periodic
motions on the star. Filtering out the “noise” (in asteroseismology’s perspective), e.g., data due to stellar
activities, granulations, transits, eclipses, star-spots, shot-noise, etc. are done with the help of rigorous
mathematics and statistics.

Once the different noises are filtered out and the region containing oscillation modes are isolated, they
are minutely analysed so as to precisely determine the stellar interiors.

5



High overtone p-modes (where i — () are analysed using conclusions drawn mathematically
[Tassoul—1980] from asymptotic theory (w? > N?):

l Al(l+1)—-B) m (R (™
Vnim = Av (n +=+ e) — AP {—— + —J- f Knim (1, 0)Qpor(r, @)rdrdd __(1.E. 1)
2 Vnio 2mJg Jo

where n=radial overtone number, [=degree of oscillation, m= azimuthal order, K,,;,, is the weighting
kernel, Q,.:(7, @) is the position dependent internal angular velocity, e depends on the cavity boundary
conditions, B is a correction dependent on the surface boundary conditions, ¢ is the sound speed and:

o ZdeT = P . 1 [(c(R) (Rdcdr
i o r o " 4m2Av\ R drr

s

AV |, Wy 1s10= Vo 10 = AV/2 . Av,, is known as the large

ﬂ.
frequency separation. | rﬁvm_) [0 {p)z | The v,,; defined in equa” (/. 16) is equal to vy, in equa” (1. 17).

(4l + 6)Av (Rdcdr
Am?vy g Jo dr T

OV 142(M) = Vo 10— Vn-1 142 0= — (l.E.2)

the star. We see that 6v1,3 (n)

= m\%3 : pemmsleaes W
Av = (Avy) \/E o (3_3) 1and Vypgy X Voo X = ',where Vmax = frequencv with maximum

R? [Tery
power. The frequencies corresponding to higher values of angular order are hard to detect, usually from
l = 4, due to low visibilities and geometric cancellation.

High-order g-modes are analysed using conclusions drawn mathematically from asymptotic theory:

i (ferdr)_l(nJriﬂ) (L.E.3) ‘
T Wy 7 279 o

l % :
where I, are the periods and AIl; = I, = -1 =y, (n + = + Eg) is known as the period
separation, r; and 7, are the inner and outer turning points of g-mode respectively (where w? = N?).

Plotting the frequency echelle diagram for p-modes and the period echelle diagram for g-modes help
study the trends better. Let q be the required quantity such that ¢ = kAq + q’, where k€ Z, 0<q'<Aq.
Then the echelle diagram for q is the plot of q against g mod Ag, i.e., g against q’. q is the frequency for
p-modes and period for g-modes.
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II: DETERMINATION OF MODE PARAMETERS FROM ASTEROSEISMIC ANALYSIS

IL.A: GENERATING THE POWER SPECTRUM TO BE USED FOR ANALYSIS:

In this project, we have developed a python code to fit the model of the power spectrum to the
power spectrum of the star which can be retrieved by constructing the Lomb-Scargle periodogram (ref.
VanderPlas 2017, Arxiv e-prints, arXiv:1703.09824)[which is similar to discrete/fast Fourier Transform,
except that it enables us to compute the Fourier Transform of non-uniformly sampled data] of the light-
curve containing normalized flux (with NaNs removed) or by directly acquiring the complete raw Power
Spectral Density (henceforth will be referred to as “PSD”) profile available from the Kepler Asteroseismic
Science Operations Centre or TESS Asteroseismic Science Operations Centre. The light-curve data
obtained from Kepler are available in 2 cadences: At =29.43 minutes (long cadences) and At =58.85

seconds (short cadences). We use short cadence data for better resolution and higher nyquist
frequency[= -z-i; :

Once we have in hand our power spectrum, we recognise the peaks in the PSD that we will be
using for parameter estimation. Then we set the limit for frequencies over which we will be fitting our
model--— The range of frequencies is defined as: [min-freq, max-freq]. This is identical to performing
1; v € [min_freq, max_ freq]

0, elsewhere

Now, the PSD we have with us has a multiplicative noise that is distributed as y? with 2 degrees of
freedom with respect to the limit spectrum (the model obtained on optimization).

We can also perform smoothing of the power spectrum by convolving it a few times (say, twice or
thrice) with the 1D box filter of a desired width. The prominent modes of oscillations are aptly visible in

this smoothed PSD and by observing this spectrum we provide the initial guess to the model parameters.

point-wise product of raw PSD and the window function(v) = {

II.B: CREATING THE MODEL TO BE FITTED:

The model to be fitted to the data contains not only the various modes of oscillations, but also
contains some background components. Now, we will define the different components of the model:

i.) White/Shot noise: This is a constant noise which is independent of the‘frequency and

arises mostly due to photon shot noise on the CCDs of the telescopes. Therefore the

component of model contributing to the shot noise is:

Mspot(vi) = e%o
where a; is the natural logarithm of the constant shot noise.

[Note: We will use the notation v; because our dataset is discrete where the resolution=

1
~ Total duration of observation of the star (in seconds) I

Vier — Vi

ii.) Stellar activities, granulation and other stellar phenomenon having very low frequencies:
Contribution of convective granulation, stellar activity and instrumental noise lies mostly in
the low-frequency regime. The contribution of these phenomena, known as the red noise,
to the background are often estimated to be a semi-Lorentzian centred at v; = 0:

et
Mgranuiation (vi) = g

14—

where @, =natural logarithm of the amplitude of the semi-lorentzian
[' = natural logarithm of the square of its HWHM.

iii.) The modes of stellar oscillations:

As we have discussed earlier in Part I, Solar-Like Oscillators oscillate with certain specific
frequencies which depend on the struq}ure and composition of the star.



The effective contribution to the power spectrum due to seismic activities is:

eamglm(i;)
Mseismic (Vi) = Z Z = (Wt & sz)]Z

nl m=-l
elnl + wyl°
2L+ 1

where a,, = natural logarithm of the total amplitude of the mode (n, ()
v, = centre of the oscillation mode (1, 1)
Brnl +wgq
————— = The HWHM of the mode (n, [,m)
21+1
Qg = Splitting due to rotation of the star
is = angle of inclination of the star’s rotation axis with respect to the line of sight
w, = A constant of the order of resolution
£ (is) = the relative amplitude of mode inside a multiplet of the angular degree

_ {=tmbt - piml : 12
=Gatmni L (c08 is)] ‘

We have discussed earlier that all modes of oscillations of higher angular degree (I = 3)
are not very prominent (Fig. 1). Thus we have considered only the prominent peaks corresponding to [ =
0,1,2 and a few [ = 3 for estimation of parameters.

Therefore, the complete model whose parameters are to be estimated and fitted to the raw power
spectrum is:

20r3 eanl {;‘!m (15)
M(v;; =e“0+ -i-zzz _(I.B.1
(V: p) : Ly L = (an + mﬂs)]z ( )
ter ernl i+ wg]z
21+ 1

Here, we assume that for a particular angular degree of a mode all multiplets have equal widths. Also we
keep w, = 0.03 (of the order of resolution) here because the resolution does not allow a half-width of
less than itself to be identified.

The 3n + 5 parameters whose values are to be estimated are: Qq, @1, I', Gny, Vi, Fnl: Lg, (lsHere,

[p - (%&Tnn .[‘m___g_m i anz” o l"nzafn.,_lm e T ao 5 I'gs .(1;):

_______ (I1.B.2)

II.C: MAXIMUM LIKELIHOOD FUNCTION:

We are supposed to find the most likely values for the parameters such that the model described
in equation /1. 1 fits the unsmoothed PSD. The time-series data (light-curve) contains random processes.
These processes, abiding by the central limit theorem, produce noises which are distributed about the
limit spectrum in the form of the Gaussian individually in the real and imaginary parts of the Fourier
transform. Thus the Fourier transform, and thereby the PSD (the norm-squared of the Fourier transform)

abide by x? statistics with 2 degrees of freedom.
Since the PSD is known to be distributed around the limit spectrum, i.e., here our M(v;; p) with x* 2

degrees of freedom statistics, the likelihood function L is: ’
1 _ P((Vi))
L(P; )=1—[ T 11.C.1
P=] 1 mew e




where P =Raw power spectral density profile.

Owing to the available optimization techniques available, instead of maximizing the likelihood we
minimize the negative logarithm of the likelihood which is:

L

F(p)=-—InL = ZlnM(vi;p) + Z% - (LG 2)

Now that we have the model M (v;; p), the unsmoothed power spectral density P(v;), we proceed to
minimize the function F(p) using a non-linear minimization technique known as the Broyden-
Fletcher-Goldfarb-Shanno Algorithm (B.F.G.S. Algorithm)[Shanno--1970].

ILD: BROYDEN-FLETCHER-GOLDFARB-SHANNO (B.F.G.S.) ALGORITHM:

This algorithm is a quasi-Newton method which estimates the values of parameters p =
(o P1 P2 - Pn) tofind the minimum value of the function F(p) which is preferably differentiable
twice. It starts with an initial guess to the parameters such that it proceeds iteratively to get a better

estimate of the parameters by using the gradient of the function VF (p) where the’k " element of the

aF
element is ——. BFGS uses a matrix known as the Hessian matrix which is defined as:

0Pk
r 9%F d*F 4%F
dp;  Opodps " Opgedpy
9%F a*F a%F
H=\apop, ap! " Op.dpn
82F  82F a2F
0pa0po Opndpy  OP;

This approximate Hessian matrix, initialized as the identity matrix /,,x,, checks the concavity of the F
when the parameters have the value p. It is used along with the gradient of the function to determine the
direction in which it will proceed in the parameter space so as to minimize F and gets itself updated each
time. The inverse of the Hessian matrix H~! is more important in this context as it contains the co-
variance of the parameters (random variables with a Gaussian distribution), i.e., é(H‘l)b- = 0y0;. The
elements on the principal diagonal of the H~! matrix contain information about the errors in the
obtained values of the parameters. The error in the estimation of the element p; of p is given as:

Apx = 0 = +/(H Ve

Ideally, this algorithm is supposed to terminate when |IVF(p)!| = 0. But since the precision of the
machine might not allow the partial derivatives to reach an exact 0, we set a limit p which has a very
small value such that the code exits when | |VF(p)I| < p and returns to us the final estimate of py.

In general, the B.F.G.S. algorithm we have used requires 4 inputs:

i.) The peaks taken into consideration are visually assigned their corresponding values of angular
degree [.

ii.) The function to be minimized. In our case, the function to be minimized is F(p) as defined in
equation(/1.C. 2).

ii.)  The initial guess to the parameters p which is given by observing the smoothed PSD.

iv.)  The gradient vector VF(p) of the function F(p) where:
VF@) = ( oF aF aF OF aF oF dF aF aF
T \0a,, Ovny Oy 0an, OVyy 0Ty 0@, vy, O,
dF aF aF dF 4dF dF odF OF
—— — == — — (I11.D.1)
0a(ri10 MWnspo meno dag da, IU' 0i; 09
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Using F(p) as defined in equation (//.C.2), we can write:

ar 1 P(v, aIM(v;
o i gy ) T o
We hereby calculate the a_Ma'ElLEl for the different parameters and feed them into the gradient using
equation /1. D.2: b p
aM(vi;p) _ I el g (is)
day mZ_! |+ i= O+ mao2

[efnr % er
2T+ 1

aM(VI;p) _ 2 t eamslm(is)

W [ern!+w : Z
—zzw‘l] .

—* {(v; — (v, + mQy)}

[vi — (v + mQy))?

14
U [
AES! /
!
OM(vi;p)  2e™(21 + 1)? enig, (i)
ar; - [eTnt + wy]3 Z e 7—* (Vi = (v + MO
nl 0 Bl
1+ [vi — (vnj + mQ)]?
\ et /
20+ 1
oM (vi;p) e
da,

IM(v;p) e™
da,

M(vi;p) e v

ar 2,2 el .
(1+1"T)

o+ —ImDA plml(cos i) « [P (cos i) — (1 + ImI) (I = Iml + DPI™ ™ (cos )]

BM(VD P) + m '
e Z;m—-f ‘ [vi — (v + 7'-'1-(215)]2
rﬂ
/ [ \

1%

l
oM(vi;p) e g, (is) {vi = (v + mQy)}
00 7 rams e’ +wo]’
W [vi = (v + mQY1? [ 2[+1 ]
r 2
e'nl + WD] )
\ S E3

The algorithm returns us the parameters that give us a local minimum of the likelihood function.
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ILE: THE OUTPUT:

The BFGS Algorithm gives us the values of each of the parameters after optimisation. We estimate
the large separation corresponding to angular degree [ = 0. We plot the curve of v,, ; against n. The slope
of the best fit straight line [vy(n; (Avy), ¢) = n{Av,) + c] to this curve is plotted by minimizing the

function :

_ Vao — v(n: (Avy), ©)\*
d AZ( Ono )

’

By fitting the straight line, we find the slope {Av,) and the standard deviation in its measurement.
We consider (Av) =~ (Av,). Subsequently, we plot the frequency echélle diagram for the corresponding
star. As we have discussed earlier in Section [. E, this diagram is a plot of v,,; against v mod (Av).

ILF: RESULTS OBTAINED:

a.)16 Cyg A (KIC 12069424):

16 Cyg A is a G-Type main sequence star which has been observed by NASA’s Kepler telescope
in short cadence from Quarters 6.1 to 17.2. We have obtained the unweighted PSD profile from
the Kepler Asteroseismic Science Consortium generated using the corrected and concatenated

time-series.

!i..
i
{
b

‘2

pom?
o

Power [*;

[
(=]

el
=]
R L T E e E R e e

—
(=]

o
T

1600

W SRR SOSBRRNCY Lo
18090

Frequency [pHz]

12069424 Raw
17069424- Upon Smoathing

[ CESp— — n ) i A
2400 2600

1

Fig.2: The raw unweighted power spectral density of 16 Cyg A containing the most prominent peaks
[1570 uHz — 2600uHz] has been plotted in black. The plot in red indicates the spectrum on

performing boxkernel smoothing of width 0.2 uHz thrice on the raw spectrum. The PSD profile

was retrieved from the Kepler Asteroseismic Science Consortium.

Frequencies of the modes received as output are:

’

Angular degree’ Mean value of frequencies, v (in uHz) Error o (in uHz)
i=0 1598.697 0.060
=0 1700.926 0.094
=0 1802.320 0.073
=0 1904.591 0.050
=0 2007.564 0.045
I=f 2110.899 0.042
t= 2214.273 0.050
=g 2317.327 0.055
=0 2420.981 0.087
=0 2525.311 0.140
=1 1644.982 0.093
=1 1747.182 0.079
=1 1849.015 0.056
=1 1952.030 0.053
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l= 2055.495 0.047
i=1 2159.158 0.048
=1 2262.562 0.050
=1 2366.225 0.062
=1 2470.379 0.080
=1 2574.626 0.137
= 1591.191 0.084
=2 1694.026 0.172
=2 1795.821 0.114
= 1898.343 0.093
[=2 2001.712 0.077
=2 2105.328 0.048
=2 2208.946 0.071
= 2312.548 0.085
l= 2416.391 0.131
= 2521.161 0.338
l= 1941.096 0.292
=3 2045.807 0.196
=3 2149924 0.150
=3 2253.433 0.194
[= 2357.173 0.180
l= 2461.791 0.315
a2 e -
70
60
S0 4
— Av——

PSD [ir ppm “2fukz}
5

s

1600 1800 2000 2200 2400 2600
Freguenty, nu [in uHz]

Fig. 3: The plot in blue indicates the unsmoothed power spectral density profile and one in red is the model
that fits the PSD profile. The fitted model is the one for which we received the least value of F after

25 4

P50 [in ppm ™ 20ukiz]
]

&

o

2100 2120 2140 1160 2180
Frequency, au [in vkz)]

Fig. 4: On zooming into the plot as shown in Fig 3, we find that the splitting in the various modes and angular
degrees are prominent,
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2080

12



§ 8 x ¥
——f—
———————

-3
.

Ampliwde of the angular degraes [In ppm ™ 2unz}
: $ : -
Al
——
- .

ol L
# é ¢
¢ N S S — . S
180D LHOO 4000
Frequency m [ o uer]

L]

—y
2200

. Obtained amplitude of different angular degrees vs frequencies
-+  Amplituge o angular degrectwillh errorsl ve Trequences with smors)

St — — ]
2400 2800

Fig. 5: Plot of the amplitude e“n! vs central frequency of each mode v,,; with their corresponding

errors (the error in the frequencies are too small to be identified in the plot)

2400 4
2200 1

4000 4

-

1=0 for the racal order {in microhertz

of
g
g

2 4 G L]
Rodial order of the mode- Minithum redial erder considered +1

10

Fig. 6: The slope of the best fit line to the plot of eigenfrequencies of angular degree I=0 with respect to the proxy
of the radial orders gives us the value of the large separation.
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Fig. 7: The frequency echélle diagram of the obtained frequencies for [ = 0,1,2,3 with (Av) = (Ay,) =
102.838uHz. Also, we have plotted the observed frequencies of the considered modes as given in
Verma et. al (2014) and we find that these are in good agreement with thé ones we have

calculated,

Observable/Quantity

Values obtained/calculated

Angle of inclination with respect to line-of-sight, i,

50.331° + 1.877°

Rotational Splitting, Q.

0.513 + 0.012 uHz

Mean Large frequency separation, (Av)

102.838 + 0.140 uHz
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IIl: PYTHON PACKAGES USED:

We have made use of several python packages to develop this code:

Numpy
Scipy
Matplotlib
Astropy
Lightkurve
Pandas
Numba
Time

IV: CONCLUSION:

In this project, we started off by introducing ourselves to the underlying concepts and basic theory
of solar-like oscillations. We have made use of various statistical concepts and rigorous numerical
techniques to find out the frequencies of various modes so as to deduce important values which
enable us to study the orientation and the internal structure of a Solar-Like Oscillator. The python
code we have developed has been successful to a considerable extent, mostly where the angular
degrees [ of the eigenmodes could be visually identified. In order to figure out the best possible
model, the minimum value of the negative logarithm of the likelihood function was considered by
using different initial guesses and the best one was reported. Here, we have only reported the resuit
obtained on performing model fitting of the power spectrum of the very popular 16 Cyg A star.

Sm 0 a0 oW

Using the output obtained, we can also find out other physically important measura bles which help
us study the stellar interiors in greater detail. The limitation of using this technique lies in the fact
that this technique works well for Solar-like oscillators with modes whose angular degree can be
identified. But for stars where the values of angular degrees cannot be clearly identified, hypothesis
testing and Bayesian analysis provide help.

Despite its limitations, this technique has proven efficient in obtaining the modes frequencies of the
Solar-like oscillators with prominent oscillation modes and hence can be used to perform
asteroseismic analysis. To take this code to the next level, we will try to incorporate peak bagging and
analysis of Solar-like oscillators with mixed modes.
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Abstract

In the design we have constructed a sensor water tap monitoring system
using the components vizarduino board, solenoid valve, SPDT relay, IR
sensor etc. The main purpose of this project is to stop wastage of water.
We have used the IR Sensor which is connected to a SPDT relay which
controls the solenoid valve to control the water flow to the tap. As a
result sensor tap is automatically shut off after use.



Introduction:

Water is most precious. Living bodies depend on it. Our responsibility
is to conserve it. Nowadays we are interested to be automated. The
project titled "sensor Water Tap monitoring system" is the modern
version of the traditional hand operated tap. The water taps that we use
in our daily life are mechanically operated. Water flows through the tap
when we turn on the tap and the flow stops when we turn off the tap.
This hand operated tap system causes water loss. '

Sensor water taps save water significantly. Sensor water tap is
automatically shut off after hand washing and as a result water shortage
is reduced. Sensor tap is hygienic, that is very important for us. This tap
is more energy efficient than traditional hand operated water tap. In the
automatic water tap we use a IR sensor which is connected to a SPDT
relay which controls the solenoid valve to control the water flow to the
tap [4]. This tap reduced the wastage of water as it is automatically
closed after hand washing.

Some related works are:

e Water Quality Monitoring System Based on IOT [1] : In this
paper the authors have presented a design and development of a
low cost system for real time monitoring of the water quality in
IOT. They have measured the physical and chemical properties
of water such as temperature, PH,turbidity, flow sensor etc. using
sensors and arduino model.

e Design a Smart Faucet for reducing the water wastage using IOT
[2] : In this paper the authors have designed a smart water faucet
using the components Node MCU,relay,solenoidvalve,DC
motor,temperature sensor, servo motor for reducing the wastage
of water. ‘



Proposed Design:

We have designed a sensor water tap monitoring system .Here we
have used an infrared sensor in the tap that has a light emitting diode.
This LED emits light continuously. When an object or human hand
enters into the range of LED, the solenoid valve will be opened, which
allows the water to flow through the tap. When the object is removed
from the range of LED, the valve will be closed and it stops water

running.

Implementation:-

The Components that are required for constructing the sensor water
tap monitoring system are

i)  Solenoid Valve

ii)  Single Pole Double Throw (SPDT) relay
iii) Infra-red sensor

iv)  Arduino board

v)  Power Supply

vi) Spring

vii) Resistance

viii) Electromagnetic coil

Solenoid Valve is an electrically Controlled automatic device. It's
basic working Principle is just like as a relay. There are two types of
Solenoid Valves i) normally open type and ii) normally closed type.
By applying the voltage the state of the solenoid can be changed from
open to close or from close to open. Here the normally closed type
solenoid valve has two ends. One end is connected to a power supply
and the other end is connected to normally open contact of a relay.
Relay’s common end is connected to the ground. Its common end,
attached with a spring system, is connected with the normally closed

*
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Block diagram of Sensor water tap Monitoring System



contact through a movable iron armature. There is an elecfromagnetic
coil; a coil of wire is wound on a soft iron core. One end of this coil is
connected to some voltage and the other end of this coil is connected
to the ground through a n-p-n transistor. The base of the transistor is
connected to a pin of arduino board via some resistance.

Here we used a IR Sensor that has a light emitting diode-IR
transmitter continuously emits the light. When some object enters into
the range of the LED, the infra-red light signal is reflected by the
object and the receiver of the IR sensor receives that light. That’s why
some voltage will be showed across the receiver. This voltage is
automatically supplied by the sensor to that pin of arduino, which is
connected to the base of the transistor via some resistance, such that
current will flow through the electromagnetic coil and the coil
generates a magnetic field through the soft iron core. Due to this the
movable iron armature is attracted towards the electromagnetic core
and the armature will move to open condition by breaking the
normally closed contact condition. Normally open contacts get to
closed condition. Then a complete circuit will be formed and the
solenoid valve will remain in “on’’ state. The valve is opened and it
allows the water to flow through the tap.

Again, when the object is removed from the range of LED, the
receiver of the sensor will not show any voltage and the current
flowing through the electromagnetic coil will be switched off, the
relay coil gets de-energized then the armature is returned to its
original position by the spring system. The armature will move to
N.C. contact condition by breaking the N.O. contact condition. Hence
the solenoid valve will remain in “off” state. The valve is closed and
it stops the water running.



IR
SENSOR

° = MICROCONTROLLER

Sensor Water Tap
When some object or human hand enters into the range of LED of the IR
sensor as shown in fig, which emits the light continuously, the solenoid
valve will be opened and that allows the water to flow through the tap.
Again when the object is removed from the range of LED, the valve will
be closed and it stops water running. :




Result:

The sensor water tap monitoring system plays important role in the
following fields:

e Significant water saving:

Electronic taps are generally constructed to get much lower stream rate
than the traditional hand operated taps. Hand operated taps can use up to
10-15 liters of water per minute whereas the sensor tap offers flow rates
of water as little as 2 liters per minute. Sensor tap is automatically shut
off after hand washing and hence water wastage is reduced.

e Hygienic:
Sensor tap doesn't require to touch - it is hygienic.

e (leaner and more efficient:

In case of sensor taps the flow rate is predetermined whereas for hand
operated taps the user can choose their preferred flow rate every time.
This is very inefficient. Prefixing the flow rate helps to reduce splashing.

e More energy efficient:

Sensor taps need electricity for their operation while the traditional hand
operated taps don't require any electricity in order to work. Every time a
traditional hand tap expends a great deal of energy by choosing the
user's preferred water flow and temperature. But in case of’sensor taps
water always remain at a constant temperature, so energy is not
expended by changing the water temperature. So sensor taps are more
energy efficient than hand taps.



Application:

Sensor water tap monitoring system is extremely valuable in home, old
age home, hotel, school, office, shop, nursing home, hospital, industrial
application, eatery etc.

Conclusion:

Due to this sensor water tap monitoring system our life style has been
quite automated. Due to significant progress in science and technology,
we are approaching an era of artificial intelligence and consequently the
interaction between man and machines gets reduced. The sensor water
tap is such a machine that has reduced the human labor mostly. We can
implement this method in the public water podium stands which
eliminates the usage of water taps, which are extremely inefficient. This
automated system is very helpful in everyday life specially for
physically handicapped, patients and elderly people. It gives them a safe
and independent living by providing the tap automation. It is also very
helpful in conservation of water which can be efficiently implemented in
garden, park etc.
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1 Introduction to GTR

.

Inertial frames means frames with no accelaration, where no objects are
around to provide or create any type of force for accelaration. Special the-
ory of Relativity(STR) deals with this perspective of inertial frame in de-
tail. The underlying geometry of STR is very simple and it is the normal
euclidean geometry. Let us think of two close points in space denoted by
(z', 2%, %)and(z! + dz', 2% 4 da?, 2® + dz®). The distance between them can
be written as

ds = /(da')? + (da?)? + (dz?)?.
In general it can be written for N-dimension as

N

ds* = Z(dz")z.

=1

This concept of co-ordinate distance was very famous before the iuvelltioil of
General Theory of Relativity(GTR) . Then almost all problems were treated
by newton’s equations in minkwoskian flat space time, where time is consid-
ered to be absolute. Towards the ending decades of eighteenth century there
was a problem which needed to be addresed was about maintaing the speed
of causality in which informations were traveled. But Newton came up with
his famous formula of gravitation as i.e

GMm

r
r2

s

Now if we change one of the masses adiabatically i.e

GMm(t)f_

F =
re

in space, the force between them must be changed simultaneously. This
demands the information to travel at speeds greater than c (speed of light)
for instantaneous action. So Einstein came up with his great idea of gravity
here. Though there are many fallacies like superluminal motion, twin para-
dox etc. that supports Einstein's work later, was remained to be addresed
still. We would discuss some of them in greater detail in further sections.
Einstein's thought was to see the 'Gravity’ as a consequence of the geometry
of spacetime . Mass helps to bend the spacetime fabric and then the concept
of curvature pokes in, instead of Newton’s concept of flat spacetime.

1 INTRODUCTION TO GTR 3
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Gravity as geometry

As we had writen in euclidean geometry, the concept of distance is not same
in curved spaces. A straight line is not a straight line in cur'ved spaces,
as that will leave the surface of that curved surface. A simple model of a
curved space is S%. The geometry we need to consider for curved surfaces
is a very famous geometry named as Reimannian geometry for curved
manifolds. The line element here is written as:

ds® = g, dz*dz".

It is a general form of notion that incorporates metric tensor g, into con-
sideration. Now a simple question comes to the mind that why do we need
such a complex thing to consider?? Here in lies the concept of curvature.
The motivation is , when we had written for euclidean space-

N

This can also be written as :

[ dax'

100 0. 0 "
010 0. 0 Bk
; ; 00 1 Qs 0
2 __ ) | 2 3 N 3
ds® = ( da? dz* dot... da™ ) 000 1. 0 dx (1)

=
o
= -
<
bt

\ dz" ]

The matrix g, is something, which tells something about the nature of the
space. Diagonal representation gurantees its orthogonnality of co-ordinates.
We also have to think that the basis of vector spaces are not same from point
to point in a curved space. So they are the function of co-ordintaes. Hence
the diagonal positive clements of the metric tensor gy, is not always constant
but is a function of co-ordinates. Let us think of an example:

X = v
Y=%(u2—v2)

1 1 INTRODUCTION TO GTR
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Nnow,

ds = VdX? + dY?

dy?
=dX - =
ds 14 Xz
we can write;
dX = %—idp + %%du = vdp + pdv
Y
dY = ?Xdu + fa—du = udu — vdv

o v

(udp — vdv)?

= 1
ds = (vdp + ,udv)\/ - lvin & pdi)e

ds? = (p® + ) (dp® + dv?)

_(?+v) 0
g;.w - ( 0 (#3 4 U?J) (2)

so it is a function of coordinates p and v. The equation of a circle in euclidean
space can be written as
2+t =12 ’

1 . ;
v+ g = vt = 2r)°

u2+V2=2r

These set of coordinates are called parabolic coordinates.

curvature

There are basically three types of curvatures: if ¢ is the circumference and r
is the radii.we would talk about an arbitrary curved surface.

c
- > 27
=

(it is called the surface of negative curvature)

c
— = 29
7
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(it is called the surface of zero curvature)

(it is called the surface of positive curvature)we would provide an example

here before proceeding to the another feature of curved spaces.
2
c= f asin(#)deo
0

say for a fixed 0 = ¢

= 2masin(v)

Now,r = ay gives

C _ 2masin(v) B Oﬂsin(w)
T

ay P

and it is only defined for r << a. Hence ¢ = 27. So, for large radii spheres
and near the poles it seems that there is almost no curvature at all. Another
glorifying property of this curvature is that the sum of internal angles of a
triangle is not m, it could be more than that. We would not prove it here, it
requires a little bit of geometry and actually very easy to prove.

Non-holonomic basis is a very important part of our discugsion in the
field of curvatures. We would come to this topic later.

6 1 INTRODUCTION TO GTR
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Twin paradox

Now, let’s shift our attention to the discussion of twin paradox and its solu-
tion as we proposed previously. The Velocity fourvector is:

dat dt dz dy dz

= — ey S oy

dr _ \dr'dr'dr dn
utuy, = —c
A(u'u,) =0
d
=3> 2a(u“)u,‘ =0

Nuuu” = —c

7?;4;:(1‘“'“" =0

S0
__(u[})Q 4§ (ullﬂ = _CZ
—(a®u®) + (a'u') =0
now
_[a0)2 2 (al)Q - 92
_{uU)Z & (u1)2 = __C2
therefore
alul — G.“ltu 4
g and
=>a = o
0,0
au
s (T)il o (ﬂ0)2 = 92
=" au = .g—u.l-
C
0
u
. .
c

now 0 ) 3
da® _gdu _g° ,

dr  cdr
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S0 " 5
d*u® 9.0
d(r)? ¢

similarly " .
d*u’ _9
dr? 2

so it gives -

u' = Ae€ + Be™¢
du' g g —gr
= 2iae% -
dr c( 4 E)

now suitable bounday condition gives A = —B = § hence
ul = e = cS?fn.h.(?—T) :
dr c
a® = gsmh-g—T
¢
similarly
dt
wW=c—=cx C'o.z;hg
dr 2
so the final solution comes out to be
T= —CUa‘h(g)
g c
and 2
T
ol = —sa’nh(g—)
P

Now lets think about Amit who is sitting on earth and measuyes the time
needed to travel to another planet by sumit . They are tweens to each other.
sumit moves in a spaceship at a velocity % towards a distant star 20 light
years away. Now the time needed as measured by sumit is 25 years. In
Amit’s frame the time needed is dialated by a factor of

1 v? 1
-‘; ={1— :‘5)
. So 3
t=(25)/¢
!

=41.6 years almost . So according to this, Amit is now older than Sumit
. He is older by almost 2*(41.6-25=16.6)=33.2 years (considering return to

8 1 INTRODUCTION TO GTR
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’

earth also). But here we have neglected the time needed for retardation and
accelaration. Now from our previosly achieved equations we get that

dx ., ,aT
e csmh(?)
80, -

ar c
4 S ) = 45
c* Sin (c) 45

so this comes out to be

& 4
= —Sinh~Y(=
T a.‘.)ma (5)

o ESinh'l (0.8)

=21960000s=Y9 months almost, assuming g = 10m/s%. So here we haven’t
consider that time can be slowed down by gravity itself. So we need to take
consideration of that also. How gravity affects time, will be considered in
the next section.

Gravity makes time lazy

The fact that gravity slows down time is of immense importance. Suppose
Rohit stands infront of a spaceship which is moving with an accelaration
9.8m/s* and Amit is at the tail end. This frame is same as a spaceship
standing still in earth’s surface by 'equivalence principle’. Now let’s go back
to the moving frame at constant accelaration. If at t=0 Amit releases a
signal or em wave towards Rohit then as the frame is accelarating the signal
will require different time intervals to reach Rohit in different time instants.
As the spaceship is accelarating, so Rohit would say Amit’s clock is slow
and Amit will say Rohits’s clock is going faster. This discripenancy is well
described by gravitational time dilation. At the event horizon of the black
holes time is almost frozen. As we all know that a black hole is a point of
larger curvature or a singularity to be better from einstein’s field equations.
Rotations are of great importance also. Because if a disc is rotating at very
high angular velocity then the clock ticking rate at the centre of the disc and
at the perimeter would be different. This is called the sagnac effect.

1 INTRODUCTION TO GTR 9
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2 Introduction to GPS systems

The sagnac effect is very important i case of making a coordination with
rotation and relativity. Now, generally assuming spherical symmetry of our
planet we can write for a rotating coordinate frame at some angular vel. w,
now for primed frame r=r'6 = %,¢ = ¢/ —wt,t = t' Now ds* = —(1 -
2650 ) (cdt)? + (r*d¢?) = c*dr*. Now putting.

d¢

T=H.E=Lﬂ,

we can say that dr? = [(1— %@i) - %“ﬁ)]rﬂ"! Now using suitable approxima-

tion method we can write that

GM R?
dr =1 — o= — s5Wdt s 1
=0~ Re 22 1)
Now for a satellite moving at height h from the surface of the earth, the
proper time and usual time relation can be written by ’
GM (R + h)w + v]?
! — 1 - o
dr =0~ wrno R
Now we wil try to compute the difference between two proper times ..so i.e
—GMh (2Rw +v)
|dr — dr'| = | mer T g vdt
case — 1:

Checking the formula we can say easily that a planet rotating faster than
planet earth will have more difference between these time measurements. So
its a challenge for the technical procedures how to set a gps system for a
planet rotating very fast. What should we do? It is wise to use a rover that
is loaded with a atomic clock and the rotating satellite should tise another
atomic clock, for minute calculations and getting actual coordinates of the
rover in that planet.
case : 2

One set of effects that has been “rediscovered” many times are the red-
shifts due to other solar system bodies. The Principle of Equivalence implies
that sufficiently near the earth, there can be no linear terms in the effective
gravitational potential due to other solar system bodies, because the earth
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and its satellites are in free fall in the fields of all these other bodies. The net
effect locally can only come from tidal potentials, the third terms in the Tay-
lor expansions of such potentials about the origin of the local freely falling
frame of reference. Such tidal potentials from the sun, at a distance r from
earth, are of order Q%%ﬁwl'lere R is the earth-sun distance. The gravitational
frequency shift of GPS satellite clocks from such potentials is a few parts in

1016 and is currently neglected in the GPS. ™

Qualitative study

In the upper portion calculations we neglected the effect of earth’s mass
curvature. If we consider earth’s mass is that much heavier to make a cur-
vature in the spacetime fabric , then there is a resolution to the equation
of Einstein’s field equation. GPS systems are used to measure precisely the
position and coordinate of a object by satellite signals and gravitomagnetic
clock effects. Seperate coordinate systems are used such that ECEF .TAI
etc. usually many satellites are situated in orbits around earth, but for pre-
cise measurement we need at least three satelites. The fourth one is used for
more precise measurement. It was a most innovative discovery of modern
era. GPS systems are now in frequent usage in car’s navigation systems and
they have revolutionized the way, modern communication systems work.

GPS mechanism

GPS mechanisms are very interesting. A man standing at the surface of the
earth is in connection of at least three satellites for tracing his location. The
process is called Trilateration. We know from our fundamental geometry
that when two circles intersect we get two points. The possibility of one point
is excluded by using the reality that this intersection point should be on the
surface of the earth. In 2-d trilateration process two satellites are supposed to
be at distances rl and r2. We make circles of respective (rl.r2) radius. Now
they intersect and we generally get the location. But two satellites is very
poor for precision and invoking the concept of 3d space we use 3d trilaterafion
process rather than 2d. So we construct spheres and the intersection of two
spheres will be a circle. This circle is intersected by another sphere two get a
point on the surface of the earth. Now fourth satellite is needed for precission.
There are in total 26 satellites orbiting the planet earth in different orbits
and orbital velocities.
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Time offset

Time offset is a very important thing in gps systems. Time offsets are mea-
sured by the time difference between the clocks set at the satellite and in the
mobile GPS receiver. Atomic clocks have precision of order 10~ seconds.
But the mobile GPS reciever's time is not so accurate. Now the fact is,the
signals travel at very high speeds. A small'fractional change in time can cre-
ate a distance gap of almost 10 to 12 kms. per day, making the gps system
unsucessful to use. Time offsets are used to measure the time gap between
the satellite's time and GPS receiver's time.

3 Application

The number of applications of GPS have been astonishing. It would take
several paragraphs just to list them. Accurate positioning and timing, other
than for military navigation, include synchronization of power line nodes
for fault detection, communications, VLBI, navigation in deep space, tests
of fundamental physics, measurements on pulsars, tests of gravity theories,
vehicle tracking, search and rescue, surveving, mapping, and navigation of
cominercial aircraft, to name a few. These are too numerous to go into in
much detail here, but some applications are worth mentioning. ,The Nobel-
prizewinning work of Joseph Taylor and his collaborators on the measurement
of the rate of increase of the binary pulsar period depended on GPS receivers
at the Arecibo observatory, for transferring UTC from the U.S. Naval Ob-
servatory and NIST to the local clock. Time standards around the world
are compared using GPS in common-view; Precise position information can
assist in careful husbandry of natural resources, and animal and vehicle fleet
tracking can result in improved efficiency. Precision agriculture makes use
of GPS receivers in real-time application of pesticides or fertilizers, minimiz-
ing waste. Sunken vessels or underwater ruins with historically significant
artifacts can be located using the GPS and archeologists can return again
and again with precision to the same location. Monster ore trucks or earth-
moving machines can be fitted with receivers and controlled remotely with
minimal risk of collision or interference with other equipment. Disposable
GPS receivers dropped through tropical storms transmit higher resolution
measurements of temperature, humidity, pressure, and wind speed than can
be obtained by any other method; these have led to improved understanding
of how tropical storms intensify. Slight movements of bridges or buildings, in
response to various loads, can be monitored in real time. Relative movements
of remote parts of earth’s crust can be accurately measured in a short time,
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contributing to better understanding of tectonic processes within the earth
and, possibly, to future predictions of earthquakes. With the press of a but-
ton, a lost hiker can send a distress signal that includes the hikers’ location.
These and many other creative applications of precise positioning and tim-
ing are leading to a rapid economic expansion of GPS products and services.
Manufacturers produce hundreds of different GPS products for commercial,
private, and military use and the number and variety of products is increas-
ing. The number of receivers manufactured each year is in excess of fwo
million, and different applications are continually being invented.

Orbital frequency shifts

When satellites move in a orbit which is circular, there may be some gravita-
tional frequency shift in the rate of beating of the clocks. Using the relation
(from eq. 1)

2GM, R%W?
Re? ) ¢t

dr? =[(1 - |dt?

and integrating we can write..
/ dr = dt[1 — V/® + ¢(0)/c* + v? /27
path path

here V is the potential term, ¢(0) is constant. It comes from time change i.e
t"=(1+ %@)t’ , and v defines the velocity. now from energy coservatiofl,

Now it leads to.

/ dt[1 — 3GM/2ac® + ¢(0)/c* — 2GM(1/a — 1/r)/c?
path

The last two rate correction values lead to the correction term of order
4.4 %1077, So, for setting beat rate of the clock to some 10.4 mhz arbitrary
we need to shift the frequency of the atomic clock to 10.3399 mhz, which is
a slightly lower frequency. Rough estimation: Considering the effects of
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second-order Doppler shifts of clocks fixed on earth’s surface due to earth
rotation and Gravitational frequency shifts of clocks in GPS satellites due to
earth's mass, earth’s oblateness causes a periodic fractional frequency shift
with period of almost 6 hours and amplitude 0.695%10~14s. Considering GTR
effects its more precise.

-

4 Conclusion and summary

1. We have learnt that how the STR and GTR effects are of imnmense im-
portance for precise measurements on gps systems. Different perturbaton
anomalies and crazy potentials (angle dependent perturbations i.e cosidering
the quadropole moment of earth) make this theory more complicated.

2.New GTR aspects from STR convention has been acheived in this project.
For flat spacetimes we get that the schwarzschild’s metric is stationary (time
independent). The first term (coeff. of d¢?) contains only a constant term
-c® but in switching to GTR we get that term is dependent on potential i.e
the space around the mass considered.

3.Cesium and Quartz atomic clocks are very famous atomic clocks boarded
in satellites. GPS systems are developing day by day for security and navi-
gatioin purposes. Automated car controls or air force automatic pilot control
is completely determined by using the gps systems in daily basis.
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1.Introduction to Dirac Equation

v 0 2o O a a a
The four rpf =ih — N el v A
e four momentum vector p Gy Lh{a(m, ' oy’ oz

lh{ﬁ —V]

P*pu = = — (B.9) = mp®c?

Thus we obtain the Klein Gordon equation for free particles ,
P*pup = mo®c?yP  which results in E= +,/p? + my?c? g

There exists solutions for both positive and negative energy solutions

The non relativistic Schrodinger Equation,

B2 e P
ihe th=———P+V(x) P

Now we take the relativistiv Hamiltonian H = (p®c? + m?c*) )2

Using the fact [A,B] =0and Ay =By implies A%) =B then we get,
_hzaarz = [=h2V2c2 + m?c* ¢

implies [[ | + (%)2] =0..(1) where []=V,W¥

and VAV, B A8 LT LT
dxi" ax.“ c? gt* dx2  ay* o9z?

Multiplying y from the left of (1) and ¢~ from the left ot conjugate of
(1),then we get,

¢[D+
VY "V —yYVup) =0




d ih
r —
Or, at [ch.r:

"2~y 2E) +div 2y VY -y V) =0

We can interprate, %’% + divf=0

The probability density p is not a positive definite expression.The deeper reason is

that Klein Gordon equation is 2™* order in time so we must know ¥ (x, t) and

44 .
at

If we expand the relativistic Hamiltonian ,an equation containing all powers of
derivative operator,such calculations are very difficult to handle and present an
unattractive version of Schrodinger equation in which space and time co
ordinates appear in an unsymmetrical form.

For the drawback of these situations,Dirac introduced the linearization of
relativistic Hamiltonian H=c(a.p ) + B mc?

& il .
a=Yi,q;nandp =Y ,p;n; where p;= —ih—— and n;'s are the unit

vector in 4 dimensional space.
cXioy @ pi +Bmc? = (p*c? +m?c*)V?
Equating the co efficients, a;a) + aya; =20, ; ;B +Pa; =0 ;
a?=p=1
Properties of a;and B :
1.Thea; and B must be traceless.

The anti commutation relation imply that, Ba;B= —a; and by the
cyclic process of trace TrAB = TrBA

Tra;i= Trp*a; = TrBa;p = -Tra;
Tra; =0

similar argumentforTrB =0




2. a; and B are Hermitian as the Hamiltonian operator is Hermitian.It can be
satisfied from Quantum mechanical postulates.

3.Since a; and B are Hermitian ,they can be diagonalised because a;* =B* =1.
So,the diagonal elements(eigen values) can only take +1 .

4.In diagonal form,the diagonal elements of a; and B can take only +1 and
because of traceless ,all of these matrices must have same no of +1”s and -1"s.

Hence the dimension can only be even.
5. In two dimension, there exist only three anti commutating matrices
namely oy, 03,03 ; the Pauli Matrices which are linearly independent.

We need four anti commutating matrices in 2 dimension.We ssume the
matrices exist in 2 dimension.

To prove this, We choose a matrix A with the help of the bases
A = qy|| + a,07 + a,0; + azo;

where a; are all complex co efficients.

Now we assume {4,0;} =0 wherei =123

Recall that g;” = || and {g;, 0;}= 2]|9;;

If{A, o:}=0

then {ag||+a 0, + a,0;, + az03,0,} =0

or, ag 20y +a, 2|| =0 [ {on ]} = 20, ]

or,o, = _'Ef‘"

It can not be possible that o, is identity matrix multiplied with some

number. So, this is the contradiction.




We can not get four simultaneously anti commutating matrix in two
dimension.
To get the reqgirements,we need higher dimention .

As the dimensions of the vector space must be even,then Direc matrices is
constructed in Four dimension.

In a particular explicit representation ,the matrices are

“=(5 o) = 8= 2)

where the og; are the 2 * 2 Pauli matrices and the unit entries in B stand for 2 *
2unit matrices.

’,

Calculation of Probability Density:

To construct the differential law of current conservation,we introduce a complex
wave function v

Now we take relativistic Hamiltonian in Schrodinger equation and multiply YT
from the left,

ihy 22 =253 gt acl +mc2ypBy (1)

Taking complex conjugate of schrodinger Equation and multiply by i from the
right

—ah% =——Zk1 kl/;-!-mc YRy’ ..

Subtracting from (1) to (2),

he ad

hZ Yy’ =3, L y)




We can interprate , g—f + V.]: 0 Here the probability density p(=y*y) is a

positive definite expression .
This is the Success of Dirac Equation.




2. Establishment of Pauli Equation

We consider the Hamiltonian for a free particle H= 8 mc? and its corresponding
Schrodinger equation,

w Y
Lhar

Since the De Broglie wavelength is infinitely large and wave function is uniform all
over the space.

We can get four independent solutions for B when the electron is at rest as B is in
four dimension.

The positive energy solutions have a sensible non relativistic reduction to the two
component Pauli Spin Theory.We introduce an interaction with an external
electromagnetic field described by a four potential A* : (¢$,A) ’

The coupling is introduced by means of the gauge invariant substitution

e % : s ot . .
p# — p# —;A*“ made in classical relativistic mechanics to describe the

interaction of a point charge “e” with an applied field.

The Hamiltonian becomes

(ca.(p — Sﬁ) + fmc? +ed) and its corresponding Schrodinger Equation

becomes

ih 22 =(cd. (§ — 2 A) +Bme? +ed) ¥

This equation expresses the minimal interaction of a Dirac particle ,censidered to
be a point charge ,with an applied electro magnetic field.

H=Ho+H' where H' = —e(a.p) + pfmc?




The matrix ca appears here as the velocity operator in the classical expression for
the interaction energy of a point charge “e”, vop = ca

The relativistic expression of the Ehrenfest relations ,

dr i =
== E[H.r] =ca = v, -

dm i e d
Here,E —H[H,Tf] —;'a—t'A (3)

With Ep—-gﬂ

The above equation(2) is the operator equation of motion of a point charge “e”.

The wave function ¥ in terms of two component column matrix

@
X

) We then obtain from equation (2),

W=y

@

ad P X @ 2
h—(,)=co.w (% )+ed (., )+ mc .
iz (%) (5)+eoG)+mer( %

) ..(d) 1

In the non relativistic limit the rest energy is mc? the largest energy.We can

write,
= imec2t
@Ory=e v (9)
X X
3P _ ~imc? | dg, _imct 0¥ _ —imc? | gy, _imet
at_{ L at}e ’ and at_{ h X+ar}e .

We put these in the coupled differential equation (4)

zhait(ﬁ) = c6.n(g ) + ed (ﬁ) - 2mc? (2,)

Fl

X is defined by 2%: @ asitis the “small” components of the wave function ¥ in

comparison with the” large” components ¢ .Relative to (¢,x) is reduced by




E <<1in the non relativistic approximation.

We obtain the two component spinor equation

; a_cp - (6.11 (7% 4

at 2m . ed)] ¢

This is further reduced by the identity of Pauli spin matrices,
6.a6.b= a.b+i6.axb

b b.m=n’+i0.TM* T

h
=n?—26.B
C

Then we have

—Ea2
ih2 = — L 6p+ed]g ..(5)

dat 2m 2mce

which is recognized as Pauli equation.




3.C0 VARIANCE

In discussing covariance it is desirable to express to express the Dirac equation in

a four dimensional notation which preserves the symmetry between ct and x'.

Multiplying Dirac equation by B/c and we get,

L'h(y"i +y1-a— +y2-£— +y3—?~)¢ -mcy =0....(1)~ where y°=Band y' =Paq;
ax° axl dx? dx3 f

where i=1,2,3,.... and so on

i

The y‘matrices hold anti commutation relation y#y¥ + yVy#=2g" Il

Where gV is the rank 4 matric tensor.In matrix form

1 0 (0 o
4 Bar( 9
vo=(p _p)emdr=(i G
In order to establish Lorenz covariance of Dirac equation we must satisfy two
requirements.The first thing is that there must be an explicit prescription which

allows observer O’ given the y)(x) of observer O ,to compute ' (x") which
describes to 0’ the same physical state.

The transformation between i and ¥’ be linear,since both both the Dirac
equation and the Lorenz transformation and Lorenz transformation of co
ordinates are themselves linear.We introduce them in the form

Y'(x") =y’ (ax) = S(@)y(x) = S(a) Y(a~'x")

where S(a) is a 4 * 4 matrix which operates on the four component of the
column vector Y(x).It depends upon the relative velocities and spatial orientation
of 0 and 0'.S must have an inverse ,so that if O knows ¥’ (x’) which O’ uses to
describe his observation of a given physical state,he may construct his own
physical state y(x)

Yx) = STHa) Y'(x") =S (@)Y (ax) ...(2)
we could equally write using (1),

Y(x) =S(@™") ¢'(ax)




which provides the identification , S(a™*) = S™*(a)
It is convenient to introduce, A = A*y,g,,AY = y’A°—y.V
v=y'L =24,y
ax* ¢ at
From equation (1), ((hV—mc)yY =0
With the electromagnetic interactionp = p — %A'
Then (p—%—mc) =
Secondly, Dirac equation is invariant in the primed co co ordinate.
It is clear from the definition that y! is anti hermitian and (y%)? = —1,
¥°is hermitian and (y°)? = 1
For any unitary transformation, U"=U"
yov'=U"yU  and Y-y’
' % —mc )" =0
U'(yU % —-mc)yY’ =0
UTy5=(Ug') —meUTUy’ = 0

U (ya—i,——mc) (UY') =0

a ’
(y 5 =MW =0

The co variant form of Dirac Equation with y# matrices,
(r*[pu — eAu(x)] —m)p(x) = 0
Then for any Lorenz transformation A which transforms the co ordinates and

four vector potential from an unprimed frame to primed frame,




x'=Ax and A'(x") = AA(x)
We seek a representation ,S(A) which transforms the Dirac wave function
from the unprimed to primed co ordinate system
Y'(x") = S(A)yY(x)
Covariance is the requirement that the transformation leave Dirac
Equation invariant in form.
So that in the primed frame ,
(r*[p, — e4p(xD] = m)y’'(x") = 0
This requirement determines S(A)

The four momentum vector in primed frame transforms as

8 _ Y D _ ey T
307 = 33 = Avp" implies that Pp=(A7")y o
The magnetic vector potential in primed frame for a uniform magnetic field
B = Boﬁ;

AH = %(B x x*")

Multiply the above equation by S™*(A) and we get,

S (A% (pu — ey (1)) = m} S(AP(x) = 0

This equation is invariant in form if

(A~ HES-1(A)yHS(A) =y¥  Implies that S~1(A)y#S(A) = ALy




4.Charge conjugation

From the hole theory we came to know that there is an anti particle for each
particle.The existence of electrons implies the existence of positrons.

We use to form directly the wave function of a positrons from the missing
negative energy electron .

-

A hole in the negative energy sea recording the absence of an energy - E

(E > 0), and the absence of a charge "e" for an electron (e < 0) is equivalent to

the presence of a positron of positive energy +E and charge —e

’

We have one to one correspondence between the negative energy solutions

to the Dirac Equation

(i(V—eA—m)yp =0 ...Q1)

And the positron eigenfunctions. Since positrons are positively charged electrons,

The positron wave function 1, will be the positive energy solution of the
equation,

(V+eA—m)Y, =0 ..(2)

Electrons will then emerge from reinterpretation of the hole theory as the

L

absence of negative energy solutions.
It is necessary to change the relative sign between iV and A in transforming

from (1) to (2) .We take the complex conjugate :
.. 8 . Bsa _
= -—(Lax—p and A, =+4,

Upon doing this,we find (1) becomes,

(55 + ed,) y* +m|y =0




If we find a non singular matrix , denoted by Cy° ,with the algebra -
CYO* (€YD = =k .(3)

Weget, (iV+ed—m)(Cy°yY*)=0

With y%¢* = CyYT = . ; the positive wave function.

From the representation of y matrices by JAMES D BJORKEN,

yOoy#'y® = y#7 so that equation (3) becomes

Cy*'C ™t =—y7 or, CTlykC = ¥

C must commute with y* and y*® and anti commute with y° and y?

Suitable choice for Cis C = iy?y? = —-C"1 = —-CT = -C" '

This is the construction of C.

When an unitary transformation is applied on C it will give a matrix in new
representation. Urel =1

The transformation 1. = CyT = iy%Y* does a negative energy free particle
eigenfunction.

For a negative energy electron at rest with spin down,the wave function

emt  where N is normalization constant

0
0
0
1

The corresponding positron solution is,




iy* Y =i

iy =y
That is the absence of a spin down negative energy electron at rest is
equivalent to the presence of a spin up positive energy positron at rest.

In the field case ,there is no difference between electron and positron.

Negetive energy solution is described by four momentum p, and polarization

’

s, ;the positive energy solution described by same Py and s,.

In terms of free particle spinors,
e'?®s) y(p,s) = CuT(p,s)
e @ u(p,s) = Cv'(p,s)
Showing that u(p, s) and v(p, s) are conjugate spinors within a phase factor

o, s).

We may develop an invariance operation for the Dirac equation by defining the
additional operator which changes the sign of the electromagnetic field.

Taking the complex conjugate of equation (1) and replacing A, by —'A,is a
symmetry operation of the Dirac theory.

The transformation from (1) to (2) for the electron [positron] into the same
equation for the positron [electron] and is called “Charge conjugation

transformation” denoted by C.




The physically realizable state contains an electron in a potential 4, (x) there
correspondence a physically realizable state of a positron in a potential —A4,,(x).

The C changes the spin up electrons of positive energy to spin up positrons of

positive energy solution of (1) to a negative energy solution of the same equation,

that is ,to a positron according to the hole theory.”
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1.Introduction to Dirac Equation

v 0 2o O a a a
The four rpf =ih — N el v A
e four momentum vector p Gy Lh{a(m, ' oy’ oz

lh{ﬁ —V]

P*pu = = — (B.9) = mp®c?

Thus we obtain the Klein Gordon equation for free particles ,
P*pup = mo®c?yP  which results in E= +,/p? + my?c? g

There exists solutions for both positive and negative energy solutions

The non relativistic Schrodinger Equation,

B2 e P
ihe th=———P+V(x) P

Now we take the relativistiv Hamiltonian H = (p®c? + m?c*) )2

Using the fact [A,B] =0and Ay =By implies A%) =B then we get,
_hzaarz = [=h2V2c2 + m?c* ¢

implies [[ | + (%)2] =0..(1) where []=V,W¥

and VAV, B A8 LT LT
dxi" ax.“ c? gt* dx2  ay* o9z?

Multiplying y from the left of (1) and ¢~ from the left ot conjugate of
(1),then we get,

¢[D+
VY "V —yYVup) =0




d ih
r —
Or, at [ch.r:

"2~y 2E) +div 2y VY -y V) =0

We can interprate, %’% + divf=0

The probability density p is not a positive definite expression.The deeper reason is

that Klein Gordon equation is 2™* order in time so we must know ¥ (x, t) and

44 .
at

If we expand the relativistic Hamiltonian ,an equation containing all powers of
derivative operator,such calculations are very difficult to handle and present an
unattractive version of Schrodinger equation in which space and time co
ordinates appear in an unsymmetrical form.

For the drawback of these situations,Dirac introduced the linearization of
relativistic Hamiltonian H=c(a.p ) + B mc?

& il .
a=Yi,q;nandp =Y ,p;n; where p;= —ih—— and n;'s are the unit

vector in 4 dimensional space.
cXioy @ pi +Bmc? = (p*c? +m?c*)V?
Equating the co efficients, a;a) + aya; =20, ; ;B +Pa; =0 ;
a?=p=1
Properties of a;and B :
1.Thea; and B must be traceless.

The anti commutation relation imply that, Ba;B= —a; and by the
cyclic process of trace TrAB = TrBA

Tra;i= Trp*a; = TrBa;p = -Tra;
Tra; =0

similar argumentforTrB =0




2. a; and B are Hermitian as the Hamiltonian operator is Hermitian.It can be
satisfied from Quantum mechanical postulates.

3.Since a; and B are Hermitian ,they can be diagonalised because a;* =B* =1.
So,the diagonal elements(eigen values) can only take +1 .

4.In diagonal form,the diagonal elements of a; and B can take only +1 and
because of traceless ,all of these matrices must have same no of +1”s and -1"s.

Hence the dimension can only be even.
5. In two dimension, there exist only three anti commutating matrices
namely oy, 03,03 ; the Pauli Matrices which are linearly independent.

We need four anti commutating matrices in 2 dimension.We ssume the
matrices exist in 2 dimension.

To prove this, We choose a matrix A with the help of the bases
A = qy|| + a,07 + a,0; + azo;

where a; are all complex co efficients.

Now we assume {4,0;} =0 wherei =123

Recall that g;” = || and {g;, 0;}= 2]|9;;

If{A, o:}=0

then {ag||+a 0, + a,0;, + az03,0,} =0

or, ag 20y +a, 2|| =0 [ {on ]} = 20, ]

or,o, = _'Ef‘"

It can not be possible that o, is identity matrix multiplied with some

number. So, this is the contradiction.




We can not get four simultaneously anti commutating matrix in two
dimension.
To get the reqgirements,we need higher dimention .

As the dimensions of the vector space must be even,then Direc matrices is
constructed in Four dimension.

In a particular explicit representation ,the matrices are

“=(5 o) = 8= 2)

where the og; are the 2 * 2 Pauli matrices and the unit entries in B stand for 2 *
2unit matrices.

’,

Calculation of Probability Density:

To construct the differential law of current conservation,we introduce a complex
wave function v

Now we take relativistic Hamiltonian in Schrodinger equation and multiply YT
from the left,

ihy 22 =253 gt acl +mc2ypBy (1)

Taking complex conjugate of schrodinger Equation and multiply by i from the
right

—ah% =——Zk1 kl/;-!-mc YRy’ ..

Subtracting from (1) to (2),

he ad

hZ Yy’ =3, L y)




We can interprate , g—f + V.]: 0 Here the probability density p(=y*y) is a

positive definite expression .
This is the Success of Dirac Equation.




2. Establishment of Pauli Equation

We consider the Hamiltonian for a free particle H= 8 mc? and its corresponding
Schrodinger equation,

w Y
Lhar

Since the De Broglie wavelength is infinitely large and wave function is uniform all
over the space.

We can get four independent solutions for B when the electron is at rest as B is in
four dimension.

The positive energy solutions have a sensible non relativistic reduction to the two
component Pauli Spin Theory.We introduce an interaction with an external
electromagnetic field described by a four potential A* : (¢$,A) ’

The coupling is introduced by means of the gauge invariant substitution

e % : s ot . .
p# — p# —;A*“ made in classical relativistic mechanics to describe the

interaction of a point charge “e” with an applied field.

The Hamiltonian becomes

(ca.(p — Sﬁ) + fmc? +ed) and its corresponding Schrodinger Equation

becomes

ih 22 =(cd. (§ — 2 A) +Bme? +ed) ¥

This equation expresses the minimal interaction of a Dirac particle ,censidered to
be a point charge ,with an applied electro magnetic field.

H=Ho+H' where H' = —e(a.p) + pfmc?




The matrix ca appears here as the velocity operator in the classical expression for
the interaction energy of a point charge “e”, vop = ca

The relativistic expression of the Ehrenfest relations ,

dr i =
== E[H.r] =ca = v, -

dm i e d
Here,E —H[H,Tf] —;'a—t'A (3)

With Ep—-gﬂ

The above equation(2) is the operator equation of motion of a point charge “e”.

The wave function ¥ in terms of two component column matrix

@
X

) We then obtain from equation (2),

W=y

@

ad P X @ 2
h—(,)=co.w (% )+ed (., )+ mc .
iz (%) (5)+eoG)+mer( %

) ..(d) 1

In the non relativistic limit the rest energy is mc? the largest energy.We can

write,
= imec2t
@Ory=e v (9)
X X
3P _ ~imc? | dg, _imct 0¥ _ —imc? | gy, _imet
at_{ L at}e ’ and at_{ h X+ar}e .

We put these in the coupled differential equation (4)

zhait(ﬁ) = c6.n(g ) + ed (ﬁ) - 2mc? (2,)

Fl

X is defined by 2%: @ asitis the “small” components of the wave function ¥ in

comparison with the” large” components ¢ .Relative to (¢,x) is reduced by




E <<1in the non relativistic approximation.

We obtain the two component spinor equation

; a_cp - (6.11 (7% 4

at 2m . ed)] ¢

This is further reduced by the identity of Pauli spin matrices,
6.a6.b= a.b+i6.axb

b b.m=n’+i0.TM* T

h
=n?—26.B
C

Then we have

—Ea2
ih2 = — L 6p+ed]g ..(5)

dat 2m 2mce

which is recognized as Pauli equation.




3.C0 VARIANCE

In discussing covariance it is desirable to express to express the Dirac equation in

a four dimensional notation which preserves the symmetry between ct and x'.

Multiplying Dirac equation by B/c and we get,

L'h(y"i +y1-a— +y2-£— +y3—?~)¢ -mcy =0....(1)~ where y°=Band y' =Paq;
ax° axl dx? dx3 f

where i=1,2,3,.... and so on

i

The y‘matrices hold anti commutation relation y#y¥ + yVy#=2g" Il

Where gV is the rank 4 matric tensor.In matrix form

1 0 (0 o
4 Bar( 9
vo=(p _p)emdr=(i G
In order to establish Lorenz covariance of Dirac equation we must satisfy two
requirements.The first thing is that there must be an explicit prescription which

allows observer O’ given the y)(x) of observer O ,to compute ' (x") which
describes to 0’ the same physical state.

The transformation between i and ¥’ be linear,since both both the Dirac
equation and the Lorenz transformation and Lorenz transformation of co
ordinates are themselves linear.We introduce them in the form

Y'(x") =y’ (ax) = S(@)y(x) = S(a) Y(a~'x")

where S(a) is a 4 * 4 matrix which operates on the four component of the
column vector Y(x).It depends upon the relative velocities and spatial orientation
of 0 and 0'.S must have an inverse ,so that if O knows ¥’ (x’) which O’ uses to
describe his observation of a given physical state,he may construct his own
physical state y(x)

Yx) = STHa) Y'(x") =S (@)Y (ax) ...(2)
we could equally write using (1),

Y(x) =S(@™") ¢'(ax)




which provides the identification , S(a™*) = S™*(a)
It is convenient to introduce, A = A*y,g,,AY = y’A°—y.V
v=y'L =24,y
ax* ¢ at
From equation (1), ((hV—mc)yY =0
With the electromagnetic interactionp = p — %A'
Then (p—%—mc) =
Secondly, Dirac equation is invariant in the primed co co ordinate.
It is clear from the definition that y! is anti hermitian and (y%)? = —1,
¥°is hermitian and (y°)? = 1
For any unitary transformation, U"=U"
yov'=U"yU  and Y-y’
' % —mc )" =0
U'(yU % —-mc)yY’ =0
UTy5=(Ug') —meUTUy’ = 0

U (ya—i,——mc) (UY') =0

a ’
(y 5 =MW =0

The co variant form of Dirac Equation with y# matrices,
(r*[pu — eAu(x)] —m)p(x) = 0
Then for any Lorenz transformation A which transforms the co ordinates and

four vector potential from an unprimed frame to primed frame,




x'=Ax and A'(x") = AA(x)
We seek a representation ,S(A) which transforms the Dirac wave function
from the unprimed to primed co ordinate system
Y'(x") = S(A)yY(x)
Covariance is the requirement that the transformation leave Dirac
Equation invariant in form.
So that in the primed frame ,
(r*[p, — e4p(xD] = m)y’'(x") = 0
This requirement determines S(A)

The four momentum vector in primed frame transforms as

8 _ Y D _ ey T
307 = 33 = Avp" implies that Pp=(A7")y o
The magnetic vector potential in primed frame for a uniform magnetic field
B = Boﬁ;

AH = %(B x x*")

Multiply the above equation by S™*(A) and we get,

S (A% (pu — ey (1)) = m} S(AP(x) = 0

This equation is invariant in form if

(A~ HES-1(A)yHS(A) =y¥  Implies that S~1(A)y#S(A) = ALy




4.Charge conjugation

From the hole theory we came to know that there is an anti particle for each
particle.The existence of electrons implies the existence of positrons.

We use to form directly the wave function of a positrons from the missing
negative energy electron .

-

A hole in the negative energy sea recording the absence of an energy - E

(E > 0), and the absence of a charge "e" for an electron (e < 0) is equivalent to

the presence of a positron of positive energy +E and charge —e

’

We have one to one correspondence between the negative energy solutions

to the Dirac Equation

(i(V—eA—m)yp =0 ...Q1)

And the positron eigenfunctions. Since positrons are positively charged electrons,

The positron wave function 1, will be the positive energy solution of the
equation,

(V+eA—m)Y, =0 ..(2)

Electrons will then emerge from reinterpretation of the hole theory as the

L

absence of negative energy solutions.
It is necessary to change the relative sign between iV and A in transforming

from (1) to (2) .We take the complex conjugate :
.. 8 . Bsa _
= -—(Lax—p and A, =+4,

Upon doing this,we find (1) becomes,

(55 + ed,) y* +m|y =0




If we find a non singular matrix , denoted by Cy° ,with the algebra -
CYO* (€YD = =k .(3)

Weget, (iV+ed—m)(Cy°yY*)=0

With y%¢* = CyYT = . ; the positive wave function.

From the representation of y matrices by JAMES D BJORKEN,

yOoy#'y® = y#7 so that equation (3) becomes

Cy*'C ™t =—y7 or, CTlykC = ¥

C must commute with y* and y*® and anti commute with y° and y?

Suitable choice for Cis C = iy?y? = —-C"1 = —-CT = -C" '

This is the construction of C.

When an unitary transformation is applied on C it will give a matrix in new
representation. Urel =1

The transformation 1. = CyT = iy%Y* does a negative energy free particle
eigenfunction.

For a negative energy electron at rest with spin down,the wave function

emt  where N is normalization constant

0
0
0
1

The corresponding positron solution is,




iy* Y =i

iy =y
That is the absence of a spin down negative energy electron at rest is
equivalent to the presence of a spin up positive energy positron at rest.

In the field case ,there is no difference between electron and positron.

Negetive energy solution is described by four momentum p, and polarization

’

s, ;the positive energy solution described by same Py and s,.

In terms of free particle spinors,
e'?®s) y(p,s) = CuT(p,s)
e @ u(p,s) = Cv'(p,s)
Showing that u(p, s) and v(p, s) are conjugate spinors within a phase factor

o, s).

We may develop an invariance operation for the Dirac equation by defining the
additional operator which changes the sign of the electromagnetic field.

Taking the complex conjugate of equation (1) and replacing A, by —'A,is a
symmetry operation of the Dirac theory.

The transformation from (1) to (2) for the electron [positron] into the same
equation for the positron [electron] and is called “Charge conjugation

transformation” denoted by C.




The physically realizable state contains an electron in a potential 4, (x) there
correspondence a physically realizable state of a positron in a potential —A4,,(x).

The C changes the spin up electrons of positive energy to spin up positrons of

positive energy solution of (1) to a negative energy solution of the same equation,

that is ,to a positron according to the hole theory.”
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MOTIVATION:

The aim of this project is to provide a concise reference and description of the processes,
methods, and equipment for depositing technologically important materials. Emphasis is placed
on the most recently developed process and technique of film deposition for applications in high
technology. The discussions of the principles of operation of deposition technique and its
suitability, performance, control, capabilities, and limitations for production applications are
intended to provide with a basic understanding with this whole system. Thin film deposition is
the technical base of the entire device fabrication industry, and is probably the most
economically important manufacturing technologies today. The properties of thin films can be
governed by the deposition method. Almost all thin film deposition and characterization methods
require either a vacuum or some sort of reduced-pressure ambient. Direct techniques like
evaporation is widely used for thin film fabrication. In this project, mainly thermal evaporation
technique and some of its relatable experiments have been performed to have a clear view of
what actually thin film is and where the importance of thermal evaporation lies.

VACUUM TECHNIQUES:

One of the common methods of Vapor Deposition is Thermal Evaporation. This is a form of
Thin Film Deposition, which is a vacuum technology for applying coatings of pure materials to
the surface of various objects. The coatings, also called films, are usually in the thickness range
of angstroms to microns. Here the object to be coated is referred to as the substrate, and can be
any of a wide variety of things like glass plate, silicon, quartz etc. Thermal Evaporation involves
heating a solid material inside a high vacuum chamber. Inside the vacuum, even a relatively low
vapor pressure is sufficient to raise a vapor cloud inside the chamber. This evaporated material
now constitutes a vapor stream, which traverses the chamber and hits the substrate, sticking to it
as a coating or film. Since, in most instances of thermal evaporation processes the material is
heated to its melting point, it is usually located in the bottom of the chamber. The vapor then
rises above this bottom source, and the substrates are held inverted in appropriate fixtures at the
top of the chamber.

Figure 1. Diffusion pump



The surfaces intended to be coated are thus facing down toward the heated source material to
receive their coating. The main procedure of heating the source material is Filament Evaporation,
is a simple electrical resistive heat element of filament: Here we use Tungsten filament (The
filament source offers the safety of low voltage, although very high current is required, usually
several hundred amps).Here the evaporation rate is determined by the vapor pressure of the
source material and the evaporation temperature. We take that elements for evaporation whose
melting point is less than 1400 degree Celsius (as we pass 0.400A current through Tungsten
filament);Here we take Al and Ag for evaporating material. A deposition chamber under high
vacuum (~10° m.bar) is necessary in order to avoid the oxidation of source material. We use two
Gauges here named Pirani Gauge and Penning Gauge which are used for measuring the pressure
in vacuum system. Penning gauge is usually used for measuring the pressure below 107-3 Torr
and it is very sensitive due to random pressure fluctuation. ,

HIGH PUMPING TECHNOLOGY:

To vacuum the evaporation chamber highly, here two pumps are used named as Rotary Pump or
Roughing Pump and Diffusion Pump. Pumps that operates in high vacuum range typically don’t
operate at atmospheric pressure, whereas pumps that work efficiently at atmospheric pressure
usually can’t produce a vacuum lower than 107-3 Torr. Here roughing pump vacuums near about
107-3 m.bar order. In this time Pirani Gauge plays the role to display the vapor pressure. In this
Rotary Pump, gas enters to a suction pump and is compressed by the “rotor” which has two
blades and expelled to the atmosphere through the discharge valve .

Now it becomes suitable for starting the high vacuum pump so named as Diffusion Pump.
Diffusion Pump is actually a vapor jet pump where motive fluid is used like Mercury,
Hydrocarbon oil. Here oil is heated in oil bath and consequently it is vaporized flowing up
through the chimney and then flows out through the nozzles which are situated throughout the
wall of pump jacket. These nozzles direct the vapor stream downward towards the cooled outer
wall which is made cooled by a chiller and cooled by liquid nitrogen. (This coolthg system is so
arranged that the coolest region is where the vapor stream strikes the pump wall and get cooled
and condensed to get its oil form again.) These vapors are made to flow in supersonic jet motion
and collide with the gas particles. The gas particles are given a downward momentum and by this
momentum transfer they are ejected to higher pressure. Often Baffles are used in DP to avoid so
called Back streaming and Back migration also.

However, this pump can’t eject the particles itself to the atmosphere. The gas must be “backed”
by another pump called “ Backing Pump ”.Here Rotary vane is used as backing pump.
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Figure 2 .Schematic diagram for vapor depaosition.

THIN FILM DEPOSITION:

Thin film deposition is one of the most required techniques in vacuum technology that is
required for a variety of application in mainly material science."Thin" is a relative term, but most
deposition techniques control layer thickness within a few tens of nanometers. Thin film can be
produced by drop casting and then oil bathing subsequently, can be produced through spin
coating. Spin coating or spin casting, uses a liquid precursor, or sol-gel precursor deposited onto
a smooth, flat substrate which is subsequently spun at a high velocity to centrifugally spread the
solution over the substrate with a certain r.p.m. The speed at which the solution is spun and the
viscosity of the sol determine the ultimate thickness of the deposited film. Repeated depositions
can be carried out to increase the thickness of films as desired.

APPLICATION OF THIN FILM:

Our society overlooks the importance of vacuum coatings in products they use. The
semiconductor industry relies heavily on thin film technology to produce flash memory and
computer chips. Companies developing optical products often use optical polarizers and beam
splitters in their designs. Other industries also use thin film technology most of which is for
cosmetic purposes, such as mirrors and toys. It is useful in the manufacture of optics (for
reflective, anti-reflective coatings or self-cleaning glass, for instance), electronics (layers of
insulators, semiconductors, and conductors form integrated circuits). Thin-film technologies are
also being developed as a means of substantially reducing the cost of solar cells. The rationale

¢
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for this is thin-film solar cells are cheaper to manufacture owing to their reduced material costs,
energy costs, handling costs and capital costs.

VACUUMMING AND DEPOSITION PROCEDURE:

e Pumping to Low Vacuum:

1. Pull the source shutter and take the air admittance valve right handed. Take on the
main switch as well as of chiller also. N

2. Switching on the vacuum pump and then GH2 (digital pirani gauge) now take on
roughing valve and wait approx. 20 minutes till the pressure comes to 10°-2 milibar.

3. Now switch off the roughing valve and on the backing valve. ( this order should be
maintained properly).

4. Switch on GH2 and turn on the diffusion pump and wait for 15 minutes approx.

e Pumping to High Vacuum:
1. Turn on High vacuum valve. Check the penning gauge to take the pressure 10°-6 mili

bar.
2. Wait approx. 30 to 40 minutes till penning gauge shows required pressure.

e Deposition Procedure:
The deposition process is still under development. It is best to clean the slides with
methanol or isopropyl alcohol and then let cleaning agent evaporate fully prior to
placement in the chamber. Recording more data will help us to better tune this process
and improve control over film characteristics.

1. Weigh the glass slide after cleaning and prior to placing it in the chamber.

2. While the chamber is open place a few Al/Ag pellets in the crucible.

*

5. After reaching a high vacuum connect the power supply .

6. Turn on the power supply and turn the voltage control all the way up so the power
output is dependent on the current control knob.

7. Slowly increase the current output (LT 1). This is done by increasing the output by 0.
400 amps and then waiting a 20 sec. for the crucible to reach a thermal equilibrium, then
push the shutter.

8. During deposition record the time elapsed ( I take here 1 minute), power supply
settings, and the chamber pressure before and during the deposition process.

9. When done, decrease the current output in the same manner that was increased it (one
can decrement the current in larger amounts) and eventually turn off the power supply.



10. After waiting for 5 minutes, will close high vacuum valve and then same also for the
pirani gauge.

11. After then turn off diffusion pump and wait upto 20 minutes

12. now this is the time for closing the backing valve, next vacuum pump and at the last
of all the switch is turned off for both the chiller and from the mains.

EXPERIMENTAL SECTION: .

Material used:

rGO - ZnSe composition (given sample) , Aluminum (Al) , Silver (Ag) , ITO glass plate .
Normal glass plate , Tungsten (filament) ,2-Propanol , Acetone , liquid nitrogen , Nitric acid,
Hydrochloric acid, de ionized water.

Equipment used:

Source meter Unit (SMU), Thermal evaporation unit( includes- High vacuum pump, Rotary
pump, Digital Pirani gauge, Digital Penning Gauge, Chiller, Backing valve ,Roughing valve)
Digital Vernier Caliper, Tweezers, Crocodile clip, Digital multimeter, ultrasonic bath, silicon oil
hot bath, spin coater, drop casting dropper.

¢

Figure 3: silicon oil bath Figure 4: spin coat unit Figure 5. drop cast dropper

INTRODUCTORY THEORY: We all know that Graphene is not attractive in optoelectronic
device applications as graphene is a zero band gap semiconductor. So, to increase the level of
band gap, oxidized functional groups are imposed on Graphene layer. Here GO is synthesized
from Graphite powder by some method (Hummers method) . But now the separation of band gap
is so much extended that electrical conducting phenomenon is prohibited to occur. So it is now
needed to reduce the band gap but not too much as it was. Now this becomes rGO, i.e. reduced
graphene oxide, which is not well conducting. So now it is the time to dope zinc selenide ( ZnSe)



upon it as acceptor. Now the composite rGO-ZnSe becomes eligible for showing opto-electronic
behavior.

Figure 7. rGo — ZnSe sample

e Dependence of resistance with the variation of separation
between two electrodes using Drop Casting Method along with
Thermal Evaporation Technology

Experimental Procedure: Here we have taken six glass plates, cleaned by acetone, as the
substrate of evaporation. Silver pieces are taken as source material for thermal evaporation. First
of all, celotapes of various breadths are attached in the upper surface of six glass plates. Finally,
Ag is deposited onto the celotape attached surface by thermal evaporation under vacuum
pressure of 5x10—6 mbar. After that, deposited glass plates are taken out from thermal



evaporation unit and celotapes are removed from the surfaces. Now these becomes like two
silver deposited electrode separated by certain bare distance from each other and here we have
taken active area to be equal. Here 1 have taken the separation between two electrode as 1mm,
1.49mm, 2.02mm, 2.51mm, 3.50mm, 523mm which are measured by HITSAN
INCORPORATION 100mm LCD Digital Electronic Carbon Fiber Vernier Caliper. Now
ultrasonic vibration is given to rGO-ZnSe composite for 30 minutes and now this composition is
ready for drop casting between the electrodes. We have given two drops of composite sample
between the electrodes to make a junction between them and the glass plates are made to bake
for 10 minutes in 120 degree Celsius.

e
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Figure 8. Glass substrate with sample diagram.

OBSERVATION:

#

Now we have measured | vs V characteristics through these electrodes one by one in Source
measure unit (SMU). We have given bias voltage to be -10to +10 volt and have taken 101 data
each time. Now we have decided to measure the slope for those 7 samples in between same
voltage range 2.4 to 7.5 volt and have some slope for each and then have plotted I vs V
characteristics in log-log scale. We also have plotted Distance vs Resistance Graph, where
distance refers to the separation between two electrodes for each samp le. The observed graphs
are shown below:
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Figure 9. | vs V plot for varying electrode distances.

Figure 10. Thermal evaporation unit




Here we have seen I vs V graph for various separation between electrodes. Now we have shown
the actual plotting of distance vs slope (which is basically resistance) graph. As we take [ vs V
graph, the actual slopes are just inverse of the slopes which are calculated from the graph. Here
is the table of the data chart for Distance — Resistance plotting.

_-’

| 4.95 x10°
145 e 6.8x10°
2.02 5.8x10°
2.51 1.8x107
g8 1.68x10
3.5 6.5%107

5.23 : 1.968x 10

If we plot the corresponding I vs V graph in log-log scale then we have the following graph :
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Figure 11. Graph for distancs vs resistance plotting.

RESULT AND DISCUSSION: we know that resistance is proportional to length (for active area
is constant and resistivity is also same for each sample here). Our experiment also verifies that!
So, we can say that the composite system acts as a conductor and obeys the Ohm’s law in this
separation. However we have noticed a malfunction in the I-V plotting for separation 3.23mm.
The reason is that, there is a little bit more ZnSe component ratio in rGO-ZnSe composite
sample; And ZnSe is actually semiconductor in nature. So we get a diodic effect in the junction
for that particular.

« Determination of Schottky effect in the metal-
semiconductor junction in top to bottom configuration
by J-V graph using spin coating




EXPERIMENTAL PROCEDURE: Here we have taken a Indium tin oxide (ITO) coated glass
substrate which was coated with 2.5mm celotape film and then was cleaned through ultrasonic
treatment sequentially in de-ionized water, acetone and 2-propanol for 15 min each. Now we
make a composition of 15% Nitric acid and Hydrochloric acid in molar ratio 1:3 .then the
substrate is deeped in this 15% Aqua regia for 20 minutes to clean the ITO coating from the
surface of glass plate, though there is still the coating of ITO in the beneath of celotape. Now we
have removed the celotape and again have ¢leaned the whole substrate with acetone,2-propanol
and distilled water. Taking a digital multimeter we have also checked to be assured whether there
is still remaining the layer of ITO where the celotape film was coated. Now it is ready for spin
coating of rGO-ZnSe onto the substrate for 30 seconds with 1500 rpm in a spin coater. The
fabricated active layer was annealed at 150 °C for 10 min in a silicone oil bath. Finally, an Al
electrode was deposited onto the active layer by thermal evaporation through 4 shadow mask
under vacuum pressure of 5x10—6 mbar. The substrate must be taken inside of a vacuum flask to
avoid oxidization. Thus we have made a top to bottom electrode configuration.

| 2.Al deposition

| 1.Spin coating ;f
GO —ZnSe (Sample)

ITO Glass plate

Figure 12. Diagram of spin coating on ITO glass plate

OBSERVATION: We have measured the I-V characteristics of this composite substrate in
Source meter unit (SMU) with bias voltage -1 to +1 v. WE have attached the negative end of
crocodile clip with Al and the positive end with ITO layer to complete the circuit. The
corresponding graph will be discussed later.

RESULT AND DISCUSSION: I-V measurements are mainly used to check the charge transport
behavior in organic semiconductor thin film. The above graph is shown in double log scale and
shows two different slope which indicates different charge transport phenomena. The -V plot
shows two different slopes, indicating different charge transport mechanisms at different bias
voltages. We could fit individual regions by I «V”m power law. In the region I where the
applied bias is low, the slope is nearly 1, implying that it is followed by Ohm’s law. In this
region, charge transport is due to thermally generated carriers.
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Figure 13.1 vs V plotting for Region I.

Whereas in region 11, i.e. for high voltage the slope is near about 3, implying there is more
injected charge carriers than thermally generated carriers. i.c., we have observed Schottky effect
in this region for top to bottom metal semiconductor junction configuration. This region is called

space charge limited current conduction (SCLC region).
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Figure 14.1vs V plotting for Region IL.

If I inset both the two region in one graph and show the actual graph from where | zoomed out
two region then it will be as given below.
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Figure 15. Current — voltage relationship for both regions in one diagram.

Actually, if I give more bias voltage which would be more than 1 volt, say approx. 2 volt, then it
will be more and more prominent to show the schottky behavior in the second region where
ohmic condition is not satisfied (i.e., slope is not equal to 1 throughout the second region). The
transition between ohmic and non-ohmic region is called trap-filled limited conduction (TFL)
and after that, SCLC region is observed (In this time conduction is followed by Child’s law
where current is proportional to the square of the applied bias).
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ABSTRACT

The spirit behind this project was to address the challenges posed to educational institution reopening
after lifting of lockdown situation imposed due to the CoVID-19 pandemic. Such institutions can be
opened only after assurance of regular and thorough check-up of CoVID symptoms like high body-
temperature. But the facilities available nowadays mostly involve human participation like use of
hand-held temperature guns, etc. In this era of automation, our aim was to build a device with
requisite sensors installed on an Arduino platform, whose working can be controlled by an Android.
Thus refraining human contact, this device will measure the body temperature of the student and

record it.

Keywords- Arduino Uno, sensors, actuators, Bluetooth module, microcontroller, MLX90614 sensor,

HCSR04 sensor, mobile app.
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1. INTRODUCTION

The year 2020 had been sadly shadowed by the CoVID-19 pandemic. Till now no vaccine has been
discovered. Hence Governments and health organizations are coming together to find alternative
solutions. Throughout the world, all countries are mostly abiding by the standard regufations set by the
World Health Organization to fight this pandemic. The most common precautions used are Social

Distancing, testing, hand-sanitizing and increased awareness among individuals.

Even after the Lockdown, which is prevalent in our country, is lifted, regular monitoring of symptoms
(eg. Body-temperature) is to be carried out. Say for example, automatic monitoring and registering of
body temperature of students attending an educational institute, automatic measurement of
temperature of guests visiting relatives, automatic monitoring of customers visiting banks, malls,

boarding public transport, etc.

In our project, we have developed a device of Automated Monitoring and Registering Body-
Temperature of Individuals attending any public infrastructure through a Unigue ID using an
Arduino board and sensors and a Mobile App.

1.1 Using Arduino Uno as the Programmable Automaton

The boost in DIY stuff among people of various professions, who know little or nothing about
electronics or coding, be it engineers, artists, hobbyists, students, etc. lead to the birth of Arduino,
an open-source software and hardware company [l1]. Several Arduino boards, with
microcontroller chips installed on them, are available which can be used to create DIY projects,
home-automation and large scale automatic control systems [2],[3]. Among the several Arduino
boards available, Arduino Uno is the most popular because of its easy availability, low cost,
sufficiently varied availability of Digital I/O pins and Analog Input pins, sufficient Flash Memory,
SRAM and EEPROM for general to high-end purposes [4].

Hence, keeping in mind all these facilities, we will be using an Arduino Uno board as the local

controller of our Project.
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1.1.1 Architecture of the Arduino Uno board
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Fig 1.1: Diagram of the Arduino Uno board [5].

The basic components and features of the Arduino Uno board are discussed as follows:

e Microcontroller ATmega328P- This is a single-chip microcontroller created by Atmel. It
combines 23 general purpose 1/O lines, 32 general purpose working registers, three flexible
timer/counters with compare modes, internal and external interrupts, serial programmable
USART, a byte-oriented 2-wire serial interface, SPI serial port, 6-channel 10-bit A/D
converter (8-channels in TQFP and QFN/MLF packages), programmable watchdog timer with
internal oscillator, and five software selectable power saving modes. It is the brain of the Uno
development platform [6]. It is designated as IC 1 in Fig 1.1.

e Pins- There are 14 Digital 1/O pins (of which 6 provide PWM output). They are labelled from
0-13 designated by green coloured pins on the top of Fig 1.1.

There are 6 Analog Input pins marked from 0-5 in blue-colour in the bottom-right of Fig 1.1.

e Flash Memory- 32 KB. ISP flash memory (ATmega328P) with read-while-write capabilities,
of which 0.5 kb is used by the bootloader.

e SRAM- 2 kb (ATmega328P).

e EEPROM- | kb (ATmega328P).

e Operating Voltage- 5V

¢ Input Voltage (recommended)- 7-12V

e Input Voltage (limit)- 6-20V

e DC Current per I/O Pin- 20 milliAmperes



e DC Current for 3.3V Pin- 50 milliAmperes
* Clock Speed- 16 MHz.

* Length- 68.6 mm

e Width- 53.4 mm

»  Weight- 25g.

1.2 Prototype Requirements

’

The main soul of our Prototype is the Arduino Uno board which will act as the local
controller of our automation system. Two sensors are required namely MLX90614 and HCSR04
which are non-contact IR temperature sensor and ultrasonic distance sensor respectively. A Bluetooth
module HC-05 is used for communication between the mobile phone and the Arduino Uno board. A
16X2 LCD Display is used as an actuator to interact with the user along with a potentiometer to
control the contrast of the display of the LCD.

1.3 Components

1.3.1 Sensors and Actuators
¢
» MLX90614- This is an infrared thermometer for non-contact temperature

measurements built by Melexis Corporation [7].

Features-
e Temperature Range: -40 to 125°C for sensor temperature and -70 to 380°C
for object temperature.
e Accuracy: 0.5°C accuracy over a wide range of temperature.
e SMBus compatible digital interface for fast temperature readings and building
sensor networks.

e Customizable PWM output for continuous reading.

» HCSRO04- This is a non-contact ultrasonic distance measurement sensor [8].

Features-
+ Working voltage: 5V
»  Working current: 15 milliAmperes

 Working frequency: 40 Hz



* Measurement Range: 2cm to 4m

* Measurement accuracy: 3mm

e Trigger Input Signal: 10Us TTL pulse

e Echo Output Signal: Input TTL lever signal and the range in proportion.

» 16X2 LCD Display Module- This is an Actuator. LCD stands for Liquid Crystal

Display. It has 16 columns and 2 rows and can display a total of 32 characters [9].

Features-
* Pins: A total of 16 Pins
e Operating voltage: 4.7V to 5.3V

e Current Consumption: | milliAmpere without backlight

1.3.2 Streaming real-time data

Several microcontrollers are available that give various data as output. This output can be
recorded and visualized in an Excel workbook. To do so, software like PLX-DAQ by Parallax
Inc [10], add-ins like Data Streamer Add-In for MS Excel is available. These help to import
data from the connected device to an Excel workbook. We will be using MS Data Streamer Add-

In since Microsoft is the most popular OS in India.

i

Steps to be followed to install MS Data Streamer: [11]

¢ We can download Microsoft Data Streamer from the link below-

https://www.microsoft.com/en-us/download/details.aspx?id=56976

e [t is installed by following standard installation process for Windows.

* Next we open MS Excel.

* We go to File Menu and then click on “Excel Options”,

e On the left, there will be an option called “Add-Ins”. We click on it.

e Under Manage, we click on the drop-down button and select “COM Add-
Ins”. We click on *Go”.

¢ The COM Add-Ins dialog box will appear with the list of available Add-Ins
installed on our PC. We select the “Microsoft Data Streamer for Excel” and
then finally click on “OK™.

A physical connection has been set up between the MS Excel and Arduino Uno. MS Excel is now
ready to store data obtained from the board.



1.3.3 Communication

» Bluetooth Communication

Bluetooth enables the transmission of data and voice between different devices
through a radiofrequency link in the 2.4 GHz ISM band [12]. All Bluetooth devices have a
unique address of 48 bits and a device name that allows the identification of each other.
Devices that incorporate this protocol can communicate with one another when within its
reach. The communications are by radiofrequency so that the devices do not have to be
aligned and can even be in separate rooms if the transmission power is sufficient. These
devices are classified as Class 1, Class 2 and Class 3 depending on the transmission power.
There are two types of Bluetooth modules compatible with Arduino: HC-05 and HC-06. Both
are of Class 2 type and hence their range is 10 metres [13]. For several governing factors we
will be using the HC-05 module.

» HC-05 Bluetooth Module [14]-

Main Features-
e Configurable as Slave and as Master
* Radio Chip: CSR BC417143
e Frequency: 2.4 GHz ISM band
e Modulation; GFSK (Gaussian Fequency Shift Keying) .
¢ Built-in PCB antenna
e Emission Power: <= 4dBm (Class 2)
¢ Range: 10 metres
e Speed: Asynchronous- 2.1 Mbps/160 kbps; Synchronous- 1Mbps/1 Mbps
e Security: Authentication and Encryption
e Profiles: Serial port Bluetooth
* Current consumption: 50 milliAmperes
e Supply voltage: 3.6V-6V

¢ Operation temperature: 20°C-75°C
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1.3.4 Mobile Application

Mobile phones have become an existential need of today’s society. Every pocket has a mobile phone
and every mobile phone has several apps to perform various tasks. Our project is based on automation
where we need some medium to receive the input from the user that will trigger the process. What
could be better than a mobile app as mobile apps are available to almost everyone? Earlier creating
mobile apps was upon Software developers who knew how to code. But with the increase in demand
of creating more and more apps, several software have been developed that allow users to create

Mobile-based applications without knowing to code.

For our purpose too, we will be using such software that allows us to create an app. We will be using
the Web application MIT App Inventor, originally provided by Google and now mgintaincd by the
Massachusetts Institute of Technology (MIT). It is free and open-source and allows creation of apps
for Android and 10S.

2. OBJECTIVE

Our objective while building this prototype was to build a device which will be installed at the
door of our classroom. All students will have to install an official application for Android (to be
created) on their Mobile phones (available at Google Play Store). They will then have to connect
their phone with the device through Bluetooth. During an ongoing academic semester, the College
Roll Number of each student is unique. The student then enters his unique Roll Number in the app
and it automatically triggers the device to measure the body-temperature of the student and
records this data on a Computer in MS Excel. In doing so, the attendance of the student too is
recorded and hence teachers need not devote time in Roll-calling. Thus we will be able to upgrade

our smart-class to fight CoVID-19.



2.1 Flowchart Diagram representation of the Objective:

Start of the Process by opening the
Mobile App on the Android device

Connecting Bluetooth on the Mobile with the
Bluetooth Module on the Arduino Uno board

Y

College Roll Number is entered in
the App by the student

LCD displays
College Roll Number “Invalid College
is a valid Roll Number Roll Number”

The Distance sensor HCSR04 measures the distance of
proximity of the student
Distance is less than I;?;E:S:Sgg?
1.5 metres
CLOSER"

The MLX90614 IR Temperature sensor gets activated and
measures the temperature of the student

Y

The body temperature of the student is recorded in an MS
Excel Sheet against his Name and College Roll Number

-

LCD displays the name of the
student along with the body
temperature

9

The Student disconnects the Bluetooth
Connection

Y

END
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3. MODEL CLASSROOM FOR THE PROJECT

As our model classroom, we will take our class- 3 year Physics Honours classroom
in the Department of Physics (Room Number- 2.2) on the 1* floor of Ramakrishna Mission
Residential College (Autonomous) Main College Building. Our class consists of 26 students,

each with a unique College Roll Number.
4. METHODOLOGY
4.1 Electronic Design

The Schematic Design of our automation device is given below:

MLX90615 HCSRO4
VIN GND SCL SDA VCC Trig. Echo GND
® o ® e

usB

X1

10K E> ooz
WMsZZ2Z o=
Potentio & mwOO> q«??i?
e 000 00 0 000 000
= LA EE TR J‘
EEEEEEEEY EAENEX
ggga;zsszsassagg
§ §i
a

2 bt
EN VCC GND TXD RXD State

16 X2 LCD DISPLAY

HC-05

Fig. 4.1: Schematic Diagram of the proposed device. Orange lines represent wires
connecting MLX90614 to Arduino Uno. Blue lines represent wires connecting HCSR04
to Arduino Uno. Yellow lines represent wires connecting HC-05 module to Arduino
Uno. Green lines represent wires connecting LCD to Arduino Uno and potentiometer to
LCD display.
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4.2 Programming in Arduino IDE

The Arduino Integrated Development Environment (IDE) is a cross-platform
application (for Windows, macOS, Linux) and is open-source that is written in functions from C and
C++, It will be used by us to write and upload the program onto the Arduino Uno board. The uploaded
program, called sketch, will instruct the ATmega328P microcontroller chip to perform the task desired
by us.

4.3 Receiving and recording the data obtained from Arduino into Excel [15]

The sensor installed on the device will record the temperature of the student. Now the
data needs to be stored on MS Excel. Note that the following steps are in accordance with Microsoft
365.

If Data Streamer has been installed, the Excel ribbon will contain a new “Data-Streamer” Tab.

e Step 1:- We first click on the “Data-Streamer”. This contains all the primary’controls for the
add-in.

e Step 2:- We connect a Data Source (in our case the Data Source is the Arduino Uno). We then
click on “Connect a Device™ and select Arduino Uno in the sub-ribbon that appears.

e Step 3:- We go to the “Advanced” option. In the prompt that appears. we go to “Settings”.

» Step 4:- Under Settings, we change the “Number of Data Rows’ from the ‘default 15" to ‘the
total number of students in the Class i.e., 26 in our sample classroom’.

e Step 5:- We then change the ‘Number of data channels' from the “default 20" to the number of
different types of data columns we will be requiring.

e Step 6:- We then give value to the ‘Data delay (ms)” as 60000 ms (i.e., 1 min) so that each
student registers only 1 data on the Excel sheet and then has sufficient time to disconnect the
Bluetooth connection with the Bluetooth module.

e Step 7:- We select ‘Newest last’ option for ‘Data orientation’. With this, all setting up has
been done and now it’s time to stream data from the data source.

e Step 8:- Once we are ready to receive data, we click on “Start Data™ option under the Excel

ribbon. The data received will be visible in the below format-
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Fig. 4.2: Screen view of an Excel workbook ready to record data [16].
4.4 Creation of the Mobile Application [17]

The app is needed to relay the input trigger from the student. The app will have a field where
the student needs to enter his College Roll Number. On entering this data, the app will

recognize the student, measure his temperature and store it against his name in MS Excel.

» To create the app, first we go to http://beta.appinventor.mit.edu/. We will see a blank

projects page (if visiting for the first time) or the created projects list (if already some
projects have been created).

» We then click on “New” on the top-left and in the dialog box, enter the name of the
project. Finally clicking “OK”. ‘

* The “Designer” page opens where we will have to design the look of our App by
using the default elements available.

= Next we go to the “Blocks Editor”™, where we have to specify the flow of control of
the app.

* In this way, the app will be created. After all this is done, we can publish the app on

Google Play Store.
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5. BUDGET

The following is the budget overview for building this prototype:

COMPONENT PRICE NUMBER OF UNITS | ABOUT VENDOR
Arduino Uno 3380 1 Shop ivKolkata
MLX90614 Sensor 33800 1 Robokits.co.in
HCSRO04 Sensor 399 1 Robu.in

HC-05 Bluetooth | ¥510 1 Amazon.in

Module

16X2 LCD Display 2105 1 ElectronicsComp.com
Potentiometer 39 1 ElectronicsComp.com
Jumper Wires %50 25 (%2 per unit) Shop in Kolkata

Total Hardware Cost= ¥ 4953

Time engaged to write the code on Arduino IDE (approximately) = 8-10 hours

Time engaged to create the Mobile App (approximately) = 18-20 hours

’

Now, depending on working hour price for developing the software and the Mobile App, the Total

Prototype cost will increase.

6. EXPECTED RESULTS

The datasheet to be obtained on MS Excel can be expected to be something like the figure

below:




R3 - & 5|

|« T Bl iC Y TN S TR N0 (S T [T R

1| Data In (From Source)
z_ Data coming from the current data scurce will appear below as itis received.

%J] Current Data

3 | 10:29:44:24 97.8

é] 10:30:10:15 98.9 .
10| 10:31:12:57 98.7
.
2
13.
4
5
16

Fig. 6.1: An Excel worksheet in ‘Data In’ mode showing that it has recorded 3 data

received from the data source.

’

7. APPLICATIONS
The device has so much potential that it can be used in several sectors:

e With slight modifications in the Arduino sketch, it can be used at banks, malls, hospitals,
private companies, etc., to keep a regular record of symptoms of the employees.

e The device can be installed at the entrance of our homes to know the body-temperature of

guests.
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8. CONCLUSION

As aimed for in the objectives, we have been able to come up with the electronic design of our
device. We have also explained the step-by-step process of installing the MS Excel Add-In. We have
also given the synopsis of the program to be uploaded on the Arduino Uno board and the process of
developing the Mobile application. Thus we have been able to present an overview of the idea and

how to implement it in an actual environment, our objectives have been sufficed.
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STUDY OF QUARKONIUM USING
TWO DIFFERENT POTENTIAL
MODELS

1. INTRODUCTION:

In particle physics, quarkonium is a flavorless particle whose constituents
are a heavy quark and its own antiquark. Now quark and anti-quark have
same amount of charge but of opposite type, which .makes the
quarkonium a neutral particle. Quarkonium is its own anti-particle, which
is quiet interesting. As the quarks are quite heavy, one can assume the
motion of quarks in quarkonium to be non-relativistic, much like non-
relativistic hydrogen atom. So in order to get the various properties of a
quarkonium what we have to do is to model the quarkonium as a two
particle system, namely the quark and its anti-quark, set up the
corresponding non-relativistic Schrodinger equation and then solve it. An
effective way to calculate energies, mass, is to formulate different
potential models. In this technique, the potentials are chosen to be
static. Various potential models were able to fit the data of energies of
various excitation states of quarkonium with good accuracy. But still
problems remains to justify the splitting of energy levels due to spin-spin
interaction, decay rate from one quarkonium state to other state. Which
makes the topic quite interesting, and still developing.

Here we are going to study two different potential model and their
solution. At first we are going to study an analogy between quarkonium,
positronium and hydrogen atom; and then we will discuss about the
potentials; at the last two section we are going to solve the non-
relativistic Schrodinger equation regarding these potentials.




2. ANALOGY BETWEEN HYDROGEN ATOM,
POSITRONIUM, AND QUARKONIUM:

The simplest atomic bound-state is hydrogen atom, which is composed
of a proton and an electron. The Time Independent Schrédinger Equation
(TISE) in three dimension is given by,

(_ﬁ_"vz _ 1 f) W(r) = E¥(r)

2m 4neg r
The eigenstates are characterized by the by the number of nodes N in

the radial wave functions and the orbital angular momentum £. The
principle quantum number is given by n = N+ £ + 1. The allowed energy
levels are found to be

a’mc?
Ep=~— Zn® ° .
Where a is the electromagnetic coupling constant and m is the reduced

Mpme
Mp +me
spin-spin interaction split the degeneracy of the principle energy levels.

mass of the system: m = = m,. The spin-orbit interaction and the

The energy states of positronium, the e*e” system, can be found in an
analogous way to the above. The main differences are the reduced mass
(m = me/2) is only half the value of the hydrogen case and the spin-spin
coupling is much larger than before. The stronger spin-spin coupling
means that the positronium spectrum does not display the clear
hierarchy of fine and hyperfine structure that we know from hydrogen
atom. Thus for positronium the total spin S and the total angular
momentum J as well as the principle quantum number n and the orbital
angular momentum L are the useful quantum number. S can take on
value O (singlet) and 1 (triplet), and J obeys, |L—S|<J <L +S. The notation
n®*1L, is commonly used.

Quarkonium, which is a system built up of strongly interacting quark-
antiquark pairs (such as c¢, bb) can be investigated in an analogous
manner. Here the main difference is that the interaction between

2




electron and positron is purely Coulombic interaction (relatively long
range), on the other hand the interaction between the quark and anti-
quark is short range interaction (strong interaction). '

e Charmonium :

Bound state of c and ¢-quarks are called charmonium. c¢ pairs are
most easily produced in the decay of virtual photon generated in e*e
collisions
e*4 &= ¥ = CE.

Because of this intermediate virtual photon, only c¢ states of similar
quantum number to this virtual photon (JP=1") can be created in this
way. The lowest state with such quantum number is the 13S;, which
is called the J/Y meson. It has spin 1 and mass 3.097 Gev/c?.

Charmonium states have finite life time. Excited charmonium states,
by the emission of photon, can decay into a lower energy states, just
as in atomic physics. If one generates the excited charmonium state
g (23S,), it primarily decays into the 1P, charmonium triplet system,
which then further decay into the J/{ state.

238,
2'so/, 2
el
\ 8/ " 13p,

\ / 13Pg

8 ; ’
/ 7
/ 13s,

Fig 2.1: The photon spectrum in the decay of ¥ (2%S,),




3. QUARK-ANTIQUARK POTENTIALS:

If we compare the spectra of charmonium and positronium, we find that
the states with n=1 and n=2 are very similarly arranged, if an overall
scaling of about 108 eV is taken into account for charmonium.

Mass [GeV/c?] Binding energy [eV]
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Fig 3.1: Comparison of energy levels between charmonium and positronium. (Source: B.
Povh et al., Particles and Nuclei)

Since the potential determines the relative positions of different
energy levels, it is clear that the potential of the strong interaction must
be of Coulomb type (at least at very short distances, for n=1,2), similar
to the electromagnetic one. On the other hand since the quarks have not
been experimentally observed, suggest that the potential cant not be of
pure Coulomb form. It is plausible to postulate a potential which is of
Coulomb type at short distance and grows linearly at greater separation
thus leading to the confinement of quarks in hadrons. So the potential is
given by, ;

| V(r)=—-§+Ar

Where A and B are parameters, whose values are determined from
experimental results. This potential is called Cornell potential.




The Coulomb potential describes forces that decreases with distance.
The integral of this force gives the ionization energy. At relatively large
separation, Cornell potential describes a force between quark and anti-
quark which remains constant. This means, to remove a quark from a
hadron we need an infinite amount of energy. This explains the non-
existence of free quark.

Another different kind of potential, which is energy dependent have
been known for a long time in physics. At present it is not possible to
obtain exact potential for entire range of distance for a quarkonium.
Moreover most of proposed potentials have not been able to account
for the observed saturation pattern in the experimental mass spectra of
quarkonium. The advantage of this energy dependent potential is that it
saturate the mass spectra. In view of this the potential is of the form
harmonic plus Inverse square, with a small linear energy dependence on
the confining harmonic oscillator potential term. One great advantage of
this potential is that this potential admits exact analytical solution for the
radial part of Schrodinger equation. The potential is given by,

V(r,En) = %mwz?‘z(l + YEq1) + ,.%

Where w, g and y are constants.

4a. GENERAL THEORY OF SUPER SYMMETRY QUANTUM
MECHANICS (SUSY QM):

In this section we are going to summarized main features of SUSY QM,
which is used to study the energy states and energy eigenfunctions of
Cornell potential.

We consider the Séhrédinger equation for the ground state with an
energy eigenvalue equal to zero (this can be done without loss of
generality). Thus the ground state wave function 1y, obeys,

Hitho(x) = — 1 L2 4 v g (x) = 0. (1)




Then,

Va(X) = “—%’:(%’ . (2)
The Hamiltonian Hi can be factorized as
Hy = ATA, ' 3)
Where,
A==+ Wix) and AT=— ===+ W(x (4)
With this we observe,
h_awx)

Vi) = = =22 4 Wy (5)

Now once we satisfy Ay, = 0, we automatically have a solution to
Hio = ATAY, = 0. Which gives,

___hw® ,
W) = = T o0 (6)

The next step is to define a new operator H, = AAT. Form (4) we can see
H, is in fact a Hamiltonian corresponding to a new potential V(x) given
by,

h dW(x)
N

The potentials Vi(x) and Vi(x) are known as supersymmetric partner

IH

potential, and the W(x) is known as “super potential”.

Va(x) = + W2(x) (7)

Now we shall see the energy eigenvalues and the wave functions of H;
and H; are related as following,

Hp(Y = atapl = EPpl (8)

Implies




Ha(AYy") = AATAYS" = EXP (ap?) (9)

Similarly for H, we have,

Hap = AAtY? = EPyp® (10)
Implies,
Hi(ATy?) = AtaAty = B2 (aty®) (11)

Now from eq. (8) and (11) we can write,

,(11)1 = CATIJJTEZ), where c is a normalization constant, which is easily
1

found to be equal to

, hence we have

EP

Y, = ==aty® (12)

n+1 —
fE}f’

Similarly from eq. (9) and (10) we have,

(2) — 1 Aw(l) . (13)

n n+1
(1)
En+1

And EP = EW EW = ¢ (14)

n+1’

Now carefully observing eq. (12)-(14) we see, except the ground state
of Hy, additional levels are same in both the Hamilton Hi and Hy, i.e.,

potentials V1 and V; are isospectrals except Eél).

Therefore the ground state of H, corresponding to the first excited
state of Vi. This fact is very important because we know that the
variational method in quantum mechanics is a good tool to get an
approximate values of ground state in the Schrodinger equation.
Therefore this method can be used to obtain the ground states of
different supersymmetry partner potential of Cornell potential obtained




using SUSY QM method. That’s why | believe that SUSY QM method will
be a good way to estimate the various state of Cornell potential.

Vi(r) Va(r) Vs(r)

Fig 4.1: Schematic presentation of potential V; and its supersymmetric partner potentials V; and Vs (the
shap of each potential will be different ofcourse). The ground state of V, is not present in V;, ground
state of V; is not present in Vs,

4b. SUSY QM TREATMENT OF CORNELL POTENTIAL:

Here we will use the potential of the form V(r) = —g + Ar, here A and
B are parameters. The three dimensional Schrodinger equation is,

=5 V2 + V(O En)lni(r,6,8) = Enihns(r,6,6)

The wave function can be written as, ¥, ;,, = u"‘:_m Yim(6,9)

i ; : 1 d?Up(r
The radial equation is, — — al(r)
2p  dr?

+ Verr(MUp(r) = Ey U (r) (15)

Where h=1, and u is the reduced mass of quark-antiquark system, and

1(1+1)
2mr?

Veff(r) = V(r) g

For simplicity in calculation we first take [ = 0 (S state). Thus the
effective potential is the Cornell potential,

B
Verr(r) =V(r) = =gt Ar




Unfortunately the equation (15) with V,(r(r) = V(r) = —5:- + Ar,
cannot be solved exactly! So it’s good to use the variational method to
obtain the ground states (approximate) of different partner potential.
Now for the variational method we consider the trial wave function to
be

b
U() = Nr¥e™@", (16)
Here a, b are variational parameters, and N is normalization constant.

This trial wave function can be used to obtain the ground state of the
Cornell potential and its super symmetric partners. y takes the value 1,
2, 3... depending on the calculation of the ground state of potentials V;,
Vs.... In order to gain finite value of the ground state wave function of
different partner potential at the origin, changing the value of y in this
way is important.

Now to calculate the ground state for the Cornell potential we use (15)
with y=1in (16). Thus the expectation value of energy is

d?U(r)
d

re

N " ear— Bape
E= ZH-L U(r) dr+J; (Ar r)U (r)c?r

Using U(r) from (16) with y=1, we get

1 | A 4 B 2 (b+1) 3 8
E(a,b) = [ Iz~ Fi=)]~ =
abza)b  (2a) (b) 2a)b (b) sbza)p P

By minimizing this, an approximate value for the energy and the
parameters a, b are obtained. Let’s call the parameters associated with
the ground state agand bo. Therefore the ground state wave function is

U(r) = Nre=%r™,

Now from (6) we obtain the super potential W = _J';__ytif(:)z

—1+ agbyrPo

J2ur




From this we can build the potential V; which is a partner potential of
the Cornell potential,

1 dW 2+ agbor® (=3 + agby + agbor)
J2u dr - 2ur?

Now the variational method is used to find the ground state of this
potential and its energy value. Let ag’ and bo' be the parameter
associated with this state. This state will be the first excited state of
Cornell potential. By repeating the procedure for othrer partner
potentials we obtain different excited states of Cornell potential. It is
important to note that the ground state energy is to be zero in our
discussion for SUSY QM. If the ground state energy of the partner
potential Vi is E1, and of V; is E;, then the energy for the first excited
state is E=E; + E;. Similarly for other excited states also.

Vz - WZ(T) o

8 . b
From (12) we have ¢§1)~ATLD((}2) — (—\/%—#;+1+—ch£) 52)-

by ; . ;
Using xp[(,z) = Nr2e~%""° we can find wf“, i.e., the first excited state
of Cornell potential system. Other excited states can also be found in the
same way.

5. SOLUTION OF ENERGY DEPENDENT POTENTIAL
MODEL.:

The potential is of the form spin independent harmonic oscillator with a
small linear energy dependent term plus an inverse square term,

V(r Eng) = gmelr®(1+ vEn) + 5, (17)

Here w, g and y are constants.

The three dimensional Schrodinger equation is,

10




(=5 V4 VO En)lns (1 6,8) = Enithna(r,6,6)

The wave function can be written as, ¥, ;,, = u"'i(r) Y1m(6,d)

The radial equation is, — — e z:;(r) + Verr(MUn(r) = Ep Uy (r) (18)
[(1+1
Where V(1) = —ma) 2r2(1+ yE,) + %+ ;urz).

: I Il 2E
Now putting w'? = w?(1+VE), t=mw'r? a = — ., and =
(14 1)+ 2ug, equation (18) reduces to ’

tu”+u(t)+ [ —-——t]u(t)—(} (19)

Now the solution of the radial equation has to be bound to infinity and
zero at the origin. So as t tends to infinity we must have,

u''(t) + O P 0, which has a physically acceptable solution u(t) =
4

exp(— g), therefore we seek the solution of the form,
u(t) = t"exp(=)R;(t), >0, (20)
Substituting (20) into (19) we have

(R (6) + |20 +5—t| RO = [n+2 - R =0 (21)

Where we have taken 77 = 43(1 +J @21+ 1)% +8ug)
Now (21) is of the form
zy" + (c —z)y' —ay =0, withc = 27 +%anda=n +%—g. (22)

Which is the well-known Kummer’s Equation. The non-singular solution
of this equation is the Degenerate Hypergeometric series, which is given

by,

11




o (@) z" +1) 22
F(a,c;z) = zm(j—)):% =1+(3)z+ jéjﬂj‘;—! 0,0 BI02, (23)

Therefore the solution of (21) is,
1 1
R;(t)=F[n+;—%.2ﬂ+git] (24)

From (22) we see u(t) increases without bound as t->o unless the series
(24) reduces to polynomial. From (23) we see this happens when a is
some negative integer, so let,

1 a
T]-f-z—z—“n, n—O, 1, 2.. (25)

Now putting the values of a,n in (25) and simplifying we get,'

Eny = —-él-azwzy +=—a2w?y? + 16 (26)

Where a = 4n — 2 + /(21 + 1)? + 8pug.

The parameter w, y and g are obtained from fit to the experimental
Data.

Here is the plot of radial wave functions Ui(r) (n=1, I=0) and Us(r)
(n=2, 1=0). Here c=1, u= 1.50 GeV, y= 0 GeV!, w=0.174 GeV,
g=-0.073 GeV1, [3]

Wave Function with n=1, I=0 Wave F

1.4 ;
i /
7
1.0 tli‘
/

o8

Uylr)
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/ \
f \

/ \
[ \
/ )
§ \I
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12 Y S \‘
e ¥ ~
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i — o bs ——

0

Fig. 5.1: left: radial wave function Uy(r) with n=1, I=0 right: radial wave function U,(r) with n=2, I=0.
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6. CONCLUSION:

So here we have used the SUSY QM methods to solve the approximate
eigenstates and energy eigenvalues for the Cornell potential model. For
lower states this approach provides good result. If we use the trial wave
function with several more variable, undoubtedly more accurate result
can be obtained. Moreover this method to obtain the excited states can
be used as an alternative of using WKB method.

In the second part we use the energy dependent potential model,
which luckily possess exact solution of Schridinger equation. Saturation
pattern is observed in the experimental mass spectra of quarkonium.
Using this potential model such saturation pattern in mass spectra of
quarkonium can be explained.

13
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D Introduction to MOSFET::

An p-channel metal-oxide-semiconductor field eftect transistor
(MOSFET) consists of a lightly doped n-type substrate(referred as
body) into which two highly doped p regions(referred one as source
and one as drain) are diffused. A thin layer (1000 to 2000A) of
msulating silicon dioxide 1s grown over the surface of the structure and

4

holes are cut mto the oxide layer allowing contact with the source and
drain. It we ground the substrate and apply a negative voltage at the
gate, an electric field will be directed perpendicular through the oxide.
This hield will end on inducing positive charges on the semiconductor
site. The positive charges which are minority carriers in the n-type

'

substrate, form an

Fig. 10-9 Enhancement in a
p-channel MOSFET. (Courtesy of
Motarola Semiconductor Products,

Induced
p channel Inc.)

n{substrate)

‘Inversion layer’. As the magnitude of the negative voltage on the gate
mcreases the mduction icreases. The region beneath the oxide now
has p-type carriers, the conductivity increases and current flows from
source to drain through mmduced channel. This kind of MOSFET 1s
called “Enhancement type MOSFET™.

A second type of MOSFET can be made if, to the basic structure a
channel 1s diffused between the source and drain, with the same type of
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impurity as used for the source and drain diffusion. Let us consider
such an n-channel structure. With this device an appreciable drain
current Ipss flows for zero gate to source voltage. II the gate voltage 15
made negative, positive charges are induced n the channel. Since the
current in this MOSFET 1s due to majority carriers, the induced
positive charges make the channel less conductive and the drain
current drops as Vs is made more negative. The redistribution of
charges in the channel causes an effective depletion of majonty carriers,

which accounts for the

Diffused
8i0, channel

Source Gate Aluminum Source Gate () Si0,
) ) o L)

p (substrate) p (substrate)

() (&)

Fig. 10-12 (a) An n-channel depletion-type MOSFET, (b) Channel depletion
with the opplication of a negative gate voltage. (Courtesy of Motorola Semi-
conductor Products, Inc.)

designation ‘Depletion MOSFET". Because of the voltage drop due to
drain current, the channel region near to drain 1s more depleted than 1s
the volume near the source. It we apply a positive voltage so that
negative charges are induced mto the n-channel. In this manner the
conductivity of the channel increases. In this manner a MOSFET of

depletion type may also be operated in an enhancement mode.
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D Short channel effects:

As the dimensions of MOSFET are shrunken, the close proximity
between the source and drain reduces the ability of the gate electrode
to control the potential distribution and the tlow of current m the
channel region, and undesirable eftects called ‘Short Channel
Eftects’(SCE) anse. A MOSFLT 1s considered to be short when the
channel length(L) 1s the same order of magnitude as the depletion layer
widths (Xdn,Xas) of the drain and source junctions. When,

[.= Xap + Xdas

so that two depletion layers merge, ‘punchthrough’ occurs.

PUNCHTHROUGH

l N+ drain ‘

Direct carrier
injection

N+ source’
)

Depletion-region boundaries

‘T'ypes of SCEs:

1. The limitaton imposed on the electron drift characteristic in the
channel.

2. The modification of threshold voltage due to the shortening
channel length. ’

3. Drain induced barrier lowering and punchthrough.

4. Surface scattering.

5. Velocity scattering.

6. Impact 1onization.

7. Hot electron.
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D A brief history of Multiple-Gate
MOSFET:s:

In a continuous effort to increase current drive and better control over
short channel effects, silicon-on-insulator MOSFETs have evolved
from classical, planar, single gate devices into three dimensional devices
with a multigate structures (double, triple, quadruple-gate-devices). It 1s
worth noting that in most cases the term ‘double gate’ refers to a single
gate electrode that is present on two opposite sides of the device.
Similarly the term ‘triple gate” used for a single gate electrode that 1s
folded over three sides of the device. One remarkable exception is the
MIGFET(Multiple Independent Gate FIUT) where two separate gate
electrode can be biased with different potentials.

The diagram bellow shows the “Family Tree” of SOI and multigate

MOSFETs.

SQ3MO¥EL ,
\ Partially Depleted SOl MOSFET
Single VCBM, DTMOS, MTCMOS
gate
Fully Depleted SOI MOSFET
. MFXMOS
XMOS SON MOSFET
ble —
D;:te Double-gate GAA MOSFET MIGEET
DELTA FinFET
Triple Quantum-wire MOSFET
;
gate \ Trigate MOSFE T
Triple+ \ I1-Gate MOSFET
gate \ ()-Gate MOSFET
‘ MBCFET/TSNWFET
Surround p—
gate CYNTHIA  Surround-gate transistor N
Narno-Beam Stacked Channels MOSFET

Year: 1982 1984 1986 1988 1990 1982 1994 1996 1998 2000 2002 2004 2006

Fig. “Family tree” of SOI and multigate MOSFETS.
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D Basic geometric structures of multigate

MOSFETss:

Basically the multigate MOSFET differ from each other by how the

gate and gate oxide layer wraps around the channel. The geometric

structures of these multigate MOSFLETSs are shown in the diagram given

bellow.

o Gate ——+» Gate

© . Oxide

o SIlICON m—

i

m .

e

w

SOl MOSFET

@

)

o

o

o

£

=

o}

()

GAA. SON MIGFET FinFET

m k 2 T

]

©

o

2

2 54 p |

—

l.-

Trigate FET [T-gate FET Q-gate FET

3

5 (o)
o [ )
£ Ooog
=

3

=| Quadruple Cylindrical Multi-bridge/stacked
“3, gate FET FET nanowire FET

#»
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] Natural length:

Starting from Poisson’s equation, Yan and coworkers and Lee and
coworkers introduced a powertul concept, the “Natural Length” (A)
which is a measure of SCE in multigate MOSFIITs. It represents the
distance of penetration of the drain electric field into the channel. A
device will be free of SCEs if the channel length is atleast six times the
natural length. The natural length depends on the gate oxide thickness,
the silicon film thickness and the geometry ol the gate, number of
gates. He table shown bellow summanizes the expression of A, for
different device geometries.

Table

Single gate

Double gate

Quadruple gate
(square channel cross section)

i S 7 b i o Pk | 2
Surrounding gate R R L
(circular channel cross section) Ao = - -

o
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’

] Detailed calculation of Natural Lengths:

The potential distribution in the channel of a fully depleted multgate
MOSFET can be obtained by solving Poisson's equation using the
depletion approximation:

d°D(x.y.2) " d*D(x,v.z2) P d"D(x.y.z) _ 4N,
dx” dy* d=* £,

-

Where Na is the number density of charge carriers and €, 1s the
electrical permuttivity of the silicon channel.

Let us first understand the meaning of this equation. It can be rewritten

m the form:

dE .(x,y.2) 4 dE (x.v.z) L dE(x,9.3) _
dx dv | dz

C

This relationship means that, at any point (x,y,z) in the channel, the
sum of the variations of the electric field components in the x, y and z
directions 1s equal to a constant. Thus, if one of the components
increases, the other ones (or, to be more precise, their sum) must
decrease. The x-component of the electric held, E. ,represents the
encroachment of the dram electric hield on the channel regiqu. and,
theretore, short-channel effects. The mfluence of £, on a small
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element of the channel region located at coordinates (x,y,z) ¢an be
reduced by either increasing the channel length, L., or by increasing the

control exerted by the top/bottom gates ,9£.(x.0.2)  or the lateral
v
gates, dE.(x.v.2)  on this channel. This can be achieved by reducing
dv
the silicon fin thickness  7;, and/or the fin width, ;. In addition,

an increase of €02 dE.(x.y.2) and, hence, in a better control of
tf’.‘ d:.'

the channel by the gates and less short-channel eftects, can also be

obtained by increasing the number of gates: 9€,(v.v.2) can be
v
increased by having two gates (top and bottom gates) instead ,of a single

gate, and 9E.(x.7v.2) s increased by the presence of lateral gates.

(ﬁ.
Figure bellow illustrates how the electric field trom the gates and from
the drain compete for the control of the channel.

/"-1( 7 4 —
Y+M/ |

Drain

t |
sill Source )
= = [
4 W b ’
sl

Fig. Coordinate system and electric field components in a multiple-

gate device.

In the case of a wide single- or double-gate device, we have 4P _o, and

. . d=
Poisson’s equation becomes

d*®(x,y) 2 d*®(x,y) _gN,
dx’ dy’ £

74
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(1.0)

Simplified one-dimensional analysis of a fully depleted device yields a
parabolic potential distribution in the silicon film in the y (vertical)
direction. Assuming a similar distribution in the y-direction for a two-

dimensional analysis Poisson’s equation becomes

O(x,y) =c, (x)+c(x)y+c,(x)y° (1.1)

:Single gate SOI MOSFLET:

In the case of a single-gate SOI device the boundary conditions to

equation 1.1 are: ’

. ®(x0)=,(x)=c,(x) where (D', (x) s the front surface potential:

~ d(D(.I.J") € (D'r‘('r)"*(Dgs = @ L&)
d.T 1 =0 €y lox o
where @ =V, -V, 15 the front gate voltage. V.. minus the
front-gate flat-band voltage, Vgzy.
3. If we assume that the buried oxide 1s very thick the potential

difference across any finite distance in the BOX is negligible in

the y direction we can write 92(x.3) _, in the BOX. Therefore.
dy ’

ablry) ¢(x)+21,¢6.(x)=0 and thus ¢ (v) = S,

(J'.]‘ 2"5.’

V=r

we have:

Introducing these three boundary conditions in equation 1.1 we obtain:

g, P (x)-D | & D)~
‘ V= ' v (1.2
£ t 2t &, !

st ox 3t 5i oN

O(x.y) =D (x) +
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Substituting equation 1.2 into equation 1.0, and setting y=0, at which
depth P(x.1) =D (x) , we obtain:

+ (1.3)
dlm-r‘('\‘) go,‘. (Df(\) B (Df,.' - q;\;&
dr: 55; rsi 'fo,'r N 85?‘
Now if we define:
;1..1 S—
and
P(x) =@ (x) - D, g L A

e

Then equation 1.3 becomes

d’plx) _ox) _

dxh )I.-‘:

This equation has a solution in the formgp(x) = @ exp

+ LJ where A,
A
is a parameter that represents the spread of the electric potent'ial i the x-
direction. Note that ¢rx) differs from @4x) only by an x-independent terni.
Parameter A; is called the “narural length” of the device. It depends on the
gate oxide thickness and the silicon film thickness. The thinner the gate
oxide and/or the silicon film, the smaller the natural length and. hence. the
influence of the drain electric field on the channel region. Numerical
simulations show that the effective gate length of a MOS device must be
larger than S to 10 times the natural length to avoid short-channel effects.
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:Double-gate SOl MOSFE'T:

In the case of double-gate SOI MOSFLET the boundary conditions are:

. O(x.0)=0(x.7,) =D ,(x)=c,(x) where @ (x)1s the front

surface potential:

¥ D, (x)-D X .
2. 9 (x,y) 7 Rk il e i ™ =¢,(x) Where @ =V '~V is
4 L & , .
the front gate voltage. V.. minus the front gate flat-band voltage.
Vesr.
dD(x. y D, (x)-D,
3. ___(‘_‘) .. —ﬁc(\)+_r es(x) =—¢,(x) and
dy | . £ i
- (\) '

thus ¢,(x) =

31

Substituting these boundary conditions in equation 1.1 we get:

D, (x)-D . D, (x)-D_
q)(.\'.-l') - (Df(_\.) 4 o = 4 (1) 7 y _i&'m f (\) . .
' i L. By t -

st ox Si 5i oY

The key difference between this expression and equation 1.2 1s that the
term 1/2¢;, has now been replaced by 177, In other words it looks as if the
double-gate device was twice as thin as the single-gate transistor. The
natural length of the double-gate device can be derived the same way it
was done for the single-gate case, which yields:
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If we consider punchthrough and assuming that the punchthrough
occurs at the center of the channel we can define a new A. The new A
has the same meaning as before but it can better explain some of the
experimental results. Starting with Poisson’s equation

r]E(D(x.y._:) " d:(D(x_}.":) . (f:(I)(.\'_}',:J _gN,
dx’ dy? d=>
. ) & (2.0)

| . d .
For single-gate or double-gate devices & = (). such that Equation
4

reduced to:

d ®(x, v) . d°®(x,y) _gN,,
- d3-=3 &

S

Assuming a parabolic potential distribution in the y-direction we can

write:
D(x. y) x ¢, (x) + ¢, (x)y + ¢, (x)y”
\ (2.1}
.. dD(x.y t
We now apply the boundary condition (f—\l) =0at y= ;’ !
dy | 2

which yields:
£ ; CDJ(.'\') = q)gs
: #

-

O(x. 1) =D (x) +2 _i & 3
| A ! rf-‘ 3 fox ! (22)

Si ax

where @ (x) is the front- and back-surface potential and

D =V, — Vg is the front gate voltage I, minus the flat-band voltage.

(<

Ves. Since the potential at the center of the fin. @ _(x). is the most relevant

to SCE. we extract a relationship between @ _(x)and @ (x) from

o lgi
substituting y = % as follows:

—



16 |Page

(2.2)

. g
D, (x) = ——— (@Axﬂiﬁi&(ﬁbgsJ
] 4+ —ox_si de, 1,

4 85 i ro.‘.‘

*

Expressing @(x, y)as a function of @ _(x) we obtain:

. 1 )
ENE N PR NER
CD(X. ‘l’) = (1 + Eor V — Eax Y ] 485.' I~
gs; Ian 85.-‘ ro.\ ‘tﬂ' y l EO-T IL
465; Lo
_{iiq, g Y g J
gs s
_g.s:' ror gs." ro.*.'r.n'
Substituting 2.7 back in 2.3 we get:
d'(I)((.\.') % (I)gs il (I)c' (x) - q}\rd d

dx- A £,

where natural length / is now written:

£ £ .
A= == {H 2 L]rs,rm
28, de. 1. |




17|Page

:Quadruple-gate SOl MOSFET:

The original publication on the natural length concept analyzes single-
and double-gate structures only. The concept can. however. be extended to
quadruple-gate devices with a square cross section by noting that
Q = d‘(? in the center of the device. where the influence of the electric

dv- dz-
field lines from the drain on the device body is the strongest. In that case
the Poisson equation becomes: y

d ®(x,v.z2) - d*®(x.v.z) gN,

dx” dy- &,

and the natural length 1s equal to:

In the case cylindrical surrounding gate device similar kind of
calculation using the laplacian operator in cylindrical coordinate system
with the help of the fact that the potential must be cylindnically
symmetric with respect to the axis of the cylindrical channel can be

found to be

-) \
0 2 ki 2
26 _t_ In| 1+ +8 ¥
/10 - ; rsr
l6¢

ox
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The following observations can be made: the natural length (and hence
short-channel effects) can be reduced by decreasing the gate oxide
thickness, the silicon film thickness and by using a high-k gate dielectric
instead of SiO,. In addition, the natural length is reduced when the
number of gates is increased. In very small devices. the reduction of oxide|
thickness below 1.5 nm causes gate tunneling current problems. Using
multi-gate devices. it is possible to trade a thin gate oxide for thin silicon

filny/fin thinning since A is proportional to the product 7, x7,,.

The concept of an “equivalent number of gates” (ENG) can be
introduced at this stage. It is basically equal to the number of gates (a
square cross section is assumed) but is also equal to the number that

divides s 1,1, 10 the equations defining the natural length, A. Thus we
g, °

have ENG=1 for a single-gate FDSOI MOSFET, ENG=2 for a double-gate

device and ZNG=4 for a quadruple-gate MOSFET. ENG=3 for a triple-

gate device and, by some strange twist of fate. ENG is close to 7 in a [1-

gate device. In the Q-gate device the value of ENG ranges between 3 and 4

depending on the extension of the gate under the fin.



19|Page

D Conclusion:

surrounding,

2 1F

g 4 gates ‘

=

5

E 08

2 2¢

2 Z gates

S i
g 0.6 - —~5
b=

-

2 04} > b

Z — Lo
|s _._,...-""'-'-“W

<= e

s 02fF R :
g e

g /
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Gate kength, nm

Fl

Fig. Maximum allowed silicon film thickness and device width vs.

gate length to avoid short channel eftects

The natural length can be used to estimate the maximum silicon film
thickness and device width that can be used in order to avoid short-
channel effects. Figure above shows the maximum allowed silicon film
thickness (and device width in a triple-gate device with a square cross
section) to avoid short-channel effects. The calculation assumes a gate
oxide thickness ol 1.5 nm. It reveals that for a gate length of 50 nm, for
mstance, the thickness of the silicon film in a single-gate, fully depleted
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device needs to be 3 to 5 times smaller than the gate length. ]t a
double-gate structure 1s used, the requirements on silicon film thickness
are more relaxed and the film needs to be thinned to only half the gate
length. Further relaxation 1s obtamned using a surrounding-gate
structure, where the silicon hlm thickness/width/diameter can be as
large as the gate length. The tilm thickness requirements for triple-gate,
[T-gate and OQ-gate devices are located between those for double-gate

and surrounding-gate devices.
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ABSTRACT

We first review the exact solution of the transverse field Ising model in one-dimension. We then
study the transition of a qubit from a pure state to a mixed one when it is coupled with an
environment modeled as a transverse field Ising model. In this context, we have calculated
Loschmidt echo and have shown that the environment affects the system maximally at the quantum
critical point.
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INTRODUCTION :

A quantum phase transition is zero temperature transition of a quantum many body

system. It is quantum fluctuations which causes transitions at zero temperature. This fluctuation
arises from a non-commutating term of quantum Harmiltonian. By tuning a rion-thermal parameter
attached to the non-commutating part of the Hamiltonian, the different phases of the system can
be traversed. These phases are separated by the phase boundaries.
A few physical quantities show drastic changes in their behavior when a critical point is crossed.
The singularities of these quantities at the critical points are dictated by the critical exponents.
These exponents characterize a quantum critical point. At a quantum critical point the
Hamiltonian of the system H(A) = Ho +AH1 where Ho and H+ do not commute. Now the energy gap
A; between ground state and first excited state at second order phase transition point vanishes
for an infinite size system. The energy gap 4, vanishes with the parameter A as it approaches
critical point is .. A, |2 —A|"", Where v,z are the correlation length and dynamical
exponents respectively. In a continuous phase transition there is two length scales i.e length of
the system and the correlation length ¢ Correlation length determine a length scale which the
system is spatially correlated. The correlation length diverges with the critical exponent v as the
system tends to the critical point

§o |2 — A,:|v
Up to now we describe the behavior of the phase transition at zero temperature only, but for the
general we now discuss the effect of finite temperature on quantum phase transitions. There are
two type of fluctuations which causes the phase transition (i) classical (ii) Quantum. The larger
strength of the fluctuations which are determined by critical exponents plays the role to determine
the characterization of the phase transition. Below the graph describes behaviour of the system
near quantum critical point.
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Figure 1.1: Schematic of two possible phase diagrams close to a quantum critical point. Fig. (a)
represents the case where a non-vanishing order parameter exists only at T = 0, for example, the
one-dimensional transverse field Ising model (TFIM) with A defining as the transverse field. The other
case is shown in Fig. (b) representing that order can exist even at finite temperature, for example,
the two-dimensional TFIM. The solid curve in Fig. (b) corresponds to the phase boundary. The above
graph is taken from Atanu Rajak, Dynamics and quantum information studies of quantum many
body systems, Res. Develop 2015

In this project, we first solve one-dimensional quantum Ising model exactly and then discuss the
behavior of the Loschmidt echo for this system. The concept of the Loschmidt echo has been proposed in
connection to this quantum-classical transition in quantum chaos to describe the hypersensitivity of the time
evolution of a system to the perturbation experienced by its surrounding. we shall introduce the notion of
the Loschmidt echo connecting it to the decoherence in the vicinity of a quantum critical point . In this
context, the central spin model where a central spin or a qubit is coupled globally to all the spins of an
environment will be introduced. In the real world, a physical system can never be isolated; the interaction
between the quantum system and its environment leads to decoherence. The decoherence is a process
through which the quantum-classical transition occurs by a reduction from a pure state to a mixed state i.e
become a entangled state. Entanglement is one of the most fascinating features of quantum mechanics and
plays a central role in quantum information processing .

2.TRANSVERSE ISING MODEL :

The ising model features a lattice with nearest neighbour interaction determined by the alignment
and anti-alignment of spin projections along z axis and as well as an external magnetic field perpendicular
to the z axis ( without loss of generality here is in x axis) which creates an energetic bjas for one x axis spin
direction over the other. The two spin of x and z axis are non-commutating observable quantities.

2




For one dimension has phase transition only at 7. = 0 with A = A, . Therefore this is clear that it can't be
observabed at any real experiment as because attend of T=0 k till now not possible. Although for two
dimensional ising model there exist such system which has ordered state at finite temperature. But in this
transition it is dominated by thermal fluctuations. Thus proves that quantum phase transition is only possible
at 0 k. Now we will briefly discuss the zero temperature phase diagram of a one dimension on transverse
ising model in presence of three spin interaction. The Hamiltonian of the Transverse ising model

He=2 30 (0% () + Jx (Mo iy (1)

Where ;¥ and o are the usual Pauli spin matrices at each site n, Jx(n) is the site dependent coupling
constant of the nearest neighbor ferromagnetic interaction in x direction. We impose periodic boundary
condition is a;7, 5 =0, this model. This transformation reduces all the quatric terms of the Hamiltonian into
quadratic in terms of the spinless fermions.

We now introduce two operators o,F = (o +io;) )/2 and o, = = (0¥ —ia;) )which are called spin raising
and lowering operators respectively. They act on the spin statesas o™ ||)=| 1) and o”| 1) =]|) Using
these operators the Hamiltonian (1) takes the form

e Z [h(n)an + L (n){of ofeq + Of0041 + On00.1 +1050041)] (9

It is important to note that the spin raising and lowering operators satisfy a complicated commutation
relations, i.e., commute on different sites and follow anti-commutation relations on same site :

[U;»Ur:] = [0, 07 ] = [0, 0,1 =0 form #n

{om 07} = 1{om 07} ={o7, 07} =0, (3)
These operators o, are not ordinary bosonic operator. This are hard-core constraint (a,;)*|0) = 0 ,i.e,
at most one boson is allowed in each site. The hard-core constraint seems to be ideally representable in

terms of spinless fermions C,!. where the absence of double occupancy is automatically enforced by the
Pauli exclusion principle, and the anticommutation on the same site comes for free.

n-1
- [m cch] n-1
On = Z‘ ’ =| | (_sz)cn
Jei
[—ifl cfc;)
gl =e ZH}JC* || (J)C*

0% =2CC, -1 (4)

We can observe from Eq. (4) that the spin operators are related with the
fermionic operators by a phase term, can be called a “Jordan-Wigner string”. This string actually takes care
the fermionic nature of the c-particles for different sites. In terms of the JW fermions the Hamiltonian in Eq.
(2) can be expressed as

#



He—=ZN-1 h() (2G4 C, — 1)

N-1
=) ) (Clenss + I+ Hoc) + LN (Cler + ChCT +

n=1
N
; t
H.c)e[mZn=1 R ®)

The only tricky point has to do with the boundary conditions. If one uses periodic
boundary conditions, both the sum runs over n =1, -+, N and there is a term involving site N+1=1.
All the boundary terms contain an exponential factor which is fothing but parity of the system. Parity of the
system is defined as

Prewlinn Y. Cleal= [Th, (o) : ©)

Now the parity operator commutes with the Hamiltonian. [ H, P ]=0.Now putting the boundary

condition to the spinless fermions for both the sectors: for periodic boundary conditions (Ca=Cn), P = -1
and anti-periodic boundary conditions (Cq. = = Cs), P = 1. Finally both the Hamiltonians in Eq. (6) can be
written in the compact form

Ht=—2 3" [A()(2C} Co — 1) = Jx (W) (Clenss + CICE, + H.oc) (7)

2

For the homogeneous case (h(n) = h and J,(n) = J,) the model in Eq. (7) is translationally invariant and so,
momentum is a a good quantum number here. Then we can define Fourier transform of the fermion

operators as

- i _ i
Ca =1/ Excie™ andct = l/mz,ﬁ eink (8)
Using Eq. (8) both the Hamiltonians (7) can be simplified as -
He—= 3 o o[2(h + ) cos K)(Ccy +
ctoc) + 2i(,sink)(C T+
CiC-i) — h] (9)

The Hamiltonian in Eq. (9) decouples as a direct sum of independent terms for each k, thus gets reduced
to the direct product of decoupled 2x2 Hamiltonians for each momentum k, which in the basis | 0) (vacuum
state) and | k, —k) (two JW fermion state) can be written as,

__(h + cosk Jxsink
Hi(h) = ( J.sink  —h-— cosk)
Since the Hamiltonian (9) is quadratic in terms of ¢ fermions, one can diagonalize it using Bogoliubov
transformation defined as

4



Cx = €OS (Bk/z) by + isin (ek/?_) b,

C_i =CO8 (gk/z) b_, — isin (ek/z) b} (10)

where by's are Bogoliubov fermionic operators and 6 is defined as

Jxsink
h+Jycosk (11)

tan @, =

After Bogoliubov transformation, the diagonalized Hamiltonian can now be written as with the corresponding
eigen energy for the k-th mode as )

H=Y , ex(bibe — 1/5) (12)

€, = (h? + J,.> + 2hJ, cos k)f ; (13)

The Hamiltonian in Eq. (12) represents a system of non-interacting fermions bk which are called
quasiparticles. To excite a quasiparticle mode by, the system requires €, amount of energy. The ground
state | () of the model is one without any quasiparticles, i.e., the vacuum

state of bk fermions. It is now convenient to express |y in terms of the c-fermions. In this form |ys) is given
by
[¥0) = [Tk>0 bxb-k10) (14)

Where |0) is the vacuum state of c-fermions satisfying C|0)= 0 for each k. Eq. (14) actually represents the
ground state of the system since application of annihilation operator bk on it gives in fact zero. Now
considering the inverse transformations of Eq. (10) and imposing the normalization condition ( s [y} = 1
we obtain

[¥o) = l—[Do cos (9“/2) + isin (B“/z) ctel 10) ‘ (15)

3.LOSCHMIDT ECHO:

The notion of the Loschmidt echo dates back to J. Loschmidt (1876) in the context of the
microscopic theory of the second law of thermodynamics. This is in contrast to the Boltzmann's proposal for
the impossibility of a perfect time-reversal experiment which leads to an “arrow of time"; therefore, for a
macroscopic system entropy should always increase. The Loschmidt echo can also be interpreted from the
perspective of a time reversal scenario. In this viewpoint, we evolve the initial wave function [1),). with the
Hamiltonian H, forward in time up to t. For simplicity, we shall again choose |4 (t)). to be an eigenstate
of the Hamiltonian H, . One then arrives at the wave function: |7 (t)) = e ~*#1¢|1), (t)). Thereafter, we

5




consider a time reversed process with a modified Hamiltonian1 H2. Setting t —-t, one gets (the time
reversed) the final state: [y, (t))=e "zt e =11t |y}, (t)). One can therefore define the Loschmidt echo as

the overlap

L(t) =1 (ole™ " [1ho)|? (16)

since, |, (t)) is an eigenstate of H,. Clearly, the overlap measures the probability of the survival of the
initial state in the final time reversed state .The quantification of the Loschmidt echo requires a Hamiltonian
H that makes the evolution of the ground state [i,) non-trivial. This Hamiltonian H can be generated
considering a central spin model in which a central spin S is coufiled globally to an environmental spin model
E . In this regard, we will study here the transition of the central spin S from a pure state to a mixed one
induced by the criticality of the environmental spin system and show that the decay of the LE is best
enhanced by the Quantum phase transition of the surrounding environment and (described earlier). We will
provide here a general formalism for calculating the LE considering a three-spin interacting Transverse field
ising model defined in Eq. (1) as an environment (E) that is coupled to a central spin-1 2 (qubit) S. We shall
denote the ground state and excited state of the central spin S by |g)and |e) respectively.

Now the Hamiltonian can be written in the form,

Hr(h,6) == =3 3" _ [0% (h(n)) + 6aaf +
Jx(M) 07 0n41] (17)

where g denotes the Pauli matrix of the qubit and & is the coupling strength of S to E. Here we ignored
J5 term from eq (1) for simplicity. As all the operator commutes only in his site so we can prove [o, H;]=0
which signifies that ¢ is constant in motion. So there is no exchange of energy between system and the
bath. The above condition ensures that in this case the qubit evolution is purely decoherent.

Now we can simplify as a Hr = H + H, where H is a Hamiltonian of the environment as
described in eq (1),excluded /5 term and H, is the perturbing term. The global coupling between the CS and
the E is represented by the Hamiltonian: Hgy = 8|e){e|H,, such that whenever the central spin is in the |ei
state the environmental spin chain’s Hamiltonian gets modified to Hy= H,+(h+8) He.Similarly we can get
evolved Hamiltonian for ground state. Hence, depending on the state of the CS, the E evolves with two
different Hamiltonians,Hg, (h ) = Hgand Hg, (h + 8) =H,. we shall work in the weak coupling limit, 5—0.
Owing to this, the evolution of the E initially prepared in the ground state | ¢ (0)) gets divided into two
channels, () |, (£))= e ~a*| ¢ (0)), and (b) | ())=e~Het| ¢ (0)). We can now explore the evolution
the total wave function (i.e., CS plus the E) influenced by the state of the CS. Att =0, the CS and the E are
un-entangled and hence the initial state is a direct product state at t = 0, given by: [(0))= (C4|g)*
Cele))® |pg4(t)). However, the evolution of the state [1(0)) of the E is dictated by two Hamiltonians due
to the coupling with the CS; hence, the total wave function of the composite system at time t becomes:
[¥(8))= (Cglg)B|dgy (£))+ (Cele)R| e (t)). One can now obtain the density matrix p(t) for the total
wave function at time t as



p(t) = [P ()]

= 1,119 (ONGlia (O] + CoCilg) b (D))elide (D]
+ C,C;1e)be (ONGBg ()] + 1CelP Ml e (D) Nelihe (O]
(18)

Once we have obtained the final state density matrix at time t, as shown in Eq. (18), we can trace out the E
to extract the information about the state of the CS at the final time t. Therefore, we obtain the reduced
density matrix by taking the partial trace over the E states as:

ps=rrP(t) =

( |Cgl* CgCSD(t))

* Y+ (19
C.CD'(E)  |CP ’

In the above equation, D(t) =(¢, (£) |, (t)) is the ‘decoherence factor
One therefore finds the decay of the Loschmidt echo given by
£ =1 (b, (D)1, (D) I
=1 (¢ (0)|eHste=Het| ¢ (0)) |
-1 (@ (0)]eHz ®+)1|  (0)) | 0)

we have used the fact that the | ¢ (0)) is an eigenstate of the Hamiltonian (17) with anisotropy
parameter A .

As mentioned already, the Hamiltonian (1) can be solved by using the JW transformation followed by the
Bogoliubov transformations and can be written in the form

Hy(h)= Y., (W) (b gbrg — 1/2)
Hg(h+8)=3  ex(h+8)(af are — 1/p) (21)
Where by, , and a . are Bogoliubov fermionic operators .

And the energy spectrum of excited state are given by

e (h(n) + 8) = (h(n) + 6)2 + J,2 + 2hJ, cos k): (22)

clearly, €,(h + &) = €, (h)with & = 0. In fact, under the JW transformation the Hamiltonian (17) gets
reduced to the direct product of decoupled 2x2 Hamiltonians for each momentum k, which in the basis | 0)
(vacuum state) and | k, —k) (two JW fermion state) can be written as

h + cosk JxSink )
J.sink —h — cosk

7

He(h) =



The Bogolioubov operators are related to the JW operators through the relation
age = €0SO(h+ 8)cy — i sinb(h + 5)6‘1;( , (24)
brg = cosO(R)cy — i sinBy(h)cT,

where, ¢, are the Fourier transform of the JW operators as derived through the JW transformations of spins.
Using Eq. (23), one can further arrive at a relation connecting the Bogolioubov operators of the two
Hamiltonians as:

= e
byg = cosyQye — iSinyxa_,,

h)=8i(h+d&
Where Yk i ek( ) zk( + J

Now the ground state of both the Hamiltonians can be solved by putting the Bogolioubov operators in
bigl ¢ (0, h))=0and ay.| ¢ (0, h + &))=0and by normalize it we can get
| ¢ (0, A))= [0 cosyx + isinyi aj ;aly .| ¢ (0,h + &) (25)
Now putting eq (25) in eq (20) we get .
£(t)== [(p(0, h)|e™""<f|p(0, h) > |?
= [(@(0, h + 8)| [ ], (cosyi — isinyy ayea_ye)e M [ _ (cosyy +
isinyy af ,al, )P0k +8) > |

I1,.,, lcos?vi + sin?(yj)e2ickh+oXt 2

= [, [1 = sin®(2yy)sin? (e, (h + 8)t) (26)

Since each factor £(t) in Eq (26) has a norm less than unity, we may well expect £(¢) to decrease to zero
in the large N limit under some reasonable conditions. Now we study in detail the critical behavior of the
surrounding system near the critical point A,= 1 and its relation to the sensitive evolution of the Loschmidt
Echo perturbed by the central system even for a finite N. This turns out to reveal a novel mechanism
responsible for the enhanced decay of Loschmidt Echo. Let us first make a heuristic analysis of the features
of the Loschmidt Echo. For a cut-off frequency k. we define the partial product for the Loschmidt
Echo. £.(t) = L(t) .

Now putting anisotropic parameter A in equation (17) we can write (h(n) + &)=J(A + &) so eq (22)
€x =2J[(A+8)*+1—2(A+6)cos(k a)]i (27)
Let us define, L-(4,t) = ['[;:go F, = £(4,t) and corresponding partial sum S(4,t) = InL.(t)
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= —JI%_ |InFy| . Now , for small k wave vector €,(h + &) = 2J|1 — A — | and sin?(2yy) ~

k>0
(6ka)?

(1-2)2(1-1-8)%

Now putting this values in the partial sum we get

§2sin?(2J|1 — A — 8|t)E (kc)

S t) ~

— TTke 2 : T
Where E (kc) =[] k=0 (ka@)” Now using the bloch wave vector , i.e k e

=I INC 4n’n? - 4m%N¢(Nc+1)(Nc+2)
242 2
n>o N°a 6N

NKca

Where N is the nearest integer to

2T

2p 2
shen -+ A = Lybere o = ZEC0H

IL{"-“‘I’ N=200 &=01.%=15

1.0

FIG. 2: (Color online) (a) Three dimensional (3-1) diagram
of the LE |L (X t)|* as the function of A and t for the system
with N = 200. The valley around the critical point A.=1
indicates that the decay of LE is enhanced by the QPT . The
profile at A = 1 is in agreement with the analytical analysis.
(b) The cross sections of the 3-1 surface for the systems of
N = 50, 100, 150, 200, and 250 at A= A-6=0.9. It shows thai
the quasi-period of the LE is proportional to the size of the
surrounding system .

A-12(1—-1-0)2

2nm

. Now this follows can be approximated to £.(4, t) ~ exp (—2t?)

So from the abeve heuristic analysis
we may expect that, when N is large
enough and A is adjusted to the vicinity
of the critical point A, = 1, the LE will
exceptionally vanish with time. On the
other hand, we observe that y seems
to approach zero in the
thermodynamic limit N— < for Na
keeps as a constant in the process of
taking this limit and E(k.) < 1/NZ2.
Since a true QPT can occur just in the
thermodynamic limit, it is natural to
doubt whether the QPT, and thus the
induced decay of the LE, can happen
at the critical point. In fact, due to the
vanishing denominator (1 — 1) 2 of
1 at the critical point of the QPT, the
decay of the LE is still possible even
for 2 having a vanishing numerator.
For a practical system used to
demonstrate the QPT induced decay
of the LE, the particle



number N is large, but finite, and then the practical 2 does not vanish. Now we resort to numerical calculation
to test the heuristic analysis. For N = 50~ 250, 6 = 0.1, the LE are calculated numerically from the exact
expression (8) with the parameters within the ranges A € [0,2], t € [0,27/J], and plot it in the graph. The
results are demonstrated in fig 2. The graph was tz taken from the H.T. Quan Z Song X E. Llu P. Zanardi

4.CONCLUSION:

In this project we have discussed about transverse ising model and by using exact model we solve
the one dimensional spin interaction in presence of transverse field described by the Hamiltonian in eq
(1).First we solve the exact solution of the Hamiltonian with the help of Jordan wigner transformation(This
transformation reduces all the terms of the Hamiltonian into quadratic in terms of the spinless fermions) and
bogoliubov transformation(This transformation used to diagonalize Hamiltonians, which yields the stationary
solutions of the corresponding Schrodinger equation).

We have obtained the exact expression of the transverse field and analyzed the possible relation
between the quantum-classical transition of the central system, characterized by the Loschmidt echo of the
surrounding system, and the occurrence of a Quantum phase fransition in its surrounding system
Environment Hamiltonian. The time evolution of two qubits immersed in thermal environments. The
necessary calculations we performed reveal a novel mechanism of the decay of the LE. We have
investigated the effects of system-environment coupling strength. Then we calculate the decoherence
between the two states L(t) which will tell us how much the states are entangled. It is clear that £(¢)value
is smaller than 1 and it can be tend to 1 for smaller interaction between environment and spin. If the value
is 0 the. The effective interaction between environment and spin qubit is maximum. Therefore near quantum
critical point the central spin pure state become mixed state due to its maximum Entanglement with the
environment, and the decay £(¢t) has minimal value. The novel phenomenon of the synchronization between
the QPT and the enhanced decay of the LE mentioned above and its physical implication deserves further
exploring. Generally, the two terms in He represent two competitive physical effects with different order
tendencies: in the weak coupling case A<< 1 the ground state is either all spins up or all spins down, while
in the strong coupling case A > 1 the ground state tends to the saturated ferromagnetic state with all the
spins pointing right. When A takes the value of the order unity, the qualitative properties of the ground states
for A> 1 and A < 1 are similar to those for A » 1 and A <« 1 respectively. Only the critical point A = 1 has
genuinely different properties. That means the central spin state transforms to pure state to mixed state
when a quantum phase transition of E takes place in one of the two evolution branches. This result suggests
and unexplored and rather intriguing relationship among engagement Loschmidt echo, decoherence and
criticality. |
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Abstract

In the design we have constructed a sensor water tap monitoring system
using the components vizarduino board, solenoid valve, SPDT relay, IR
sensor etc. The main purpose of this project is to stop wastage of water.
We have used the IR Sensor which is connected to a SPDT relay which
controls the solenoid valve to control the water flow to the tap. As a
result sensor tap is automatically shut off after use.

#



Introduction:

Water is most precious. Living bodies depend on it. Our responsibility
is to conserve it. Nowadays we are interested to be automated. The
project titled "sensor Water Tap monitoring system" is the modern
version of the traditional hand operated tap. The water taps that we use
in our daily life are mechanically operated. Water flows through the tap
when we turn on the tap and the flow stops when we turn off the tap.
This hand operated tap system causes water loss.

Sensor water taps save water significantly. Sensor water tap is
automatically shut off after hand washing and as a result water shortage
is reduced. Sensor tap is hygienic, that is very important for us. This tap
is more energy efficient than traditional hand operated water tap. In the
automatic water tap we use a IR sensor which is connected to a SPDT
relay which controls the solenoid valve to control the water flow to the
tap [4]. This tap reduced the wastage of water as it is automatically
closed after hand washing. ’

Some related works are:

e Water Quality Monitoring System Based on IOT [1] : In this
paper the authors have presented a design and development of a
low cost system for real time monitoring of the water quality in
IOT. They have measured the physical and chemical properties
of water such as temperature, PH.turbidity, flow sensor etc. using
sensors and arduino model.

e Design a Smart Faucet for reducing the water wastage using [OT
[2] : In this paper the authors have designed a smart water faucet
using the components Node MCU,relay,solencidvalve,DC
motor,temperature sensor, servo motor for reducing the wastage
of water.



Proposed Design:

We have designed a sensor water tap monitoring system .Here we
have used an infrared sensor in the tap that has a light emitting diode.
This LED emits light continuously. When an object or human hand
enters into the range of LED, the solenoid valve will be opened, which
allows the water to flow through the tap. When the object ,is removed
from the range of LED, the valve will be closed and it stops water

running.

Implementation:-

The Components that are required for constructing the sensor water
tap monitoring system are

1)  Solenoid Valve

11)  Single Pole Double Throw (SPDT) relay
iii) Infra-red sensor

iv)  Arduino board

v)  Power Supply

vi) Spring

vii) Resistance

viii) Electromagnetic coil

Solenoid Valve is an electrically Controlled automatic device. It's
basic working Principle is just like as a relay. There are two types of
Solenoid Valves 1) normally open type and ii) normally closed type.
By applying the voltage the state of the solenoid can be changed from
open to close or from close to open. Here the normally closed type
solenoid valve has two ends. One end is connected to a power supply
and the other end is connected to normally open contact, of a relay.
Relay’s common end is connected to the ground. Its common end,
attached with a spring system, is connected with the normally closed
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Block diagram of Sensor water tap Monitoring System



contact through a movable iron armature. There is an electromagnetic
coil; a coil of wire is wound on a soft iron core. One end of this coil is
connected to some voltage and the other end of this coil is connected
to the ground through a n-p-n transistor. The base of the transistor is
connected to a pin of arduino board via some resistance.

Here we used a IR Sensor that has a light emitting diode-IR
transmitter continuously emits the light. When some object enters into
the range of the LED, the infra-red light signal is reflected by the
object and the receiver of the IR sensor receives that light.‘That’s why
some voltage will be showed across the receiver. This voltage is
automatically supplied by the sensor to that pin of arduino, which is
connected to the base of the transistor via some resistance, such that
current will flow through the electromagnetic coil and the coil
generates a magnetic field through the soft iron core. Due to this the
movable iron armature is attracted towards the electromagnetic core
and the armature will move to open condition by breaking the
normally closed contact condition. Normally open contacts get to
closed condition. Then a complete circuit will be formed and the
solenoid valve will remain in “on’’ state. The valve is opened and it
allows the water to flow through the tap. '

Again, when the object is removed from the range of LED, the
receiver of the sensor will not show any voltage and the current
flowing through the electromagnetic coil will be switched off, the
relay coil gets de-energized then the armature is returned to its
original position by the spring system. The armature will move to
N.C. contact condition by breaking the N.O. contact condition. Hence
the solenoid valve will remain in “off” state. The valve is closed and
it stops the water running.
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When some object or human hand enters into the range of LED of the IR
sensor as shown in fig, which emits the light continuously, the solenoid
valve will be opened and that allows the water to flow through the tap.
Again when the object is removed from the range of LED, the valve will
be closed and it stops water running.



Result:

The sensor water tap monitoring system plays important role in the
following fields:

e Significant water saving:

Electronic taps are generally constructed to get much lower stream rate
than the traditional hand operated taps. Hand operated taps can use up to
10-15 liters of water per minute whereas the sensor tap offers flow rates
of water as little as 2 liters per minute. Sensor tap is automatically shut
off after hand washing and hence water wastage is reduced.

e Hygienic:
Sensor tap doesn't require to touch - it is hygienic.
e Cleaner and more efficient:

In case of sensor taps the flow rate is predetermined whereas for hand
operated taps the user can choose their preferred flow rate every time.
This is very inefficient. Prefixing the flow rate helps to reduce splashing.

e More energy efficient: j

Sensor taps need electricity for their operation while the traditional hand
operated taps don't require any electricity in order to work. Every time a
traditional hand tap expends a great deal of energy by choosing the
user's preferred water flow and temperature. But in case of sensor taps
water always remain at a constant temperature, so energy is not
expended by changing the water temperature. So sensor taps are more
energy efficient than hand taps.



Application:

Sensor water tap monitoring system is extremely valuable in home, old
age home, hotel, school, office, shop, nursing home, hospital, industrial
application, eatery etc.

Conclusion:

Due to this sensor water tap monitoring system our life style has been
quite automated. Due to significant progress in science and technology,
we are approaching an era of artificial intelligence and consequently the
interaction between man and machines gets reduced. The sensor water
tap is such a machine that has reduced the human labor mostly. We can
implement this method in the public water podium stands which
eliminates the usage of water taps, which are extremely inefficient. This
automated system is very helpful in everyday life specially for
physically handicapped, patients and elderly people. It gives them a safe
and independent living by providing the tap automation. It is also very
helpful in conservation of water which can be efficiently implemented in
garden, park etc.
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ABSTRACT

The spirit behind this project was to address the challenges posed to educational institution reopening
after lifting of lockdown situation imposed due to the CoVID-19 pandemic. Such institutions can be
opened only after assurance of regular and thorough check-up of CoVID symptoms like high body-
temperature. But the facilities available nowadays mostly involve human participation like use of
hand-held temperature guns, etc. In this era of automation, our aim was to bw'h‘f a device with
requisite sensors installed on an Arduino platform, whose working can be controlled by an Android.
Thus refraining human contact, this device will measure the body temperature of the student and

record il.

Keywords- Arduino Uno, sensors, actuators, Bluetooth module, microcontroller, MLX90614 sensor,

HCSR04 sensor, maobile app.
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1. INTRODUCTION

The year 2020 had been sadly shadowed by the CoVID-19 pandemic. Till now no vaccine has been
discovered. Hence Governments and health organizations are coming together to find alternative
solutions. Throughout the world, all countries are mostly abiding by the standard regulations set by the
World Health Organization to fight this pandemic. The most common precautions used are Social

Distancing, testing, hand-sanitizing and increased awareness among individuals.

Even after the Lockdown, which is prevalent in our country, is lifted, regular monitoring of symptoms
(eg. Body-temperature) is to be carried out. Say for example, automatic monitoring and registering of
body temperature of students attending an educational institute, automatic measurement of
temperature of guests visiting relatives, automatic monitoring of customers visiting banks, malls,

boarding public transport, etc.

In our project, we have developed a device of Automated Monitoring and Registering Body-
Temperature of Individuals attending any public infrastructure through a Unique ID using an

Arduino board and sensors and a Mobile App.

1.1 Using Arduino Uno as the Programmable Automaton

The boost in DIY stuff among people of various professions, who know little or nothing about
electronics or coding, be it engineers, artists, hobbyists, students, etc. lead to the I:iirth of Arduino,
an open-source software and hardware company [l]. Several Arduino boards, with
microcontroller chips installed on them, are available which can be used to create DIY projects,
home-automation and large scale automatic control systems [2],[3]. Among the several Arduino
boards available, Arduino Uno is the most popular because of its easy availability, low cost,
sufficiently varied availability of Digital I/O pins and Analog Input pins, sufficient Flash Memory,
SRAM and EEPROM for general to high-end purposes [4].

Hence, keeping in mind all these facilities, we will be using an Arduino Uno board as the local

controller of our Project.



1.1.1 Architecture of the Arduino Uno board
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Fig 1.1: Diagram of the Arduino Uno board [5].

The basic components and features of the Arduino Uno board are discussed as follows:

e Microcontroller ATmega328P- This is a single-chip microcontroller created by Atmel. Tt
combines 23 general purpose 1/0 lines, 32 general purpose working registers, three flexible
timer/counters with compare modes, internal and external interrupts, serial programmable
USART, a byte-oriented 2-wire serial interface, SPI serial port, 6-channel 10-bit A/D
converter (8-channels in TQFP and QFN/MLF packages), programmable watc'hdog timer with
internal oscillator, and five software selectable power saving modes. It is the brain of the Uno
development platform [6]. It is designated as IC | in Fig 1.1.

e Pins- There are 14 Digital /O pins (of which 6 provide PWM output). They are labelled from
0-13 designated by green coloured pins on the top of Fig 1.1.

There are 6 Analog Input pins marked from 0-5 in blue-colour in the bottom-right of Fig 1.1.

e Flash Memory- 32 KB ISP flash memory (ATmega328P) with read-while-write capabilities,
of which 0.5 kb is used by the bootloader.

e SRAM- 2 kb (ATmega328P).

o EEPROM- | kb (ATmega328P).

e Operating Voltage- 5V

e Input Voltage (recommended)- 7-12V

e Input Voltage (limit)- 6-20V

e DC Current per /O Pin- 20 milliAmperes



e DC Current for 3.3V Pin- 50 milliAmperes
e (Clock Speed- 16 MHz.

e Length- 68.6 mm

e Width- 53.4 mm

e  Weight- 25g.

1.2 Prototype Requirements

The main soul of our Prototype is the Arduine Une board which will act as the local
controller of our automation system. Two sensors are required namely MLX90614 and HCSR04
which are non-contact IR temperature sensor and ultrasonic distance sensor respectively. A Bluetooth
module HC-05 is used for communication between the mobile phone and the Arduino Uno board. A
16X2 LCD Display is used as an actuator to interact with the user along with a petentiometer to

control the contrast of the display of the LCD.

1.3 Components

1.3.1 Sensors and Actuators
» MLX90614- This is an infrared thermometer for non-contact temperature

measurements built by Melexis Corporation [7].

Features-
e Temperature Range: -40 to 125°C for sensor temperature and -70 to 380°C
for object temperature. '
e Accuracy: 0.5°C accuracy over a wide range of temperature.
e SMBus compatible digital interface for fast temperature readings and building
sensor networks.

e Customizable PWM output for continuous reading.

#» HCSRO4- This is a non-contact ultrasonic distance measurement sensor [8].

Features-
» Working voltage: 5V
e  Working current: 15 milliAmperes

+ Working frequency: 40 Hz



e Measurement Range: 2cm to 4m

e Measurement accuracy: 3mm

e Trigger Input Signal: 10Us TTL pulse
¢ Echo Output Signal: Input TTL lever signal and the range in proportion.

» 16X2 LCD Display Module- This is an Actuator. LCD stands for Liquid Crystal

Display. It has 16 columns and 2 rows and can display a total of 32 characters [9].

Features-
o Pins: A total of 16 Pins
* Operating voltage: 4.7V to 5.3V

e Current Consumption: | milliAmpere without backlight

1.3.2 Streaming real-time data

Several microcontrollers are available that give various data as output. This output can be
recorded and visualized in an Excel workbook. To do so, software like PLX-DAQ by Parallax
Inc [10], add-ins like Data Streamer Add-In for MS Excel is available. These help to import
data from the connected device to an Excel workbook. We will be using MS Data Streamer Add-

In since Microsoft is the most popular OS in India.

Steps to be followed to install MS Data Streamer: [11]

e We can download Microsoft Data Streamer from the link below-

https://www.microsoft.com/en-us/download/details.aspx?id=56976

e It is installed by following standard installation process for Windows.

* Next we open MS Excel.

* We go to File Menu and then click on “Excel Options™.

e On the left, there will be an option called “Add-Ins”. We click on it.

e Under Manage, we click on the drop-down button and select “COM Add-
Ins”. We click on “Go”.

e The COM Add-Ins dialog box will appear with the list of available Add-Ins
installed on our PC, We select the “Microsoft Data Streamer for Excel” and
then finally click on “OK™.

A physical connection has been set up between the MS Excel and Arduino Uno. MS Excel is now

ready to store data obtained from the board.



1.3.3 Communication
» Bluetooth Communication

Bluetooth enables the transmission of data and voice between different devices
through a radiofrequency link in the 2.4 GHz ISM band [12]. All Bluetooth devices have a
unique address of 48 bits and a device name that allows the identification of each other.
Devices that incorporate this protocol can communicate with one another when within its
reach. The communications are by radiofrequency so that the devices do not have to be
aligned and can even be in separate rooms if the transmission power is sufficient. These
devices are classified as Class 1, Class 2 and Class 3 depending on the transmission power.
There are two types of Bluetooth modules compatible with Arduino: HC-05 and HC-06. Both
are of Class 2 type and hence their range is 10 metres [13]. For several governing factors we

will be using the HC-05 module. )
» HC-05 Bluetooth Module [14]-

Main Features-
» Configurable as Slave and as Master
e Radio Chip: CSR BC417143
e Frequency: 2.4 GHz ISM band
* Modulation: GFSK (Gaussian Fequency Shift Keying)
¢ Built-in PCB antenna
e Emission Power: <= 4dBm (Class 2)
e Range: 10 metres
* Speed: Asynchronous- 2.1 Mbps/160 kbps; Synchronous- 1Mbps/1 Mbps
* Security: Authentication and Encryption
e Profiles: Serial port Bluetooth
¢ Current consumption: 50 milliAmperes
. Suppl}; voltage: 3.6V-6V

¢ Operation temperature: 20°C-75°C



1.3.4 Mobile Application

Mobile phones have become an existential need of today’s society. Every pocket has a mobile phone
and every mobile phone has several apps to perform various tasks. Our project is based on automation
where we need some medium to receive the input from the user that will trigger the process. What
could be better than a mobile app as mobile apps are available to almost everyone? Earlier creating
mobile apps was upon Software developers who knew how to code. But with the increase in demand
of creating more and more apps, several software have been developed that allow users to create

Mobile-based applications without knowing to code.

For our purpose too, we will be using such software that allows us to create an app. We will be using
the Web application MIT App Inventor, originally provided by Google and now maintained by the
Massachusetts Institute of Technology (MIT). It is free and open-source and allows creation of apps
for Android and 10S.

2. OBJECTIVE

Our objective while building this prototype was to build a device which will be installed at the
door of our classroom. All students will have to install an official application for Android (to be
created) on their Mobile phones (available at Google Play Store). They will then have to connect
their phone with the device through Bluetooth. During an ongoing academic semester, the College
Roll Number of each student is unique. The student then enters his unique Roll Number in the app
and it automatically triggers the device to measure the body-temperature of the student and
records this data on a Computer in MS Excel. In doing so, the attendance of the student too is
recorded and hence teachers need not devote time in Roll-calling. Thus we will b¢ able to upgrade

our smart-class to fight CoVID-19.



2.1 Flowchart Diagram representation of the Objective:

Start of the Process by opening the
Mobile App on the Android device

Connecting Bluetooth on the Mobile with the
Bluetooth Module on the Arduino Uno board

A

College Roll Number is entered in
the App by the student

LCD displays
m “Invalid College
Roll Number”

College Roll Number
is a valid Roll Number

The Distance sensor HCSR04 measures the distance of
proximity of the student

Distance is less than LCD di?:PIﬂYS
1.5 metres output “GET
CLOSER”

The MLX90614 IR Temperature sensor gets activated and
measures the temperature of the student

A 4

The body temperature of the student is recorded in an MS
Excel Sheet against his Name and College Roll Number

-

LCD displays the name of the
student along with the body
temperature

h 4

The Student disconnects the Bluetooth
Connection

Y

END
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3. MODEL CLASSROOM FOR THE PROJECT

As our model classroom, we will take our class- 3" year Physics Honours classroom
in the Department of Physics (Room Number- 2.2) on the 1* floor of Ramakrishna Mission

Residential College (Autonomous) Main College Building. Our class consists of 26 students,

F

each with a unique College Roll Number.
4. METHODOLOGY
4.1 Electronic Design

The Schematic Design of our automation device is given below:

MLX90615 HCSRO4
VIN GND SCL SDA VCC Trig. Echo GND
- o = e

uss

X1

10K B> ao%
Potentio 4R2855 333232
ke 000 00 0 000 D0
- " v NN }
W EEEEIEEEE R
[~ T2 3285883888 ¢z%<=F
griez iz
3 -
33 - -
EN VCC GND TXD RXD State

16 X2 LCD DISPLAY

HC-05

¢

Fig. 4.1: Schematic Diagram of the proposed device. Orange lines represent wires
connecting MLX90614 to Arduino Uno. Blue lines represent wires connecting HCSR04
to Arduino Uno. Yellow lines represent wires connecting HC-05 module to Arduino
Uno. Green lines represent wires connecting LCD to Arduino Uno and potentiometer to
LCD display.
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4.2 Programming in Arduino IDE

The Arduino Integrated Development Environment (IDE) is a cross-platform
application (for Windows, macOS, Linux) and is open-source that is written in functions from C and
C++. It will be used by us to write and upload the program onto the Arduino Uno board. The uploaded
program, called sketch, will instruct the ATmega328P microcontroller chip to perform the task desired
by us. .

4.3 Receiving and recording the data obtained from Arduino into Excel [15]

The sensor installed on the device will record the temperature of the student. Now the
data needs to be stored on MS Excel. Note that the following steps are in accordance with Microsoft
365.

If Data Streamer has been installed, the Excel ribbon will contain a new “Data-Streamer™ Tab.

e Step l:- We first click on the *Data-Streamer”™. This contains all the primary controls for the
add-in.

e Step 2:- We connect a Data Source (in our case the Data Source is the Arduino Uno). We then
click on “Connect a Device™ and select Arduino Uno in the sub-ribbon that ap;)ears.

e Step 3:- We go to the *Advanced” option. In the prompt that appears. we go to “Settings™.

o Step 4:- Under Settings, we change the ‘Number of Data Rows" from the ‘default 15 to ‘the
total number of students in the Class i.e., 26 in our sample classroom’.

¢ Step 5:- We then change the ‘Number of data channels’ from the *default 20" to the number of
different types of data columns we will be requiring. _

e Step 6:- We then give value to the ‘Data delay (ms)’ as 60000 ms (i.e., | min) so that each
student registers only | data on the Excel sheet and then has sufficient time to disconnect the
Bluetooth connection with the Bluetooth module.

e Step 7:- We select ‘Newest last’ option for ‘Data orientation’. With this, all setting up has
been done and now it’s time to stream data from the data source.

e Step 8:- Once we are }eady to receive data, we click on “Start Data™ optionunder the Excel

ribbon. The data received will be visible in the below format-
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Fig. 4.2: Screen view of an Excel workbook ready to record data [16].

’

4.4 Creation of the Mobile Application [17]

The app is needed to relay the input trigger from the student. The app will have a field where
the student needs to enter his College Roll Number. On entering this data, the app will

recognize the student, measure his temperature and store it against his name in MS Excel.

= To create the app, first we go to http://beta.appinventor.mit.eduw/. We will see a blank

projects page (if visiting for the first time) or the created projects list (if already some
projects have been created).

s  We then click on “New” on the top-left and in the dialog box, enter the name of the
project. Finally clicking “OK™.

= The “Designer” page opens where we will have to design the look of our App by
using the default elements available. !

* Next we go to the “Blocks Editor”, where we have to specify the flow of control of
the app.

= In this way, the app will be created. After all this is done, we can publish the app on

Google Play Store.
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S. BUDGET

The following is the budget overview for building this prototype:

COMPONENT PRICE NUMBER OF UNITS [ ABOUT VENDOR
Arduino Uno 2380 1 Shop in Kolkata
MLX90614 Sensor 3800 1 Robokits.co.in
HCSRO04 Sensor 799 [ Robu.in

HC-05 Bluetooth | 3510 1 Amazon.in

Module

16X2 LCD Display 2105 1 ElectronicsComp.com
Potentiometer %9 1 ElectronicsComp.com
Jumper Wires 250 25 (32 per unit) Shop in Kolkata

Total Hardware Cost= ¥ 4953

Time engaged to write the code on Arduino IDE (approximately) = 8-10 hours

Time engaged to create the Mobile App (approximately) = 18-20 hours

’

Now, depending on working hour price for developing the software and the Mobile App. the Total

Prototype cost will increase.

6. EXPECTED RESULTS

The datasheet to be obtained on MS Excel can be expected to be something like the figure

below:
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Fig. 6.1: An Excel worksheet in ‘Data In’ mode showing that it has recorded 3 data

received from the data source.

7. APPLICATIONS
The device has so much potential that it can be used in several sectors:

* With slight modifications in the Arduino sketch, it can be used at banks, malls, hospitals,
private companies, etc., to keep a regular record of symptoms of the employees.

® The device can be installed at the entrance of our homes to know the body-temperature of

guests,
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8. CONCLUSION

As aimed for in the objectives, we have been able to come up with the electronic design of our
device. We have also explained the step-by-step process of installing the MS Excel Add-In. We have
also given the synopsis of the program to be uploaded on the Arduino Uno board and the process of
developing the Mobile application. Thus we have been able to present an overview of the idea and

how to implement it in an actual environment, our objectives have been sufficed.
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Chapter 1

Introduction

One of the important physics goals of high energy physics is to examine the properties of quark
gluon plasma (QGP) and to scan the QCD phase diagram in order to search critical point. First, it
will be good to discuss what is QCD, why it is important and what about the QCD phase diagram.

All the visible matter (which is almost 4% of the whole universe) around us is made of protons
and neutrons. These nucleons are also made of tiny quarks and gluons (basic building blocks of
matter). At low temperature quarks and gluons are in confined state and together they form
proton (uud) and neutron (udd). Strong force (one of the four fundamental forces) comes to play
an important role to bind quarks and gluons to form hadrons (baryon and meson). The dynamics
that deals with strong force and its properties is called Quantum Chromo Dynamics (QCD). When
the temperature is too high (more than billion times the temperature of the sun) the quarks and
gluons can’t stay in a confined (in hadrons) state. The value of coupling constant decreasing with
increasing energy (this behavior is known as asymptotic freedom of QGP) indicates that at higher
energy quarks and gluons become deconfined (free) creating a plasma like (ideal liquid) state
with quarks and gluons degrees of freedom. This state of matter is called QCD matter.

Just after the Big Bang there had been no proton and neutron, only free quark and gluon (QCD
matter) was there for a for a very short period of time (less than a billionth of a second). As the
temperature cools down freely moving quarks and gluons were getting confined to form protons,
neutrons and other subatomic particles. And till now (13 billion year after the Big Bang) they
(quarks and gluons) still remain inseparable around us.

In RHIC (Relativistic heavy ion collider) Au ions collide at very high energy to smash the nucleons
to create QGP. As a result of this, scientists are able to go back in time to recreate QGP (the state
of matter that was believed to exist 13 billion years ago).

Here in this paper, we will discuss about the properties of QCD matter, more sPecificélly about
the possible signature of critical point. A possible QCD phase diagram is given in Fig. 1.

QCD phase diagram depends on two parameters — temperature (T) and baryonic chemical
potential (ps). Theory suggests that at ps=0 there occurs a crossover transition from hadronic
matter to deconfined state of quarks and gluons [1]. Also, at T=0 there is a first order phase
transition between these two states [2]. If this is the case, then we can also claim that there must
exist a critical point between these two transitions (cross over transition and first order phase
transition). To find the critical point, scientists scan the phase diagram (that means to change ps
and T)

e Baryonic chemical potential (1g) changes with +/syyenergy [3] (center of mass energy) as

_Ng
Hp= 7~



« Temperature changes with the size of ions participate in the collision. But Scanning in
VSyu is easier than changing the size of ions. ‘

The Phases of QCD

Quark-Gluon Plasma

Critical Point .
-r-""-
-
Hadron Gas z Color
Superconductor

_ Vacuam

Vie
Baryon Chemical Potential ’

Figure. 1: QCD phase diagram.

The moments of conserved quantities such as net baryon, net kaon, net strangeness are
important to find the critical point. They are suggested to be sensitive to the critical point [4].
They (moments of conserved quantities) are related to the baryon number susceptibility (X z)
as well as the correlation length (§) of the system. As correlation length diverges near the critical
point due to the fluctuation of order parameter (it is a measure of the degree of order that can
distinguish two different phases across a phase boundary ), the moments are predicted to have
non monotonous variation with /sy, energy. We collide Au ions beam (running nearly at the
speed of light) to create quark gluon plasma state. As the system (QGP) cools down a huge
number of subatomic particles are made from these QGP state. Here in this project Time
Projection Chamber (TPC) of the STAR detector (RHIC, BNL) is used to measure only proton and
anti proton out of this huge amount of subatomic particles. We use proton as a proxy of baryon
(as it is very difficult to measure neutrons and also the number of protons are maximum among
all the produced baryons). Theoretical calculation predicts that net proton instead of net baryon
also shows a good signature near the critical point.

The project report is organized as follows. In chapter 2 we moments and their importance in
order to find the critical point are discussed. In chapter 3 we discuss about experimental setup,
collider and detectors. In chapter 4 the result of the experiment has presented. In chapter 5 a
summary and conclusion are given.



Chapter 2

Higher Order Moments

Physics is quite unique at the critical point. A lot of properties (such as susceptibility, specific
heat, correlation length) behave in a unique manner at that point. So, if we get some observables
which have direct relation with these above said properties then we can easily detect the
signature of critical point by measuring these observables only. Moments are the one of such
observables that can help us to locate the critical point.

2.1 Moments

To define something, some parameters are desperately needed because the:; can provide a
complete information about that thing. Similarly, in statistics moments can provide us a clear and
complete information about probability distribution. Now there are another parameter which is
nothing but the Central moments. Central moments are the moments about the mean of the
distribution. nth order central moments of a distribution divided by nth power of standard
deviation of that particular distribution is called normalized central moment or standardized
moments. For example, if f(x) is a real valued continuous function then the nth order moment
of that function about a point c is

My = [ (x — )" fx)dx (2.1)

we define moments with ¢ = 0 and we define central moments with c as the mean (p) of the
function. A generalized expression of central moments is

Mp = Ex =" = [T (x = )" f(x) d(x) (2.2)
E(x=p)" ’

nth order normalized central moments is defined as : M,, = -

The first moment is mean, first central moment is zero (as it is taken about mean), 2" central
moment is variance, o?(measure the width of a distribution), 3" and 4" normalized central
moment is respectively skewness (s) and kurtosis (k). Now we will discuss a little about the
skewness and kurtosis.



2.1.a Skewness

Skewness (3™ normalized central moment) of a distribution is defined as s=M; =‘;—j‘,. It
Kz

measures the horizontal deviation from a symmetric or Gaussian distribution. There are two
types of skewness, positive skewness (indicates a distribution with longer tail on the right side
than that of the left side of the distribution) shown in Fig. 2 and negative skewness (indicates a
distribution with longer tail on the left side than that of the right side) shown in Fig. 2. Skew value
is zero for a gaussian distribution. S T —|

Figure. 2: Distribution with negative and positive skew. Figure. 3: Distribution with various kurt
-tosis value.

2.1.b Kurtosis

Kurtosis (4" normalized central moment minus 3) is defined as k = % — 3. It measures the
2

peakness of a distribution. A distribution with sharper peak and longer tails has higher kurtosis
than a distribution with less sharper peak and shorter tails. For a gaussian distribution kurtosis
is zero. In Fig. 3 distributions with various kurtosis are shown.

2.2 Cumulant

4

Cumulants are also another type of statistical parameters that can provide us a complete
information about a probability distribution. The mathematical relations between cumulants and
moments are shown below

H1=0;},=C2; H3=C3; Hy=C4+3cF; and (2.3)

C2=My; C3=H3; C4=Hg-3115 (2.4)



& i [ C
The various moments can be written as M = ¢, ; 02=c;; S=—=75 ; K=c—;
Cz 2

And the product of moments are So=-zi : K02=z—‘ . Later we will discuss elaborately why we take

2 2
product of moment.

2.3 Moments and Cumulants in Heavy lon Collisions

In high energy experiment we measure particle multiplicities for each event. In this paper we
define N, as the proton multiplicity in one event and AN (Npcoton - Nantigraton) is defined as net
proton number. We define < N > as the average value of N over the entire event ensemble. The
various order cumulants of N of event by event distribution is given below

Ca =< (‘&N)Z >
c3 =< (AN)3>; (2.5)

c4=<(AN)*>=3 < (AN)? >2,

Here we use AN = N—< N >, ’

2.4 Why Moments and Cumulants Matter

The very first question that comes to our mind is why we are so much interested to study
moments/cumulants in order to find QGP (1 order phase transition and signature of critical
point).Is it helpful to locate the critical point? The answer is simple yes. There are basically two
reasons why for choosing cumulants to find critical point. These are

e Cumulants have stronger dependence on baryon number susceptibility [5,6]

e Baryon number susceptibility diverges at critical point [5].
If this is the case then we have to discuss three major points first ,what is baryon number
susceptibility, second, dependence of cumulants on baryon number susceptibility, third, why
does baryon number susceptibility diverge near critical point. The discussions are given below.

’

2.4.a Baryon Number Susceptibility (X5)
It is the measure of the rate of the density (p) fluctuation in the system with respect to quark
chemical potential (). It is defined as: Xp(T, p.)=[2?21 a%_] [Z?r:’l pi) .

2.4.b Dependence of Cumulants on Xz



In a grand canonical ensemble framework, the nth order cumulants of net baryon number
distribution and the X are related by cn=VT3X§“} (T,uz) Where V is the volume of the
system.we can define mean, variance, skewness, kurtosis of net baryon number distribution as
follows

M=vT3xt (2.6)

o2=Vr3x®; 2.7)
vrix$)

s=""%e; ) (28)
vrixyY

K=l (2.9)

One important information needs to be discussed here. Here we see that all the cumulants and
moments are volume dependent .But the measurement of volume is very difficult in heavy ion
collision experiment. To cancel out these volume dependency, we take ratio of
cumulants/moment as follows

(3)
X
So =2 ==E, (2.10)
G  Xp
(*)
KO' f.‘z x(z) . , (2-11)

2.4.c Baryon Number Susceptibility( X;) at Critical Point

As we discuss above X7 is the rate of change of density fluctuation. At the critical point, density
fluctuation is very high compare to its normal phase point. This is because near the critical point
correlation length (§) of fluctuation diverges. For example, in a water vapour system at the critical
point, we see the phenomenon so called critical opalescence. The reason behind this is nothing
but the fluctuation of density at critical point. A large scale water molecules can easily convert
(because at the critical point latent heat require for a phase transition is zero) into gas molecules
and also gas molecules can convert easily into water. So the fluctuation of density is very high
causing correlation length of fluctuation and susceptibility to diverge at critical point.

2.5 Relation Between Correlation length (§) and Cumulants

we already know that moments depend on susceptibility (Xz) and Xz depends on §. Then there
must be a direct relation between moments and correlation length § [7]). These are given

belowo? « &2; Sox %5 ; Sox £29 ; kg ? o £°



As near the critical point £ shows an unique behaviour, so does moment. Near the critical point
moments and cumulants show an abrupt deviation from their natural values with the change of
collision energy. It must be noted that although § diverges at critical point, but in the high energy
experiment due to finite size, higher cooling rate, critical slowing down the maximum value of
£ lies between 2-3fm as compared to its natural value 0.5fm [8].

2.6 Moments and Cumulants at Critical Point

At the critical point QCD based calculation suggests that net baryon number distribution would
be non-gaussian causing So and ka“tofollow a non monotonic variation with collision energy. So
and ko? ratio are expected to deviate from unity [9].



Chapter 3
Experimental setup

3.1 Introduction

In order to find the existence of quark gluon plasma and to search the critical point of QCD matter
we have to collide high energetic nucleons to get the quarks and gluons out of the nucleons. The
Relativistic Heavy lon collider (RHIC) is one of the leading collider in the world that can provide
us an suitable environment to execute our high energy collision experiment to find the QGP ,a
state of matter believed to be exist earlier in the universe just after the Big Bang.

3.2. RHIC '

Relativistic heavy ion collider at BNL, New York is the first machine that is capable of colliding
beams of ions. Here two ion beams running opposite to each other at the speed of light (0.9995c)
collide. In the RHIC machine we create a little Big Bang like environment to find quark gluon
plasma and its properties. There are four detectors in four junctions of RHIC machine. These are
STAR, PHENIX, PHOBOS and BRAHMS. This machine can collide heavy ions up to a center of mass
energy v/syn= 200Gev per nucleon for Au +Au collisions. Each collision produces both primary
and secondary particles.

e Primary particles are produced from the direct collision of two high energetic ion beams
running opposite to each other. For example a Au+Au collision (central collision) can
create more than 1000 primary particles (each having transverse momentum 500 MeV/c
) per unit pseudo rapidity.

e Particles are produced from the collision of primary particles with material in the
detector and also from the decay of primary particles that have very shért half life. RHIC
detectors are well built to suppress the contamination from secondary particles by
detecting (tracking and identifying) both the primary and secondary particles.



3.3. STAR Detector

RHIC uses various detectors to accomplish its task in order to find the physics goals of the
experiment. STAR is a huge detector specializes for basically particles path tracking with high
special and temporal resolution, particles momentum analysis and particle identification. It has
large uniform acceptance |n|<1 with excellent purity of particles identification and full
azimuthal angle coverage (¢p=2m) [10]. STAR physics program can be divided into three main
categories

e First, finding the evidence of strongly interacting matter (i.e. QGP) and study of the
behavior of that matter at high energy density. :
e Second, properties of QGP phase (first order phase transition line and critical point).
e Third, to understand the evolution of collision process with space and time in relativistic
heavy ion collision.
Various parts of the STAR detector that are used to identify thousands of particles produced by
each ion collision at RHIC will be discussed here. A perspective view of the STAR detector is

shown in Fig.4.

gllicon
ertex
Coils Magnet  ““yracker

Electronics
Platforms

< Forward Time Projection Chamber '

Figure. 4: Perspective view of STAR detector.

3.3.a Room Temperature Solenoidal Magnet
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STAR uses a room temperature solenoidal magnet that can produce a uniform magnetic field of
0.5T. It is used for momentum analysis of charged particles.

3.3.b Silicon Vertex Tracker (SVT)

It is used to track charged particles and identify them near the interaction region. A cut view
perpendicular to the beam axis is shown in Fig. 5. SVT contains 216 silicon drift detectors
(equivalent to a total 13 millions pixels) that are arranged in consecutive three cylindrical layers
(barrels).The barrels are positioned radially at 5.97 cm,10.16 ¢cm,14.91 cm respectively. The
maximum length of SVT is 44.1 cm [11]. It has almost a pseudo rapidity range |n|<1 and full
azimuthal angle coverage ¢=2mn. Later a fourth layer silicon drift detector was installed in STAR
for better performance.

3.3.c Time Projection Chamber

It is a primary tracking device that is capable of tracking the particles, measuring their
momentum (over a range of 100 Mev/c to 30 Gev/c) and identifying particles (over a range of
100 MeV/c to greater than 1 Gev/c) by measuring their ionization energy loss (dE/dx). It has an
almost pseudo rapidity range |n| pseudo rapidity range |n|<1.8and full azimuthal angle
coverage ¢=2m. STAR TPC is shown schematically in Fig. 6. TPC is 4.2m long and 4m in diameter,
located at a distance radially from 50 to 200 cm from beam axis. TPC is filled with P10 gas (10%
methane, 90% argon above atmospheric pressure) which is used to track the particles by
reconstructing the paths of primary ionization particles passing through the gas volume [12].
Also a uniform electric field is used in reconstruction purpose. Besides there are cathode, field
cage, endcaps with anodes and pad planes in TPC. 3
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Figure. 5: Cut view of SVT. Figure. 6: Schematic diagram of TPC

3.3.d Photon Multiplicity Detector (PMD)
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Photon Multiplicity Detector measures photon multiplicity and their distribution event by event
basis [13]. It is basically particle shower detector. PMD has been provided by a group of Indian
institute.

3.3.e Muon Telescope Detector (MTD)

Muon Telescope Detector is also installed in the STAR detector. It is used to measure and identity
cosmic ray muon.

3.3.f Electro magnetic calorimeter (EMC) *

Electro Magnetic Calorimeter is installed in STAR experiment to increase pseudo rapidity range
of experimental measurement. EMC measures transverse energy of events, transverse
momentum of photons, electrons, electromagnetically decaying hadrons [14].

3.3.g Time of Flight Detector (TOF)

It is a cylindrical detector covering pseudo rapidity range |n|<0.9 with full azimuthal angle
coverage. It measures mass of the particles by measuring their time of flight and momentum.
TOF is capable of differentiate between lighter and heavier particles having same momentum.
Here in this paper the measured event by event multiplicities is not obtained by TOF, rather we
use TPC and other detector for measurement.
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Chapter 4

Result and analysis

Here in this experiment we deal with data obtained by TPC of STAR (RHIC,BNL). Two ion beams
of Au ion running opposite to each other (nearly at the speed of light) collide at various collision
energy. We measure the multiplicity of proton (Np) and anti proton (Nz) for each event. The
range of collision center of mass energy v/Syy is from 7.7 Gev to 200 Gev. This range of v/Syy
energy covers the pgrange from 420 MeV to 20 MeV.

The measurement of event by event N and Np multiplicities carried out at m= 741,115,145,
19.6, 27, 39, 62.4 and 200 Gev. 14.5 Gev data was taken in the year 2014. 19.6 Gev and 27 Gev
were taken in the year 2011 and all the remaining data were collected in the year 2010. The
measured number of events for 7.7, 11.5, 14.5, 19.6, 27, 39, 62.4, 200 Gev are respectively 3M,
7M, 13M, 15M, 30M, 86M, 47M, 238M.

The data was taken for |z| = 50cm for 7.7 Gev,60 cm for 14.5 Gev and 30 cm for other collision
energy (Here zis the distance along the beam axis from the TPC center). The measured
multiplicities of N5 and Npwere taken by TPC over full azimuthal angle and within pseudo rapidity
range |n|<1in mid rapidity |y|<0.5 for various collision energy. To get a good measurement of
proton sample (approximately 80% purity) and also to avoid the contamination from secondary
particles (produced by the collision of primary particles with beam pipe) we take the p; range
0.4<p<0.8 Gev/c and only choose the events within radial vertex position 2 cm from the center
of TPC in the transverse plane of beam axis. ANp multiplicity distribution for 0-5% centrality for
various /syy energy is shown in Fig. 7. .
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Figure. 7: Net proton multiplicity distribution for various collision energy.

The one thing that we can easily observe is that, as the collision energy increases the peak of the
ANp multiplicity distribution goes towards the point zero. This is because at higher energy pair
production is much higher than that of the lower energy. As we know at the critical point AN,
distribution would deviate from Gaussian shape, so we can say by simply observing Fig.7 that
critical point may exist at lower energy [15] but definitely not at the higher energy. This is because
at the higher energies the distributions look like more bell shaped (gaussian) than that of the
lower energies.
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Figure. 8: Energy dependence of moments of net proton multiplicity distribution.

In Fig. 8 energy dependence of various moments (M, o, S, k) of net proton multiplicity distribution
are shown. They are decreasing with increasing collision energy. Decreasing of skew value with
increasing collision energy indicates that that the higher energy distributions are more bell
shaped i.e. they are almost look like gaussian distribution. We also observe that fluctuations of
moments are more detectable as the order of moments increases. Higher order moments (s and
k) show a fluctuation (non monotonic variation) at lower energies, but lower order moments
(M,0) don’t show any such fluctuation with collision energy. This is because dependency of
moments on correlation length (§) of the system. Higher order moments have larger dependence
on correlation length (Scc é*5 ;xg? o« &5) than that of the lower order moments (02 « &2 ;So «
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£25). More dependence on § implies easier to detect the fluctuation in order to search the

#

signature of critical point.
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Figure. 9: Energy dependence of So and ko?

Collision energy dependence of ko and So of AN, multiplicity distribution is given in Fig. 9. For
both ka? and So we observe that there is a non-monotonic variation from nearly 11.5 Gev to 62.4
Gev energy range. If we look at the ka? we can observe that at 19.6 Gev 27 Gev there is a
significant deviation from unity which may be a very good signature of critical point. Any
deviation from QCD based model (a theoretical model that include critical point) suggests the
possible existence of critical point. From this ka2 graph, we see a very significant sign (deviation
unity) of existence of the critical point any where in the energy range from 7.7Gev to 62.4 Gev.
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Chapter 5

Summary and conclusion

In summary, we have presented here the measurement of higher order moments of net proton
multiplicity distribution over a large v/syy energy range (7.7 — 200 Gev) and baryonic chemical
potential (pg) (20-420Mev) for Au + Au central collision (0-5% centrality) at midrapidity (]y| <
0.5) within transverse momentum p; range(0.4-0.8Gev/c).Our aim is to search for the signature
of critical point and properties of phase transition of the QCD matter. We discussed the reasons
why we choose higher order moments/cumulants in order to search for the signature of critical
point and also we defined the relations between moments/cumulants and correlation length (£)
Here we have also presented the possible discussion about the experimental setup, detectors
that were used in the experiment. We have completed the calculation of product of moments
So and Ko? from net proton multiplicity distribution for various /sy energy. We clearly observe
their (So, Ka?) non monotonic variation with /sy, energy. This indicates the pessible signature
of critical point. We end up by saying that critical point may exist in lower energy region (higher
I region) but the particular point where it (critical point) may be located is still unknown to us.
Maybe we need more data sets (statistics).

Though it is clear that signature of critical point may exist in lower energy region, but the problem
is that, at the low energy region there is a lack of sufficient data. To claim some thing new about
critical point, scientists need more and more statistical data. Particles identification is another
issue that contribute an important role in order to find critical point. In this experiment proton
efficiency must be increased to get more information about critical point.
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Abstract

Recent development in fabrication technology of planar two-dimensional (2D) materials has brought
up possibilities of numerous novel applications. Our recent analysis has revealed that by definition of
p-n junctions through appropriate patterned doping of 2D semiconductors, ideal exponential I-V
characteristics may be expected. However, the theory of 2D junctions turns out to be very much
different to that of the standard bulk junctions. Based on this theory of 2D diodes, here we construct a
model to describe the 2D Bipolar Junction Transistors (2D-BJTs). We derive the small-signal
equivalent model, and estimate the performance of a 2D-BJT device based on Graphone as the
example material. A current gain of about 138 and maximum threshold frequency of 77 GHz, together
with a power-delay product of onky 4 fJ per 1 um lateral width is expected at an operating voltage of 5
V. Also, we derive necessary formulae and a new approximate solution for continuity equation in the
2D configuration, which have been verified against numerical solutions.




Introduction

Graphene was discovered in 2004, leading to interest in 2-D materials. The common feature of 2D
materials is that they are all only one monatomic layer thick.
In general, basic properties of 2D materials can be routinely engineered by doping, functionalisation,
and chemical modification, such as hydrogenation or oxidization. The fully-hydrogenated Graphene, or
Graphane, should be obtainable as a stable 2D hydrocarbon. Since then, a great deal of research has
been focused on its properties, investigating its electronic, optical, nanotube allotropes, and even
superconductive properties. Although perfectly-ordered Graphane may be difficult to obtain, however, it
has been shown, the influence of substrate material on the quality of 2D crystal domains cannot be
neglected.

Recently, a similar material with identical chemical configuration has been created by hydrogenation of
Germanene, named as Germanane [14]. These monolayer hydrogenated dielectrics are very much
similar and are expected to be described by identical theories. Single-sided hydrogenation of Graphene
is however much better suited for nost of our applications, commonly referred to as Graphone. It has
been shown that stacks of 2D materials could also lead to unprecedented applications in everyday’'s
science and technology. With the advent of insulating 2D-Boron Nitride, further properties of such
layered 2D sandwichs have been proposed.
Using tight binding calculations Graphane has been shown to have potential advantages over Graphene
with regard to having a controllable bandgap which makes it highly desirable for integrated electronic
applications. Many articles are concerned with simulations of material properties only, whereas studying
the operation of the proposed class of 2D structures would need a significantly different theory. The
formulation discussed in this article is based on the theory of 2D p-n rectifying junction diodes.
Evidently, a pair of similar 2D junctions may provide a fairly good basis for operation of a 2D Bipolar
Junction Transistors (2D-BJTs). This article discusses the design of a 2D-BJT with abrupt doping
profile, and Graphone is used as the host 2D material. An electrostatic analysis of the transistor is done
together with Shockley’s law. The small-signal equivalent circuit of the 2D-BJT in its active region is
obtained, and it is shown that extremely large output resistances together with vanishingly small power-
delay products are possible at once, thus bringing the ultralow power circuits one step closer to the
reality.

This article derives the necessary formulae for description of 2D-BJTs, study the 2D continuity
equations, and suggests useful approximate analytical solutions. Accuracy of approximate analytical
solutions is established by comparing to the exact numerical solutions. It is anticipated that 2D-BJTs
based on Graphane, Germanane, and similar 2D materials, would also share similar theories.



Physical Parameters

Some of the required physical parameters are already reported in literature, and the remaining data are derived
from band structure and/or available relations. These include the effect of dopant type & concentration of carrier
mobility, effective  dielectric  constant, effective mass & the 2D  density of states.
There exist experiments which have probed the influence of chemical dopants on the carrier mobility in Graphene.
Hall measurements revealed that NO and H,O adsorption act as acceptors whereas NH; and CO are donors. It is
reported that when Graphene is treated with atomic hydrogen, it starts exhibiting an insulating behavior because of
increasing band gap. This is while the electron mobility of Graphane has been also measured in experiment, and it
is found that by annealing, the mobility of Graphane is recovered to the Graphene mobility 3,500 em® V''s™. Also,
it has been reported that the influence of chemical dopants on the carrier mobility in Graphene. It is observed that
even for surface chemical dopant concentrations in excess of 1012 cm™ there is no observable chahge in the carrier
mobility. It has been found the effective mass and 2D density of states from Graphone band structure. For this
purpose, the tight-binding method has been used to obtain band structure, leading to the effective masses m¢ =1.03
, my =0.63 . Based on these data, the total planar density of states was obtained to be

The relative dielectric constant of Graphene is also about 2.5 . But there is no available measurement on the
dielectric constant of Graphane. Here, the dielectric image method has been used to take on a value of 2.7 for the
relative dielectric constant of Graphane layer on SiO; substrate. Using the electrostatic image method, we see that
the effective permittivity seen by charges lying on an interface between two dielectrics is simply

Eetr =(E21€1)/26

Hence, if the substrate is SiO, with the relative permittivity 4.4 and the covering layer on the Graphane is vacuum
or air, then the effective permittivity of the layer will be given by

= (4+1)2=27

Figure 1. Abrupt p-n junction in the thermal equilibrium: (o) Space
charge distribution; (b) Electric field distribution; (c) Potential
distribution.



2D P-N Junction

We design an abrupt p-n junction with submicron dimensions. This requirement will be needed to obtain high gain
and bandwidth. For this purpose, we resolve the continuity equation for a limited length junction. Also we will
drive the necessary theoretical formulae and compare them with numerical calculation

e Built-in Potential and Depletion Layer

In a bulk 3D p-n junction we deal with space charge within the depletion region. But for a 2D junction,
there is a surface charge. So we have introduced a new charge model to illustrate this 2D system. This
charge sheet is divided into infinitely many thin line charges with differential line charge densities A and
D in p and n depletion regions, respectively. Figure 2 shows this idea schematically. The electric field due
to each line charge is E(r) = A/r where r is measured with respect
to the symmetry axis of the line charge. The total electric field had X -
been reported for the four regions over the surface of the junction in, :
which may be now combined into one unified equation in the * ) )
following manner. 53

1) For a single infinite line charge lying along the y-axis and

positioned at (x=x;;z=0), x-axis directed electric field along the
z=0 plane is given by ’ ,’

B (%, Zo)ine = grmorins ;

x\Xs Xo ) liine = 2ne,pp(x=x0) Figure 2. New charge model to illustrate
If we divide a block of sheet charge representing the space charge surface chorge.

region of a 2D lateral p-n junction that extends from x, to x; into infinitely many line charges the line
charge density for a single line is given by
X=X
qNyp = limy.os GN>p )
The x-directed eiectr!c field due to one of these infinitely many line charges is given by

_ GNyppdx,
aBy(x. %) = 2megpp(x — Xp)
such that the x-directed electric field for the entire block of charge is equal to

Xz

Ex(xrxﬂ)lb!ock = I dEx(x. xo) =
xi

= qN,pdxg . where qNyy is the sheet charge density of the block (in C/area).

X
=Aln|—-

1
I ,whereas i =
2

qNypdx,
2meepr (X = Xo)

iy

Eerf
4
For the 2D lateral p-n junction shown in Fig.2(a), the combined electric field due to the p and n block of depleuon
charge is given by
x+ Xy X — Xno|

x |

X I _ o
X — Xno A |I + XPQI
3 Ni,p and N, are the charge densities of ionized acceptors and donors of

o]

|+A,,

E, (x}Id.cpurLon charge = —A4
ﬂNozo and i, = 3Vbap
Z:rt,”
the p and n regions, respectively, and the negative sign infront of the A4 term accounts for the negative charge of
ionized acceptors. x , and x , are depletion widths for the p and n sides of the junction. Figure | shows 1hi5 abrupt
e does
E(x)
o

where A, =

p-n junction under the thermal equilibrium. It may be noticed that since aL:;——al Zz £0 , the derwauve
not reproduce the initial charge distribution, unlike the regular step junctions. This is simply because
V.E(x,z=0).

Now, from the Poisson equation, the potential distribution is obtained. The potential across the depletion region,
gives the built-in potential. The electric field in the p-region E, and the n-region E, are respectively,

and £, = - 2, [—=2|

E]zj.d

xpa

To calculate the built-in potential,



Xnp Xno 0 Xno 0
x X=X
sz_ J’ Edx Z_J‘ E1d-x_ J‘ Ezdx =""J- Aﬁ— dx — [—’ADI ‘RDl dx
X+ Xpo x
Xpo 0 =Xpo 0 =%po
PR PRSI I i I BT L
A x+xpolg 0 x+xpg g x loxpy  TT¥po Xng—X
Ko o
= ol = it Xno—X] s -0
= Ad[xln erem I Jc]L,t,InlJnc+Jc]k,[.||J ] + AD’xlnl = I-x,,., Xno In|xng xl'*nol
= a0 22222 4 g E22252| | 4 25 01 222222 4 2 1n 222 |
no Po po no
i (J'A +AD) xﬂoin Ml +xpn In M ]
L *no *po
V= (g + ) | 20 1n|i| + XpoIn | ] I ()
Xno Xpo
where W = x40+ Xpo For a symmetric abrupt junction, Xno=Xpo=W/2, p=24 = A. ¢
Hence (2) is reduced to
aVpp=AWml2 e (3)

The built in potential is proportional to W while for a conventional bulk p-n junction it is proportional to W. Now
since the electric field is non-zero inside the p and n neutral regions, the potential drops across these regions are found
as

¥y = =(Aa + Ap)[xpo In Xpg + Xp In Xp] + A4 (Xp = Xpo) In(X, — xp0) = ApW In W + A,(X, + Xno) In(X, + Xpo) +eeee-(4)
Vo= (Ag+ Ap)[Xng In Xng = Xn In Xn] + A4 (X + Xpo) In(X + Xpo) = MW INW + Ap(Xy, — Xpg) IN(Xp = Xng)  +.ee.-(5)
To simplify the analysis, the depletion approximation is here used. Hence, under the thermal
equilibrium, the total negative charge per unit width in the p-side must be equal to the total negative

charge per unit width in the n-side
Naxpo = NpXng civilB)

For an abrupt junction the built-in potential is equal to
NpNa

kT, N KT, N KT NpN
Vhf = EFRD = Eppu = Ej + ‘;lﬂn_f-' (E; _Tln:‘f) =—In (—) = VTIn( ‘;E‘

2
q ny

(7

From (2), (6) and (7). the depletion width is caleulated- to

NaN
V'rln—ﬂ-{p-
2me n

9  Np 1n(1+%=§)+~,\1n(1+%£-)

.(8)

« Current-Voltage Characteristics

The injected minority-carriers distribution in the n-side is governed by the continuity conditions at the
two edges, subject to the Shockley’s boundary conditions

In the n-side,

_pn(xr);pno (D) 2Dy, LB =g )

Pu(x = Xno) = Pro€xp(;) and Pn(x = Xn) = Pno

and similarly in the p-side,

_m@m ) ERR Ly Sy =0 (10)
Tn dx dx?



n(

X = —xpn) = npoexp(v—:_-) and np(x = - p) =Ny

As mentioned before, in the neutral region the electric field is non-zero and E(x) represents the local
electric field of each point in this region. To solve these equations numerically, besides using these
equations directly, we can also use the logarithmic form discussed in the next subsection.

The Continuity Equation in Logarithmic
Form A useful and stable method for solving this equation is to transform the equation into Logarithmic
form. We start from (11) and first define

ny

= nyeexp(N(x)).

Then we have by differentiating both sides
ny,(x) = nyoexp(N(x)) x N'(x) =npN'=oE?§= N e (1
Differentiating both sides again.

- 1y 2 "
Mﬂ—ﬁf’— =N"(x) = —& (;’:2) =N"(x) #Z=N'+N?E (12)
P P
Mulnplymg by 1, and dw:dmg by n, on both sides of equation (10), we get, 4
(x) — UnT dn (x) d*n,(x)
e b oy E my g
- .. —(1 — exp(—=N Vol —24L])=0
(1 np)+p,,rn(5 p+l«’ n,,) 0= =(1=exp(=N)) + U1, T(V-,- e
= —(1 — exp(=N)) + L? (%’N @+W"+ND)=0 ... (13),
where L, = +/TalinVr . Hence, we may rewrite equation (10) as the second-order non-linear equation,
exp(—N) — 1 + L2 |f—r;v +TENT=0 (14)
N(x=0)=% and NGx=W)=
We now define two parameters M = N' and f = :—T. Using these parameters and from equation (13), we

obtain the nonlinear first-order system of equations, So, from equation, we get,

wexp(=N) — 1+ L3

> M =—-(M?+fM) +

[l =

£.N‘+(N"+N'2} =0

wexp(—N)—1+Lz|fM+(M) +(MP| =0 =L4|f.M+ M) +(M)2|—1-exp( N)
—exp(—N)
L3

M
[MZ 'I"fM‘{‘M] ............... (135)

which can be solved by the well-known Runge-Kutta method. The solutions in both exponential and
logarithmic forms agree, but the logarithmic form is far more stable.

Approximate Solution to the Continuity Equation

Here, we suggest an analytical approximation

| . to (9,10). First, we suppose that the electric

, . field at each point located in the neutral

| region is a constant parameter. Then we solve

e W the equation just if as the electric field would
have zero derivatives. Once the expression is

found, the position-dependent electric field is

plugged in. Obviously, this method is

sufficiently accurate for slowly varying

electric fields. Thus, this approximation gives,

Figure 3. {a) Electric field distribution; (b) Electric 6

potential distribution
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Ang Xn xng X
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where Ly,;(x) = 27,V [‘rpE(x) - (1) ’rzEz(x) + ﬂﬁﬂl
il
Similarly, we obtain the injected holes distribution in the p-side theoretically as
-x XE - -x XE
eXPly——F=| EXP =|—eXPly——r=| exp
np(x) —Tpg % Mg [exp (%) - 1] % [L;uc(lx)]]exp[[:_mm] [Ln;{xll [Lmtx}] ______ an

exp —XL]—-exp E;Tf?oﬁ] Exp[ﬁ%]

nz2lx) Lpq(x)

-1
where Ly;(x) = 21,V [TnE(x) —(=1)" [T2E%(x) + —“:VT]

In practice, these approximations have been verified against numerical solutions of the exponential and
logarithmic nonlinear differential equations, yielding surprisingly good agreements, as discussed later below.
Now, we proceed to design of the step 2D p-n junction. The overall device length is taken to be about 370nm
and the surface dopant concentrations are Np=1x1012 cm’

e 2 and N,=5x1011cm® as depicted jn figure 2. All

£ calculations are here done per unit-width of the device.
E
E ra ' The results prove the acceptable accuracy of the
i formulas. Now, we continue to derive the current
§ o densities. AL, X=X, the hole current density is

B e i B " = —y.2em - .

T Jo = Qttp (EPn = V1 22) lemxno = oo [ex0 (57)
g N s e R 1]
dd N T s (18)
§ s )’pl] =
4 Xng X
; H— QP E(xg) - QepProVT IexP[Lplunoll“plf-pzaxmﬂl L
= 2] E - - s v R0 o ""txﬂo} l 'Lp‘].(xnﬂ)

expl—210 | explXn__
Figure 4, Minority carrier distributions under [""’(x:"}](x )L”‘m"wl
forward bias: (a) Hole concentration in the n- PEE
region; (b) Electron concentration in the p-region.
Xno X n ’ Xno ] [ X n l
A(xpp) = ex ex —ex ex
Aina) = oxp [Lm(xm)l i [Lpz(xuu)] P | Gatran] 7 [EpiCracd ‘
Similarly, we obtain the electron current in the p-side at x=-x,, as
dn v
I =t (Enp = Ve 52) Lemmnyo = Jno [exp (75) = 1] sk 18)
Xpo L X ] [ ¥
ql‘p"-pov'rlexp Lnt(_xpﬂ) i an(_xw) i LnZ(_‘xpll) i Lnl(_xpu)

Jno = by o (=p0) = N7 Lps (o) r Ly2(ta)

— _*po Ap _ [ #po | [ *p
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Table-1 ‘

Numerical values of hole and electron current densities

Jpo (pA/cm) Jno (pA/cm)
0.332 0.310

Table 1 shows the numerical values of the hole and electron current densities expected for this p-n junction. The
total current density is given by the sum of the (18) and (19) as

J=h+h= b+a [exp(ylr) = 1] = Upu +}nﬂ) [E.Kp(%) = 1-]
sesvis(20)



The n-p-n Bipolar Transistor

In this section, we design and analyze an n-p-n
2D-BJT with abrupt charge doping profile and
finite width. Figure 5 shows the electrostatic
model to approximate planar charge
distribution  using line charges with
infinitesimal width and charge density. Based
on this charge model the unified equation for
the total electric field over the surface of the
device is given by

Figure 5. Electrostatic medel for n-p-n transistor to approximaote
planar charge distribution using line charges.

x—(Xp+Wpe)
x~(Xgt+xgz)

I+x31 x(x—=(Xg+xg2))

(x+xp,)(x—Xp)

’_Acln

E(x) =—Agln L (21)

Bl gl

_ N
where 4, = —= . u = E,B,C. Figure 6 illustrates the electric field and potential distributions over the surface of

our desugncd ZD BJT with a total Wldlh of about 7.7 um. Here, the dopant concentrations are Mg=1x1012 cm™
Ng=1%1011 em™ and Ne=1x1010 ¢cm™. The lengths of terminals are supposed to be 124 nm, 464 nm and 7.1 um
for emitter, base and collector respectively. Based on (8), the depletion widths are found to be xg;=242.5 nm,
Wge=266.75 nm, Xg;=211.58 nm, Wgc=2.33 um as shown in Figure 6. Now, we may proceed to obtain the basic
parameters introduced for a planar 2D bipolar transistor.

o R

e

T Figure 7. An n-p-n tronsistor under the normal forword operating

Figure 6. (o) Electric field distribution, (b} Electric potential conditions
distribution for the mentioned n-p-n transistor

¢ Current Gain ’
Figure 7 presents a schematic of an n-type 2D-BJT, connected in an external bias circuit. We here assume
a common base configuration and normal (active) mode of operation to find the corresponding current
gain. Calculation of current gain would obviously need a thorough analysis of carrier transport across the
width of structure. All the terminal currents are partitioned into hole and electron components, and then
from the continuity equation we obtain the steady-state currents. The transport in the neutral base region
of the device is non-trivial and contains both diffusion and drift terms. Hence, the distribution of injected
minority-carriers (electrons) in the base region is governed by the continuity conditions at the two edges,
subject to the Shockley’s boundary wnditions

e Ty PR o @

+ Vr
ny(x = —xpo) = npuexp(;) and np(x == Stk

2
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Figure 8. Minarity carries distributions in neutral regions of ji RS
"
the emitter, base and collector. o

Figure 9. Output characteristics cormmon emitter canfiguration

Figure 8 shows the electron distribution in the neutral base region based on numerical solution of this equation.
The electron surface cun‘ent densities at the emitter edge J.e and the collector edge J,c are given by

fnl:‘ = QHn (Enp - VT dx ) |x-|:l = lQng [EXP (VEH - 1] - b“'s [EXP (%’%'E) - l]

d v v,

Jne = qitn (E n, — Vr ?7;2) Ix=x3 = Qe [Exp (%:) = 1] = by [EXP (78;':') = 1] """"
(24)

Similarly, in the pseudo-neutral emitter and collector regions, the equations for minority-carriers p, are

~Fno n d*
_iﬂns(?p Pno -ty (E(x) dp sm +Vy Dnsm) =
wi(25)

pﬂE(C)(x xos(c}) Pnok(c) €XP

¢

E(8
(LE_'Q‘) and  pree) (% = Xenar(c)) = Proco)
with xee=-Wag, Xoc=XuTWpac, Xenae=-Xe and Xegc=Xc as illustrated in figure 7 Numerical solutions of these
equations are shown in figure 8. The hole surface current densities at the emitter edge J,e and the collector
edge Jc are given by
nﬂ\'-'J

) leesostace) = Gpscey [0 (222) 1] o (26)

Numerical parameter values for the constant parameters in the above sets of equations (23,24,25) are enlisted
in Table 2. Now, the terminal surface current densities & be summed over respective electron-and hole
currents as

Je =Jng + Jpgs Jo = Jnc +Jpc and Jp =Jg = Jc-
Hence, the common-base and common-emitter current gains are found to be

fC )'riE }nC JC
&= J'E le fﬂE )'nt‘.' 0993

ﬁ = 1_—‘! = 138 .....‘........(28)

Figure 9 shows JC versus VCE for the common-emitter configuration under normal afd inverted bias
configuration. The saturation region is here defined as Vg < Vg g =0.1V and the current gain in inverted
mode is found to be B,=0.9. In contrast, standard bulk BJTs start to enter the saturation at Ve < 0.2V, and
therefore 2D-BJTs may operate at smaller voltages comparing to their bulk counterparts.

Joe(e) = QMpEcc) (an(C)E Vr

10



Table-2
Numerical values of constants for the hole and electron current densities

Jug (pA/em) Juo (pA/em) Jur: (pAiem) Jpc (pA/em)
Ane b ks Ape brﬂi g pi: Ay
2.04 3.9x107 2.03 3.91x10* 1.4x107 9.16%107

e Small-Signal Model
The equivalent circuit for the behavior of this planar BJT is identical to that of a bulk BJT. Small-signal

ai ; - -
model parameters are here defined as transconductance g,, = —= output resistance ry, and input resistance
m - dvge

=2% _ 8 Based on the flatness of the I curves, the Early voltage V, is obtained to be infinity, and

T dvgg  gm
. dig \~ v 4 g wiiog
hence the output resistance expressed as 15 = (avc ) = J—" was obtained as virtually unlimited.
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Figure 11. Cutoff frequency versus current density
This is particularly important for obtaining very large voltage gains at low operating voltages and power
consumptions using properly designed p-n-p 2D-BJTs as active loads, and also for destgning near-ideal
current-sources. The diffusion capacitance represents the injected electron concentration versus distance in
the neutral base given as

Ce =g} e e (29)

av
Variation of C, as a function of applied voltage is shown in Figure 10. The general trend is that it attains a

maximum value of roughly Cp mar = 32 (%) at a bias of about V=0.82 (V), and starts to fall afterwards.

This behavior is quite typical and also seen in bulk BJTs as well. Also, the uncompensated dopants in the
transition regions of a p-n junction cause dipoles, causing the junction capacitance Figure 9. Output

Figure 10. Diffusion and junction capacitance versus voltage

Figure 11 also depicts the junction
;| capacitance of the reverse-biased B-C

-~ 3% f junction versus Vge. Now we assume that
g al B ; ! an AC signal is fed into the device by a
-~ /] current source I, connected to the base. The
g 281 01 ot I ' cutoff frequency fr is the frequency at
r J o + 1 which the AC current gain B, = :i falls to
g 16} o6 68 T0 T4 ‘I 1 unity. Figure 11 shows the variation of fr as
; 1 " I 1 a function of collector ‘surface current
" :.Ir / density Jc. The maximum value of this
[ y ‘ frequency is about 77 GHz at a fairly
L . i . (o - surface current density of 0.38 mA/um, The

40 4% 50 55 6a 65 1o (4] L]

Cutotf Frequency (GHz) typical consumed power is very small. A

comparison 1o an existing design of bulk
BJTs may be made by taking an identical
base width of Ipm. Then at the maximum

Figure 12. Power-delay versus cutoff frequency; the inset shows o
magnification of the knee
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x s o - 1 ;
operating frequency which corresponds to a transit time of 7, = s = 2.1 ps, and taking a collector
T

bias voltage of 5V, then operating power (per 1 um width) would be around 1.9 mW. Hence, the estimated
power-delay product will be around 4 fJ, far less than the typical record values which are of the order of
tens of femto-Joules. It has to be mentioned that this power-delay product has been derived when the 2D-
BJT is such biased to allow the maximum operation speed. As it has been shown in Figure 12, much
smaller power-delay products can be expected if lower bias current and therefore the threshold frequency
is chosen. Actually, the power-delay product blows up at large bias currents, and for instance if one limits
the cutoff frequency to 70 GHz, the resulting power-delay product will be strictly limited to the record
value of 0.01£]/um.

Large-Signal Model
The DC emitter and collector currents in active mode are well modeled by an approximation to the Ebers—
Moll model. We have thus the relationships

Je =Jep [exp (%) - 1] = @Jep [EKP (%) = 1] ............ 3N
Je = anJep [EXP (1%?) = 1] —Jen [EXD (i:f) = 1] ........... (32)

Numerical parameter values for these set of equations are enlisted in Table 3.

Table-3
Numerical valus of Ebers-Moll parameters
Jep (pA/em) Jep (pArem) ay a
2.04 2.03 0.995 0.98
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Approximate Formulae for an n-p-n 2D-BJT

Here we will derive parameters of n-type 2D-BJTs based on the theory derived for p-n junction in section 3. A
dual analysis will be evidently applicable to p-type 2D-BJTs by changing the carrier types and voltage and
current polarities. For calculation of transistor parameters, the injected minority-carriers distributions are
necessary, and here we present the approximation solutions following the equations calculated in the above
sections. Starting with the minority-carriers in the base, we have to solve (23). The approximate solution to
this equation is  Figure 10. Diffusion and junction capacitance versus voltage. Figure 11. Cutoff frequency
versus current density. Figure 12. Power-delay versus cutoff frequency; the inset shows a magnification of the
knee,

Npp(x) — Nyop =

("""[ Lg;:(IJ “"[ I-E:(x))
|15 "”‘"['Iixfﬁ

Nyo [exp (-— 1]

x X = x Xg ]

= 1] J: exp[ ’-Blc-")]e)(p[ '-Bz(FJ] exp[ Lga(x) exp[ Lp (] o
Xg |_ Xp

‘“""’1 r-ssz ‘*""l PE)

wlen

-1
where Lpgi(x) = 21, V¢ [THE(X) — (=1} [t2E2(x) + 4:,:1’-’1"]

The electron surface current density of the emitter is similarly given by

Jng = ang [exp (':fr ) = 1] + bug [exp ("”’-‘) | " (34)
GHnTtpoV'T

Uns = qHnMpoE (0) — - [ L:ﬁa)} p[ Lmao} % Bll(me p[— Laz(t})] Lg:(U] [_ LB:EO)]]

. GHnTpoVr ( 1 )
exp [_ ﬁﬂ_)] — exp [uﬁ Lg(0) Lz (0)

The electron surface current density of the collector will be
Jnc = anc [exp (2£) - 1] tbcfep((E)-1] (35)
Vr

"""[ LBZ(XB) [ le(Xs)]

exp[ L_('im] ex,,[ z, (xg ] [Lu(xs Lm(x,,)]

bnc = QunNpoE (X5) + WnTpoly y
e e

- [Lm (X5) - [_ Lz &B)] ~ Lga(is) o [_ Lui (;B)”

The hole distributions in the emitter and collector are obtainable using (25). The solutions are like those obtained
junction, given by

Qne = QUnNpoVr

Precc)(X) = Pnoe(c) ¥

ProE(C) Veswo) _ x[' [ x l XendE(C) ] - [ x ] [ endE(C) ]]
A(x) exP( Vr ) 1] e Lpgcy2(x) e 4 Lpgc) (%) i L) (%) LpE(c)2(¥) sl 3)

x
Alx) = exp |—2E© ] " ["andsm] [_xoze) ende(c)
= LLpeccr2 ) [LpEccn @) o lLpecer @ Lpg(oyz(x) 2

=1
- i’
with Lysccy (1) = 21,V {r,,s(x) ~ (1) [r3E200) + 22 pr]

Also, we have Xog=-Wac, Xoc=Xp+Wac, Xente=-Xe and Xeac=Xc, as illustrated in Figure 7. The hole
surface current densities in the emitter and collector are obtained as

13




VeE(aC)

Joecc) = @pE(C) [e"P (T) = 1]

l?J»’-;:-‘pr‘t()(lﬂ')V’u"
E(c) = QHpProe(c)E --—B(xus(c))
aP () pEn ) A(xDE(C))
B(xoe(c)) =
exp’ XoE(C) [ XendE(C) | _ ex [ XoE(C)
Lgen (*orcc)) Lgon (*oEcc) Lea(xoe(c))]  Lewoz2(¥orcc) Lerz(XoE(e))
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Conclusion

We derived necessary formulae in studying 2D step p-n junctions and suggested an approximate
analytical solution for continuity equations, which exhibited good agreement with exact numerical
solutions. Then, we proceeded to develop the theory of 2D BJTs, and used the one-sided hydrogenated
Graphene, or Graphone, as the example 2D material. Distributions of electric field and potential were
calculated, and the small signal hybrid-m model of the transistor was obtained. The results showed that
this 2D-BJT would operate somewhat similar to bulk BITs in DC and AC circuits, however, with very
different performance parameters. The maximum frequency and current gain weré found to be
respectively as 77 GHz and 138, at a maximum power-delay product of 4fJ/um. This is while much
smaller power-delay products would be possible at the expense of less threshold frequency. This
preliminary analysis demonstrates the usefulness of such 2D-BJTs, in several aspects. As we have
shown, a 2D-BJT would allow appreciable current gain, large operating frequencies, yet very small
power-delay products which may be ultimately attributed to the associated ultrathin 2D materials.
Furthermore, when used as active loads in a properly designed circuit, 2D-BJTs may be able to
outperform their CMOS counterparts with regard to the large voltage gains at exceedingly small power
consumption.
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A STUDY OF QUARKONTUIT BOUND STATES, WITH
ASYMPTOTIC ITERATION T1ETHOD

04.07. 2020
1. INTRODUCTION
The study of bound sfodes has bean impovtant hioughout the histoxy
of pasticle physies. In the begining af 20t century, the need to un
devstand the afomic shuchoe was one of the challenges that led
to the development of guantum ynechanics. When physicists staxted
fo probe the shiucture of matley at even smallev scales, they found
out that afomic and subatomic pasticles weve bound stafes as well T
a¥des 1o explain the system wheve the eonstituents ave boundd by a
patential funetion, investigations ave cawied out fo achieve mass
and enevgy spectium of the system. I fhe quantum mechanics
formulation the solutons  aboays imvolve salving the Schvddinger
equations for bownd states. To mvestigate the properties of bourd
stafe wheve the potential Sunction is given seveval madhematical
methods can be putto use. One of the pawevfd methad that can
be employed to solve the Schrddinger equation is " Asymptatic
Thevation Method (ATM) . Tt can be used for abfouning the per
“urbative eneigy eiﬁenvalues of o ?ﬁmm without anry help of
unpevturbative eigen states. Usinﬁ IM one com solve A Echy-

b'dinaer equadion amyh'call\, as well ac numewical\y.
Quaaks ave the fundamental componends of pa-

shick ph_ysics,Tﬁe bownd states thsse arve compased of paivs
of quask omd antiquank ate called Quarkonium’, Simee the first

half of B70 theve axe Seveval shudies on these quoakonium soles
_ )
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Obfauined PethTbah‘caLIg comes from the quark anhiquark (nferac:
Tion in the approximation of one gluov exchangs (0@E). Tt canbe
welated 1o elashe sca'ﬂ‘evin% inside the bound shatee and com be
computed from the theow of gluon  propagator - The second oneic
0- linzaudy ¥ising confin ing potential inspived by labiice caleuladions.
The vesulting potential is of the form —

Ve = S 4 R o )

- Where o is the chvomodynamic analoghe fine shucture con-
- stant and 4 is the appropriate color factor. Ex pexiwnia.?f/ Fo

s measuvedhls tms approximalely, which icto say quak ambiguak
athvack ong - aother by a_foree of af Joast 16 tons Teﬁa"rdﬁm how
fax they ave. That is why no one has ever managed fo pult
o quak out of hadvon

3. THE "ASYMPTOTIC TTERATION IMETHOD(ATM).

" “The method ATM is caemmﬂ_xf used 1o sdve and oxdex homOﬂenmg

limeax diffeventiat equakions of the form —
Y0 = A0Y00) + 8P YOO - ~- - = - = (@)

(Dheve Aotx) W .00 aie funchonsin ¢ (ab), 1 theve is an asym-

plofic condibion?  Sn = SMm g ¢ wheve AE ket Skt A
An  An- dd Sy = g+ Sk
fox K=02, «»2 M

&
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then equation@ hae o solution of the form ——
Yoo =exp (—f&‘d})[cﬁ c,féu exp(fojr(,\o('c) +'2d('c)))] . s

The ATt can be wsedto solve schvddinger equation for enggy el
wlue. problem he eigen emexgies can be obfained thwough the
followirng q“ﬂ,fﬂ?“: a@g:?ﬁ*g&; (E) ~ Ao GUEY=0 -~ -- 1)
Tha problem is exactly solvable if the enaxgy et‘genm&u obtained
fromty) is independent of "%, In this case the efaenvafm and the
egen functions of tha nth enaigy fuels can be devived explicitly
brie form via nth itevahon. Bud theve dvecome Limited num-
ber of fovme (sith Hhie cadegoy.
Fov numerically solvable problem én depends on both XandE -
In this case an approximate value %=, should be determind
fosolve SnGGE)=0 w.7+F . Tha energy elgen stale of nth lovet
s obtouned ’Hrrrou_aln gth itevatons where 921 .

4 FORMULATION OF THE PROBLEM:

Consides the fullowing ‘Cownel) potenisl  ——
V(Y'):‘%'fﬁiﬂ BERUE BTN 2 45)
Wheve A.B ave veal posifive constants gond v e (0. TF we subdinde
Ver) (nio gchr‘o‘dinﬂef aquah‘on i thiee dimaensione we hove -
&ore-[%+pr+ e Tly(mzo - - — ~- - Q)
wheve €= 2En of= 2tA 0ond P= 2B Eyy and =20 v eigen
valus of Nth Level and veduced 1nass mped-ivey(m,&mla“qmﬂ
 masses).Besides we study natwad units (ie h =1, e=1) fov the system.-
After CHOOSlTﬂ the vaxiable as Y= then subsh fubing \y (= (,L“l?’m),

o o ‘ﬂ“(lk) +hew +yot—g pul— QM%] F =0 - )
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[
Now we are qoing fo change the variable W foZ  where
Uand'Z ave connected by 2= w. Then equahon @)leads fo — '
al‘{i) + E’A) + o_zl_,zz,-__:y(mf-ﬂ}]%(g) 1 I D
'Z?-"

whave 4€ _
@T’)’/a— O -%%y:w , Y= 20+

J\(e'x.f we examine the asymphtic formef Hhe cofubion ot @
Cose-I. For smclzlfl‘ii-;e Z>0 equl@) lead‘s to = - '
% c2) — %2%&):0; Solwrg'ﬂms we gek ﬁ{ﬂ:ﬂ,?*é%'
For physically acceptable solubion B=0, othevwise itusill blowupat
Z=0,
Cose- 1% Fox [(D’%ﬂ Z lez>w o fake (nh account 7Y fexm e
need fo considey e'z% term m the <duhion.
S0, ﬁnoﬂ}y we will Take -
gey= 2™ ) < - oo —o— - (@)
heve the funchion £(2) will take cave the soluhon n belwean
Z200. 2 >%. Affex pulting equation (@) into®) we get,
f(z) = z[z“’—ﬁfif{”]a‘-'?z) + [2040Z -0 2% W0 f@) - - - -- o)

Fnally this equahion is  sulfoble for applyirg ATH. After thie
point we ean apply AIM to this problem in fwo diffevent ways-
one Is divect application to get the wmencal Yeswlls and angther
(s AIM in scope of pevfusbation Hua?y fo Obtain  pevtuxrbative
engigy e'%e'n values

ERE%ULTS & DISCUSSION

In this section we will divectly apply AIM fo equation(o). 1t is easily
seen thot A(z)=2[2 B ] at2) = 2(vsyz - accosding fo@). For sim-
Plfcif_rj tn caleulation the veduced mass 4 has been consideved as p=t
and the pofential pa rametexs hase bern chagen as A=1,8=] (rev

5.
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Heve 3 am going 1o elabovate the calewlation for n=)
£=0. which miusn gives —

Em('x'E):o ; f‘\—iz Sjll = $6A—=$126=0 - - — -— (D)

Caleulating A %) and pulting if int (1) we get —
o 2 2 2 12 — 3W\=p -
Z2'c% o (-c23+2uztg) + (5 210wz +12 - 2 ) =0 ~®
As 2 is welaled fo Vv, E can be positive oy negalive. I we
plot 0-Ve 2 using equation®). we will get a schematie
diagmm as given below

Plot. of{z) vs 2

300

200 |

160

oz

-100 |,

ﬁccozdima fo the diagram one thing com be  wndurstond
Hhot Zz=7Z. cont be chosen arbitvarily. It cant be zew
qonymore . As zxyT for z=0.v=0 and inthis case
st which is velated fo enexgy eiaenvaﬁu will blowup.

6.
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We have to chose wisely 2=z in the arge wheve o
takee finute values. So theve will be a physically forbidden
Teaitm al z=0 and b some extend avound z=0 . From
this analagy onz can get an ideq abub charg vodius
of quanks.- The two charge centers of quaxks and

aﬂﬁqumrks caqt be supesimposed anymove - Wua i
mum diskince  between the quark centers will be the
sum of thetr vadiuses ov it can be move than thot

hnd the plot we present c(eax\ly elaboyates Hus idea.

The choice of 2z, com be critieak
b the speed of convergence fo the eigen values
as well as the stability of the process. Aithough
we dov't have at the moment a specific mathod
;fn determine +he best indhal valur 2, , we may
suggest  the JCO”t?&ﬁnﬁ approa.ches.
@ One choice of z=%, can be
fhe valur of 2, thal minimizes the potential.
) Another passible  choice will

lbe Sdﬁng Se=D
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6. PERTURBATION TECHNIQUE IN CONTEXT OF AT ; |
_]‘Ew heve 3 am ﬂoing fo give an idea. about pevfurbahion |
fechmqub in fiame of AIM. Assuminﬁ that the potentiod |
of @ system is writlen as —
Vcac):v,,cx)+zzvpoe) i (>
whave Vo0 s exactly solvable potenhiad . Vo) and Y e
‘_Pexfuxbed hamifondan and expansion  paxameter vespechively,
. Expanding enevgy eigen value Ep s @ sexies expansionaf
Jth oxder covrechon we get; -
En=Ey +Yz En TL B+
AL
Affer substifufing v(0 = %000 ¥ vcx)rvaocrrzvpm info
 fhe schwodinger  equahbn 0 can dbiain The ﬁﬂoun‘nﬁ <gu-
ofion foy f0O .
£'60) :AO(K’T:E)JCICX) + Sg(xaTE) 00O

the fexmination condihon will be —
Sn () B)= SeEN A EE) — M (KB ). OO 8)
_Expﬁﬁdihﬁ Sn("J‘Z;E) AR} 72:0 we obfarn,
Sn{?ﬁ,yz,g) = §n(0,0,F )*f,Q 'BSn(X EJ{ ‘
""U

A ?H'l
”Zilsn(xE) 0
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Wheve §4C0GLE) = L ?f_Sh (X,Y;_,E),
3 '&'rlt'. =0
Accmsdt‘% to pertuxbahon method in the fram-
etk of AIM, Sofw'ng the equa.h'oh §n(%,0,E)=0 (nth veupect
to wnknawn £ gives En (eigen vadues of the unpesturbahie
hamitforuan ), equation §n OGE)=0 gives Ey' ( fixst oder cor
vechions o Bn), Sn (%E)=0 gives En” (s0cand audex carYechon
o Br, and <o on. Besides, the pexfuxbative eigen funchone
con be achieved in the same way with the elgeﬁvaﬁw-
This is an alluving feature of ATM, wsage (n pesturbahion
-Hmog’ fox abfaim‘ng the ez‘genﬁmchbm F16O ?iwzn as
Jollows —

}ncx):exp(-—f’}xn(#npdﬂ ameem 05)

iwhﬂ"ﬂ’- a’n (hylj-i S-n(h'fp/,‘-h[ﬁ?). I" s EXPﬂT'ldS’.d amujljz
ina similar manner, done fov ob‘rati*n}cnzoJ the edgenv
50,

S W)
b1 )= ¢) .- - -- UL
W67) E__:‘L " |
haere Aty = % R ) '._ﬂ«uu peturbation €xp-

pIESSIOh of oo 16 wOviHen aa follows ¢
£ (%) = €xXp 'f K(_jd,fxfgwd;r):(
e 5!

o
=17 &0, --—-— (7).
=0

wheve Kth ovder covyechion f:k(x) h;ipr.) 1<

i omapy (- ) |
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As the procedure of the pevtuxbahion 'Hfma@/ expa:m?

ane) w7+ 1w for equa,hon 00) we g@‘ — |

G(n0) = Gy (0,2) + 67 (1, )W + c;(n,ﬂ}f-'-

k& ==l IRy
Wheve W s the ex pansion pavameley. So the enagy

eaﬁenmﬂu of the s_ysfem will be -
En = G'...E g (n,2)

= Bag = @‘-—ngﬁ'(“ 2) G’P)

« O\(n,2 -*mn,v
Bz A

R (19)

The zevoth o¥dey coyvechon 0, can be obtauned from
§°(2,0,6) =0. Sfrrulﬂajly, fixat ovdev and 20nd ovdes covr-
echions can be obtainsd. by sofw‘ng §'02,0,6,)0 §'¢2.0,62)
vespectiely . and sa on.
S0, the mass - eneigy velahon n the form of A
S

Ee= ( 30) 8B s n, 0 < e/u% 8 o s

N - (20)

Naw  one Hu"ng we have fo keep in mind that the
mave covtechon texm we add to the perturbative expan
sion , the mave compafible tesulls we ot

o
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CONCLUSTON:

In this work 9 have applied ATH fot(}lxmﬂ
Po{enﬁap.’ fov ge an% the enexgy eiﬂenvdf_;ua and masses
Jax %emml 0 stodes. FmOJJy we achieved a semr-
aalyticak formula fov conshuchng the ena¥gy s pechim
ard obtarung the masses of the Quavkonrum umng
the mathod ATH (1 the scope of pevtuvbahion theowy.
Furthey move, AT gives polynomiod sofukions oy asy-
mptotic forms of the wave funchoru of the system.
h%oi'n ¥ can say thot equation @0} com be wxd as
an -eigenvalue formuda. for sChf&idfﬁﬂ equation
in case of camall patential’ fov practical  puyposes-
Begides, it can be fit o mass formula of expesimenind
values for de’rerminfmﬁ the potenhal pavarelers AUB .

The main advantage of equah'on 00 (s that the coefficierk
6. 0:, 6o e independint of pofenhial pavametexs.
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IN BIRD’S EYE : Low dimensional material systems provide a unique set of properties useful
for solid state devices. We know the PN Junction diodes are the building block of solid state
electronics. In this discussion | shall present a dramatic difference in the analysis of the electrostatics
of PN Junction in several dimension i.e. 3D, 2D and 1D. The analytical method of calculation different
electrostatic parameters is unique. From this novel method the parameters like electric field,
potential difference and depletion width have maximum matching with experimental result. In this
way, we found some new relations of the parameters that helps us to get a new perspective in
electronics nanotechnology.

1.INTRODUCTION : Low dimensional materials have become too much famous in
nanotechnology, thermoelectric and optoelectronic applications like the high mobility graphene,
carbon nanotube and I11-V nanowires for transistors, transition metal, dichalcogenide’s and
phosphorene for tunnel transistors, high ZT nancribbon and nanowire thermoelectrics and 2D
photodetectors. Almost all electronic and optical devices are based on PN Junctions. Hence the
knowledge of the electrostatics of PN Junction is crucial in predictive device design. For example, the
tunnelling current in tunnel diodes and tunnel FETs depends exponentially on the depletion width.
Low dimensional material systems, however, present significant differences compared to their 3D
counterparts.

Although the impact of the dimensionality of PN junctions on their electrostatics has usually been
ignored in literature, there exist experiments supporting this claim. In the case of 2D materials,
Reuter et al. have measured depletion widths (WD) of a 2D PN junction as a function of reverse bias
using optical techniques and have shown the difference in behavior of WD of 2D junctions as against
their 3D counterparts. More recently, Zheng et al. have used Kelvin Probe Force Microscopy (KPFM)
technique to show that the potential profile itself changes significantly in low dimensions.
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Several theoretical models have been developed to explain some of these anomalous behaviour in
electrostatics of low dimensional systems. For 1D systems, Leonard and Tersoff at IBM noticed the
new length scales in nanotubes and provided approximate analytic equations for depletion width. In
2D, Achoyan et al. have derived equations for a 2D PN junction with zero thickness. Later on,
Gharekhanlou et al. and Yu et al. have used different methods to model 2D junctions. However, in all
of the above models, the thickness of the PN junction has been ignored and there is no validation
against numerical simulations. These issues have been addressed in this paper.

In this work, a novel approach is proposed for analytic modelling of PN junctions. The equations
governing the potential profiles and depletion width of 3D, 2D and 1D systems are presented.
Experiments on PN junctions demonstrate an enormous impact of dimensionality on the
electrostatics. The rapid progress in doping thin flakes of 2D materials and 1D nanowires over the
last two decades and its role in low dimensional MOSFETs and tunnel transistors call for a thorough
analytical understanding of the low dimensional PN junctions, well validated against numerical
simulations. In the following sections, the numerical simulation method is discussed first. A novel
approach to obtain the analytic equations, including the impact of neutral regions, is introduced
next. The results of the analytical model are then compared with experimental measurements and
numerical simulations. Finally, the approximate equations for depletion width of PN junctions in
different dimensions are presented.

2.NUMERICAL SIMULATION METHOD : The potential profile in 2D and 1D PN junctions, as
shown in Fig. 1, are obtained by self-consistently solving Poisson equation with the drift-diffusion
equation using the finite elementmethodinNEMOS5.The carrier densities are obtained from Fermi
integrals based on the difference between Fermi level and band edges. It is important to consider a
large enough dielectric environment in the simulations (i.e. dielectric) thickness larger than
depletion width) since a zero electric field boundary condition is used at the dielectric boundaries of
the simulation domain. If these boundaries are close to the junction, they can artificially impact the
fringing field pattern and the potential profile within semiconductor. Therefore, it is critical to make
the simulation domain large enough so that boundaries do not affect the results.

For the sake of simplicity, it is assumed here that the P and N doping levels are both equal to N and
the dielectric constants of channel and surrounding dielectric equal. AV is the potential drop across
the PN junction which equals V—-V; where Vy, is the built-in potential and V; is the applied bias.

Fig. 1 shows the simulated potential profile of PN junctions, in different dimensions, with the same
doping of 5e19 cm-3 using finite-element method. It is clear that the well known 3D electrostatics
does not apply to low dimensional junctions and dimensionality of material has a significant impact
on the depletion width and potential profile. e
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3. ANALYTICAL MODEL :
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In this section, the analytic method to obtain exact analytical equations for 3D, 2D and 1D PN
junctions is introduced. The depletion and neutral regions are shown in Figl. Free carriers in the
neutral regions play an important role in screening the electric field. In the conventional depletion
approximation, the electric field in neutral regions is zero. This zero field boundary condition, at the
interface of neutral and depletion regions, can be captured by introducing image charges. lgnoring
these image charges and considering only the E-field due to the charges in the depletion region leads
to wrong results such as large electric fields at the boundaries of depletion region and non-
monotonic potential profile in 2D and 1D. The steps involved in determining the analytic equation
for potential are presented in Figs2.) Place image charges to enforce the zero E-field boundary
condition at the interfaces of neutral and depletion regions. 2) Find the E-field at position x,. 3)
Integrate E-field to obtain the potential. The 2nd step for evaluation of E-field involves the following:
a) Removing charges whose E-fields cancel out. After these cancellations, a negative block of charge
and a positive block of charge remain. b) E-field evaluation at position x, due two remaining blocks
of charge. For a symmetric case, it is sufficient to evaluate E-field due to one block and multiply it by
2. -
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To demonstrate the new approach, we start with the well known 3D case. The potential in 3D case
can be easily obtained by solving 1D differential equation but our purpose here is to introduce the
method in the simplest case. Fig. 2b shows the equivalent structure where neutral regions are
replaced by image charges to enforce zero E-field at the boundaries of the depletion region. Now
that all charges are in place, the E-field at position x, should be evaluated. First, the contribution of
image charges to E-field is shown in Fig. 2b.

The image charges inducing positive E-field at X, due to an infinite plane of charge is independent of
the distance from the plane, the positive and negative E-fields due to the image charges in 3D cancel
each other out. Moreover, as shown in Fig. 2¢, the field due to charges from 0 to X, compensates the
ones from X, to 2X,. Fig. 2d shows all the charges which contribute to E,., the net electric field at
position Xg.
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Hence, we recover the well known electrostatics of bulk PN junctions. The same procedure can be
followed for 2D junctions to find the potential profile as shown in Fig. 3. However, it is important to
note that the net electric field due to image charges in 2D and 1D junctions is not zero, unlike in 3D,
since the field from a finite block of charge now depends on the distance. The regions: of image
charges with positive and negative blocks of charge behave similar to electric dipoles with a finite
net field. To the first order, the nearest neighbour block of image charges are considered first. The
impact of charges further away are discussed later. Fig. 3c shows the uncompensated charges for a
2D junction. Finally, the net electric field at a distance X, is obtained from a 2D block of charge with
length W;, —2X, and thickness T and multiplied with a factor of 2 as shown in Fig. 3d:

[V VR R
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We can calculate the net electric field by calculating for the one side of the 2D
diode and then the expression is multiplied by 2. To calculate it analytically we
can consider the 2D changed region as a assemble of continuous line charges.
For a small strip of charge we calculate the electric field at X’ and then integrate
the expression for some suitable limit.
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To calculate net electric field in 1D diode we consider the charged region as a
solid cylindrical changed region. And for a small element of the cylinder we
calculate the electric field. Then integrate it to get net electric field.
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To make the analytic model work for all thicknesses even beyond WD, the simplifications used to
approximate the depletion width equations should be avoided. These simplifications are: a)
Semiconductor thickness is much smaller than depletion width (T << Wy and R << Wp), and b)
Ignoring the E-field of distant charges (farther than W;). The exact analytic equations for potential
profile in 2D and 1D are listed in table I. It is noteworthy that the potential attains an additional
factor B for large thicknesses due to the impact of distant charges as shown in table I. p equals 2 for
thicknesses close to 0, whereas it decreases to 1 for infinitely thick junctions (equivalent to 3D).
Figure 6 shows the depletion width as a function of junction thickness in different dimensions. For a
thickness beyond depletion width, the fringing field gets screened at the surface and W, gets close
to the corresponding value in 3D. However, for smaller thicknesses, W, deviates from 3D case.
Especially, 1D case shows a significantly higher W, values and increased sensitivity to the diameter.
WD has a similar response to variations in N. The increased sensitivity of Wy with respect to junction
parameters in low dimensions enables the possibility of new sensors.

5. APPROXIMATE EQUATIONS :

The approximate equations for depletion widths (Wp) of PN junctions in different dimensions as
obtained in this work. The approximate Wy equations in 1D and 2D are valid when the thickness of
the semiconductor is much smaller than Wy (R << W; and T << Wp). An errar less than 10% can be
achieved using these approximations if T< Wp/7 in 2D or R < Wp in 1D. Interestingly, the square root
dependence of W on e/N in 3D, changes to a linear and exponential dependence for 2D and 1D,
respectively. Such an exponential dependence leads to high sensitivity of 1D PN junctjon to its
control parameters, which can be used towards new sensors. For example, a small change in the
biasing of 1D PN junction affects W, significantly through AV . Such a junction under illumination can
result in a large output current response.
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6. CONCLUSION

In summary, using a new analysis, the electrostatics of PN junctions in low dimensional
material systems have been shown to differ significantly from the 3D junctions. Reducing
the dimensionality increases the depletion width and its sensitivity to doping and thickness
of PN junction, attractive towards sensing applications. The analytic results match closely
with experimental measurements and numerical simulations.
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Abstract

In the design we have constructed a sensor water tap monitoring system
using the components vizarduino board, solenoid valve, SPDT relay, IR
sensor etc. The main purpose of this project is to stop wastage of water.
We have used the IR Sensor which is connected to a SPDT relay which
controls the solenoid valve to control the water flow to the tap. As a
result sensor tap is automatically shut off after use.



Introduction:

Water is most precious. Living bodies depend on it. Our responsibility
is to conserve it. Nowadays we are interested to be automated. The
project titled "sensor Water Tap monitoring system" is the modern
version of the traditional hand operated tap. The water taps that we use
in our daily life are mechanically operated. Water flows through the tap
when we turn on the tap and the flow stops when we turn off the tap.
This hand operated tap system causes water loss. '

Sensor water taps save water significantly. Sensor water tap is
automatically shut off after hand washing and as a result water shortage
is reduced. Sensor tap is hygienic, that is very important for us. This tap
is more energy efficient than traditional hand operated water tap. In the
automatic water tap we use a IR sensor which is connected to a SPDT
relay which controls the solenoid valve to control the water flow to the
tap [4]. This tap reduced the wastage of water as it is automatically
closed after hand washing.

Some related works are:

e Water Quality Monitoring System Based on IOT [1] : In this
paper the authors have presented a design and development of a
low cost system for real time monitoring of the water quality in
IOT. They have measured the physical and chemical properties
of water such as temperature, PH,turbidity, flow sensor etc. using
sensors and arduino model.

e Design a Smart Faucet for reducing the water wastage using IOT
[2] : In this paper the authors have designed a smart water faucet
using the components Node MCU,relay,solenoidvalve,DC
motor,temperature sensor, servo motor for reducing the wastage
of water. ‘



Proposed Design:

We have designed a sensor water tap monitoring system .Here we
have used an infrared sensor in the tap that has a light emitting diode.
This LED emits light continuously. When an object or human hand
enters into the range of LED, the solenoid valve will be opened, which
allows the water to flow through the tap. When the object is removed
from the range of LED, the valve will be closed and it stops water

running.

Implementation:-

The Components that are required for constructing the sensor water
tap monitoring system are

i)  Solenoid Valve

ii)  Single Pole Double Throw (SPDT) relay
iii) Infra-red sensor

iv)  Arduino board

v)  Power Supply

vi) Spring

vii) Resistance

viii) Electromagnetic coil

Solenoid Valve is an electrically Controlled automatic device. It's
basic working Principle is just like as a relay. There are two types of
Solenoid Valves i) normally open type and ii) normally closed type.
By applying the voltage the state of the solenoid can be changed from
open to close or from close to open. Here the normally closed type
solenoid valve has two ends. One end is connected to a power supply
and the other end is connected to normally open contact of a relay.
Relay’s common end is connected to the ground. Its common end,
attached with a spring system, is connected with the normally closed

*
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Block diagram of Sensor water tap Monitoring System



contact through a movable iron armature. There is an elecfromagnetic
coil; a coil of wire is wound on a soft iron core. One end of this coil is
connected to some voltage and the other end of this coil is connected
to the ground through a n-p-n transistor. The base of the transistor is
connected to a pin of arduino board via some resistance.

Here we used a IR Sensor that has a light emitting diode-IR
transmitter continuously emits the light. When some object enters into
the range of the LED, the infra-red light signal is reflected by the
object and the receiver of the IR sensor receives that light. That’s why
some voltage will be showed across the receiver. This voltage is
automatically supplied by the sensor to that pin of arduino, which is
connected to the base of the transistor via some resistance, such that
current will flow through the electromagnetic coil and the coil
generates a magnetic field through the soft iron core. Due to this the
movable iron armature is attracted towards the electromagnetic core
and the armature will move to open condition by breaking the
normally closed contact condition. Normally open contacts get to
closed condition. Then a complete circuit will be formed and the
solenoid valve will remain in “on’’ state. The valve is opened and it
allows the water to flow through the tap.

Again, when the object is removed from the range of LED, the
receiver of the sensor will not show any voltage and the current
flowing through the electromagnetic coil will be switched off, the
relay coil gets de-energized then the armature is returned to its
original position by the spring system. The armature will move to
N.C. contact condition by breaking the N.O. contact condition. Hence
the solenoid valve will remain in “off” state. The valve is closed and
it stops the water running.



IR
SENSOR

° = MICROCONTROLLER

Sensor Water Tap
When some object or human hand enters into the range of LED of the IR
sensor as shown in fig, which emits the light continuously, the solenoid
valve will be opened and that allows the water to flow through the tap.
Again when the object is removed from the range of LED, the valve will
be closed and it stops water running. :




Result:

The sensor water tap monitoring system plays important role in the
following fields:

e Significant water saving:

Electronic taps are generally constructed to get much lower stream rate
than the traditional hand operated taps. Hand operated taps can use up to
10-15 liters of water per minute whereas the sensor tap offers flow rates
of water as little as 2 liters per minute. Sensor tap is automatically shut
off after hand washing and hence water wastage is reduced.

e Hygienic:
Sensor tap doesn't require to touch - it is hygienic.

e (leaner and more efficient:

In case of sensor taps the flow rate is predetermined whereas for hand
operated taps the user can choose their preferred flow rate every time.
This is very inefficient. Prefixing the flow rate helps to reduce splashing.

e More energy efficient:

Sensor taps need electricity for their operation while the traditional hand
operated taps don't require any electricity in order to work. Every time a
traditional hand tap expends a great deal of energy by choosing the
user's preferred water flow and temperature. But in case of’sensor taps
water always remain at a constant temperature, so energy is not
expended by changing the water temperature. So sensor taps are more
energy efficient than hand taps.



Application:

Sensor water tap monitoring system is extremely valuable in home, old
age home, hotel, school, office, shop, nursing home, hospital, industrial
application, eatery etc.

Conclusion:

Due to this sensor water tap monitoring system our life style has been
quite automated. Due to significant progress in science and technology,
we are approaching an era of artificial intelligence and consequently the
interaction between man and machines gets reduced. The sensor water
tap is such a machine that has reduced the human labor mostly. We can
implement this method in the public water podium stands which
eliminates the usage of water taps, which are extremely inefficient. This
automated system is very helpful in everyday life specially for
physically handicapped, patients and elderly people. It gives them a safe
and independent living by providing the tap automation. It is also very
helpful in conservation of water which can be efficiently implemented in
garden, park etc.
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Abstract

In this project we review Anderson Localization for one-dimensional
disordered system. We shall first deal the problem analytically and then
visualize it through numerical computation.



I. Introduction

Anderson localization is a well-studied problem. This was first introduced
theoretically in 1958 by P. W. Anderson in an analytical paper in the context of
low temperature conduction in disordered metal. In 2006 using time resolved
measurements of light diffusion in highly scattering materials Storzer et al.
provided clear experimental evidence for the existence of a transition to
Anderson localization of visible light (61,

In standard description of electrical conduction, metals have partially filled
energy band. Electrons in this band effectively form an electron gas. Applying
semi-classical argument of scattering of electron, the conductivity of this gas
becomes o=ne’t/m. As T—0K, o increases monotonically to a finite, non-zero
value agq.

But this description does not hold for a wide class of metallic solids. It is
found that many “disordered” metals becomes insulator at T=0K. Under very
general condition, the eigenstates of the random potential are peaked at a
particular point and decays exponentially away from that point. This means
electron described by that associated wave function gets localized. This
phenomenon is known as Anderson Localization.

For 1D and 2D systems localization happens no matter how small the
disorder is. But for 3D systems, when the disorder is weak delocalization
happens and the system behaves as a conductor. But if the strength of this
disorder is greater than a critical value, electrons become localized. The system
then behaves as an insulator. This critical strength depends on thé energy of the
eigenstate. The qualitative character of the eigenstates changes as a function of
the degree of disorder in the system. This transition from extended to localized
states is now known as an Anderson transition. Depending upon disorder
strength, 3D systems undergoes a phase transition from Metallic to Insulator
phase. But no phase transition occurs in 1D and 2D systems. Here we want to
study the exact calculation of Anderson Localization for 1D disordered system.

m Physical Idea: Disorderness in metal gives rise to a random potential in 1D.
The wave function of electron suffers multiple reflections at each barrier.
After superposition, the random relative phase cause them to cancel on
average. The only remaining contribution after N barriers is from waves
which are unscattered, decays exponentially.

’
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Il. Goal and work flow

We are interested here to study the effect of disorder in one-dimensional
non-interacting system. Here we to review the Anderson localization problem
in 1D using both analytical and numerical calculations. For analytical
calculations, we investigate resistivity of the system which is given by
Landauer's formula. For numerical calculations, we have diagonalized the
Hamiltonian for non-interacting system in presence of disorder.

We have organized this work in following way. In Sec. III, we will reproduce
Landauer's formula for resistivity. In Sec. IV, we will review 1D tight-binding
problem that will be used in the next section. In Sec. V, we will consider a one-
dimensional non-interacting system in presence of disorder and investigate its
localization properties using Landauer's formula. In Sec. VI, we have shown
some numerical results for this problem. Finally, in Sec. VII, we conclude our
work.

I11. Expression of Resistance: Landauer’s Formula

Landauer’s Formula gives the DC electrical resistance of a 1D chain of non-
interacting chain of electrons (i.e. spinless electrons). Here we derive LF from
an experimental point of view. Let through our 1D system, ‘/’ current is flowing
through it. A potential drop of ‘6V’ is maintained across the sample by two

g e : : : ; ov
reservoir. By definition, electrical resistance of this system is R= =
Now in equilibrium, = edV . So resistivity,

1'% Su
P=FT=7" (1)
Here our goal is to define
resistance in terms of
chemical potential (p) J1
difference of the two
reservoir rather than their
voltage difference . But
chemical difference. But p
is not well defined when

current is flowing through a
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reservoir. To avoid this, we introduce an ideal potentiometer. This
potentiometer parameters are defined in such a way that it re-distributes the
incoming currents (shown in red lines in Fig. 2) into the three outgoing channels
( shown in blue lines in Fig. 2) such that the net in-going and out-going
currents for each reservoirs becomes equal. This enables us to define each
reservoirs with a well-defined Chemical potential (p).

= The Potentiometer is defined by the
matrix S which relates in-going
current amplitudes (red lines) with
the outgoing current amplitudes(blue

lines) as:
b, nn btz U3\ /4
by |=(ta1 T2 (]| a2
bs t31 t3z 13/ \a3
- B=SA4 , (2)

A is in-going current amplitudes and B is
outgoing current amplitudes. Matrix
element t;; is the fraction of in-coming
current amplitude in channel ‘j° which is
transmitted to the outgoing current in channel ‘i’.

Fig. 2: Potentiometer Work

Now net in-coming current must be equal to net outgoing current, where
current density is defined by J = |a|?. This gives: ATA=B'B - §T§=
Sst=1

So §'is Unitary. This gives:  |ty3]% + |tp3]2 + 32 =1.  °

So we can take |t31| = |t3p| = Ve, |3l =1 —¢,e& T (transmission coefT,
of the sample). Also |t;1| =1+0(¢), || = |rp| =0(e™) n= 1/2

Since the reservoir has finite width, the current to and fro is determined by
the phase averaged reflection and transmission coefficient. The difference of
the outgoing current ( /3) from the reservoir with chemical potential p and the
current density at equilibrium is:



Js =S [T21F(E — ) = f(E)Iv(E)N(E)dE, 3)

2

Where v(E) is the velocity of electron, f{E) is the fermi distribution function
and N(E) is the density of state. The energy is measured relative to the chemical

potential of the sample at equilibrium. Now for 1D system, we know v = %E and

N(E)= (1/mh)X (g‘%) (Appendix I'). Upon Taylor expansion of eq. 3 we get:

=l E-w—fENdE~+p -  Js=im @

Fig. 3: Experimental Setup to find Resistance

After defining the Potentiometer, we go back to our original system
(fig.3). The currents ‘J;’ and ‘J,” are impressed from left and right,
respectively. From eq. 4 we get: ;

jl‘:%#lsjzz'::uz’]A:%#A!jB:%HB (5)

The potentiometers divert a small part of the current from the channel into the
reservoirs A & B. This makes in- and outgoing current equal for all reservoir.
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Let’s first calculate for reservoir A. Here we shall take up-to the first order
of e’ while calculating current density. So while calculating current amplitude

we call shall consider up-to ve. From fig.4 it is clear that the transmission
amplitude from the left in-going channel (channel 1) to the reservoir A is:

bAl - tAlal + tAS . r(E) * t51a1 - \/Eei(plal + \/E * T(E) . {1 + 0(8)}alei¢2
_ Veelbia, +1(E) - [VE + 0D )aseis ~ VE(eits +F(E)eite)ay,

—
s

!EZ"Z. s

e

where r(E) is the reflection
amplitude of the sample. Here
we have used the fact that e T.
As then reservoir has finite
width, an average over the
relative paths of the directly
transmitted wave to the
reservoir and of the reflected
wave from the sample has to be
taken. So phase average
transmission coefficient of the
in-coming current density at f
channel 1 to reservoir A is:

Fig. 4: Detailed analysis of the current components

(Tap) = 22l = 01 + 1B, (6)

lay|?

Here we have used the fact that (¢'?) = 0. So ingoing current at A originating
from the external current /, is:

Jar =150 T (=) dE =g 2700+ 17BN (-£)adE, ()

Here J; = |a,|%. Similarly the transmission amplitude from the left out-going
channel of Reservoir 2 (channel 2) to the reservoir A is:

bay = tas  t(E) * tspa; = Ve - t(E) - {1 + 0(e)}aye'?s,
= t(E) - {Ve + 0(£¥/%)}a,e'?s ~ Ve t(E)e'Psa,,
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where t(E) is the transmission amplitude of the sample. Again after phase
averaging the ingoing current at A originating from the external current J/, is:

Jaz = 72 Jo(Ta) (= 25) dE = e, [ 1e(E)I? (- 2£) dE. (8)

Contribution from the other currents like /p in the ingoing current at A can be
ignored because this will be O(e™), n= 1. Again contribution from the reflected
portion of the outgoing current J, is:

Jar = 11— €l?]4 = (1 —2¢)],. ‘ 9)

So the net outgoing current at reservoir A is:  Ja, = Jar +Ja1 + Ja2- Now the
condition for zero net flow (J, = J,,) through the wall of the reservoir gives:

Ja=@=28)s +&h 20 +1r(E)?} (—55) dE + ], [ 1t(B)I? (— L) dE.
—-(10a)

Similarly from reservoir B we get:

Jo = (W =28)p + &)y [*2 1B (L) dE +&f, [*700 + I (E)?) (- L) dE.
----(10b)

Using these two eq. with the fact (u, —ug) = ou = g(j“1 —18) from eq. 5:

2o =L 14 (@) - [eB)) (-F) b

= 28u =0 -J) [rEF (-3L)dE, (11)

Here we have used the fact that: |v(E)|? + [t(E)|* =1

Now the net current flowing through the sample is the difference between the
current flowing from left to right and the current flowing right to left. For a
particular energy it becomes:

Je=t(E)I? ltys)? « Jy - [E(E)I? + Itasl? - Jo = {1+ 0(e)} - (J, = 1) - It(EDIZ,
So net current through the sample is: J = f: JE (-— S—D dE. This gives:

J= (140 0 = 1) ZWEP (~55) dE = Uy~ J2) - L7 IE (~5E) dE



Using this ineq. 11 we get:
p Lo @ (-35) ds

¢ [FreEe (-5k)dE

Su "] (12)

dE

K (2L = o (i =B
Now at T=0K, ( ag) = §(E). Using this in eq. 12 we get, du = A TTNE Ji
: i 3 __£'|r(0)|2_£_§
Now using this result in eq. 1, we get resistivity p = 2 TEOF — e T
So resistivity of a 1D system at T=0K becomes:
o b R
P=3'T (13)

IV. Basic Formalism: Tight Binding Model

Having found the definition of resistivity, we now have to calculate the
R and T of the electrons in the disordered system. For this we use here Tight
Binding Model.In this model wave-function of electron is considered as a linear
superposition of the last orbitals of the atoms i.e. scattering centers.

Let there is a 1D system made of array of atoms with equal spacing ‘d".

We have to find the eigen-function of an electron moving in the potential
created by this system. Let the Hamiltonian is denoted by H. Let {|n)} be a set
of mutually orthogonal kets following the relation T(d)|n)=|n + 1), where 7(d)
is the translation operator. Let Physically the ket |n) is the Hilbert space
representation of a wave-function peaked at the site of the nth atom. Though
there is some leakage possible into the neighboring sites due to quantum
mechanical tunneling.

If H is represented in the {|n)} basis, then the diagonal elements will be
(ol ),

But H is not completely diagonal in {|n)} basis due to the leakage. To simplify
the situation, we have Tight binding approximation.
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-

W Tight binding approximation:
The only non-diagonal elements of importance connects nearest neighbors.

Ep, if m=n
ie.(m|H |n) =Vpn, if m=n+1 (14)
0, otherwise.
So the Hamiltonian becomes,

+00 +00
B= ) B+ ) Vansallnn +1]+ n + (]}

n=-—oo n=—oo
From this we obtain, H|n)= E,|n)+Vyn_1|n — 1) + Vypeqln + 1) (15)

Now let one eigen-ket of this Hamiltonian be |8)=} a,, |n) with energy eigen-
value &, So using eq. 15 with TISE we get,
H|0) = €]6) , = X a, H|n) = £ T a,|n),

= (n| (X an{ Ealn) + Vyn-aln — 1) + Vypaaln + 1)})= € L a, (nln)

Which gives, €a,= Enan + Vat1nGn+1 + Vam1.0Qn-1 . (16)

Here a,, is the wave-function amplitude of the nth lattice site, Va+1,n 18 the
hopping interaction between neighboring sites, £, is the on-site energy term,
& is the energy eigen-value of the Hamiltonian.

V. Incorporating Disorder

Having defined our basic model we shall now apply it for our specific 1D
disordered system. Consider in the 1D system described above, there is some
disorder from site »=1 to »= N. This disorder creates some sort of random
potential within that region. Outside that region (i.e. at » > N,—o0 <n < 1)
potential is periodic [V(x + d) = V(x)]. As a result, E, has a constant value
outside the disordered region. Inside the region it will take random value
depending upon the potential.
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m Assumption I: y

The site energies{E,} are assumed to be uncorrelated random variables with an
arbitrary  probability  density P(E,), symmetric around zero for 1<n<N, and to be
identically zero outside the region (Fig.1).Similarly, [Vn,n+1} are assumed to be
Un-correlated random variable for 1<n<N and outside the region it is constant Vj.

Thus the system is made of a disordered segment containing N atoms with
length (N-1)d embedded in a infinite conducting ordered chain.

s s h :
We have to calculate the resistivity defined by p = = ;T: and study its nature

with disorder size, R and T are reflection and transmission coefficient.

a. Transfer Matrix:
This is used to find the relation between neighboring sites. From eq.3

“En —Vn-1n
(o) Poae ) () =2 (o) = Mam ) = 7).

—{(17)

Here p, is called transfer matrix. With these matrices, once we are given
amplitudes of two neighboring sites, those of other sites can be found easily.
Here Pn=[[i-1Pi = Pn =PnPn-1. From this we get the recursive relations as
follows:

11 _ £~En p11 Va-1n p11 21 _ pii
Pil= Pl —=tapll,,  PR=PL, (18))
n+ln n+in
12 —. 2=Fn p12 Vn-1n p12 22 _ p12 .
PR =g pl ~ R PR =P}y (18b)
n+ln n+in
b. Boundary Condition

Inside the disordered region, the components of the eigen-function are
governed by eq. 18 . But outside the region the relations are much simpler due
to order. In that region, E,=0 and V41, =V, VR € (—, 1] U[N, 4+0). This
along with the eq. 15 gives: (Appendix Il eq. 45)
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Gy = Ae'@n 4 Be~ikdn _o < n<1
A - . . (19a)
— p——iPy = Ce'kan 4 De‘”‘d“, n=N
e = ~>==| &=2Vcoskd , (19b)
Here A and D are amplitude of incident
1 N wave from left and right of the disordered
[ Fie. 5 | region. C, B are the amplitude of scattered

wave.

Now we will connect the two boundaries of the random lattice by a transfer
matrix defined as,

=l = Psiatacs 0)

Again, let (r,t) are the reflection and transmission coefficient of the wave
coming from left, and that of the wave coming from right be (7, t ). Then from

Fig. 2,

rA+tD =B r HyrA\_r4A Ay _ ¢4

tA + 7D = C} - (t 7‘-) (D) i (D) = S(D) - (D) 2 (21)
This S matrix is known as scattering matrix. It also connects the two boundaries
and helps us to find the resistivity. Comparing eq. 20 and eq. 21 , we get:

Ti2 detT
r=—— . t= 22
T11 T11 (&%)

Whi : o _ R _Irl? _ Tyl
ich then gives resistivity p = T EE et - (23)

VI. Resistivity Calculation

As we are interested in the conduction of electron at T—-0K, we can neglect
electron thermal scattering and focus on scattering from intrinsic defects. To
do that, we have to find the relation between T and Py matrix.

yyq = Ce*dN+1) L po—ikd(N+1)

ay = CelkaN 4 po=ikaN (242)

From eq.19a, applying at » = N,
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which gives,

AN+1\_[e~*d(N+1)  oikd(N+1)\ )\ (g—ikd gikd\ (p—ikdN 0 D
(aN )_( g gl )(C)_( 1 1 )( 0 e“‘dN) (C)

D

161

=167 ,). (24b)
Similarly applying eq. 19a at n = 1 we get,

a, = Ae~ikd 4 Beikd asy _ (e—ikd eikd) B\_ ,(B

gy =A+B - (ao) 1 1 (A) - (A) (25)

Now comparing eq. 24b and 25 we get,

(o) = Pula) =Pva(z)] = (¢) = oa7Pua ()

ON+1\ _ 4p-1(D B\ _ —1
( ay )—AB (c) - T(A) = Q4 Ryl (A)'
Which finally gives, T=0A"1PyA. ) (26)
_ [eikdN 0 4.1 (1 —eikd
Where 0 = ( 0 e‘“‘d‘”) , A _m(—l e_ikd) (27)

and, detA= e~kd-gtkd = _2isinkd = —2iV1 — cos?kd = —i /4 — €% /V?
Now from eq. 27, it is clear that det @ = 1, det (A~1A) = 1, which gives:

N YNN-1VN-1n-2 V21 Vo
Vo Vawn-1 Va2 V21

det T= det Py= det py - det p,det p, = (—1)

=(-1)"
This result reduces eq. 23 to, p=Tesl? (28)
Multiplying eq. 26 using eq. 27 we get, J
Tie = dEtAelde( elkdp&l — e tde§2 + PR{Z . e‘kZdPﬁl)
Ty, = 1 g~ikdN( g=ikdpll _ oikdp22 4 pl2 _ g-ikzdp2ly (29)

detA*
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Putting this in eq. 28 we get,
. 1
p = |Tiz|*= Toe’ Tip= s ((PN1)? +(PN)? + (Py*)? + (BRT)*+

2cos kd (Pg* — P§%)(Py* — P') — 4cos?kdPg'Py* — 2} (30a)

=P = (P + (PE) + (l"‘”)2 # (P’“)szi (P — PR%)(Py* — PY)
S PP -2}, (31b)

Using eq. 19b in eq. 30a, we get 30b Thls expression is Very useful for
analytical as well as computational analysis of Anderson model. Averaging eq.
30b gives arithmetic mean of resistivity {(p) in terms of (P,;Jr PX') which again
can be found from the recursion relation of eq. 18. Here we take the average
for arbitrary diagonal and non-diagonal disorder with € = 0. This condition
makes the calculation easier, though it can also be proved for non- zero energy
as well. Using this condition with eq. 18 we get,

P=1{EA? +(R? + (B + (R - 2= L{(RY)? + (B2 + (BV)? + (BiL1)* - 2)
(32)
If we define F»=((P})?) and £,=((P1?)?) then eq. 32 becomes,

p) = %[FN + Fy_1 + fav + fv-1] —% ’ (33)

Again using € = 0 in eq. 18a we get, Pil=—2_pll _ Tn-in 11 (34)
Vatin Vat+in

Squaring eq. 34 and taking average we will get the recursion relation of Fy’s.

Here we have to utilize assumption I. As E,’s probability distribution is

symmetric about zero, which gives (E;,)=0. Again as all E,,’s and V,, ,,1’s are

uncorrelated random variable so there probability distributions are independent

of each other. This gives relations like ( L) = (. )( =). Again from

nn+l un+
eq.21 we get PL!, depends only on En.r-Erand Vy,_q 5, =+ V1 2 ; V. This makes
P}l .; En; Vpi1n independent random variable. Furthermore if we take all the
distributions are similar it will make all these expectation values independent

of n. Then representing (E,,*) = (E?), ( ) = ( ) (Vons12) = (V) we get,
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Fy = (B2} (=) Fyy + (V2) (5) FH} . ( Fy ) _ (<52><V—2> (v2) <;3;>) (Fu_i)

Fy-1 = Fy_4 Fn-1 1 0 Fn-z
F F F.
Which gives, ( N )= R( N_l) = RN-Z ( 2) 35
- Fn-1 Fy-2 F 35)

The eigen-values and normalized eigen-vectors of R are found to be:

A =3E R E FERGT 09, w= () w=(,) 68

Now expanding initial vector of eq. 35 in eigen-basis as (?) =qu,+ uf
1

Fy

7 ) =" 2w, + w2 N8 (37)
N-1

we write, (

Similarly from eq. 18a and 18b we see that both F, and f, follows similar
relations. So fy can also be written as eq. 37. Substituting these in eq. 33 finally
gives,

2 2
)= s {1+ ) @ - + (TR + R 2 +ED ) A - +

(V2 () (-2 - -2} - 2 (38)

c. Analysis of the Resistivity:

We know always (E?) > 0 and also from Schwartz inequality (Vz){;f;) >
(V2 %} = 1. Applying this in eq. 36 we get A, > (V?) (%) > 1. Again

A_ is always negative and also A, >|A_|. So when N— +o0 , the only
dominant term in eq. 38 is A}. At large N limit,

(p) < A} = eNinds (39)

From eq. 39 it is clear that resistivity grows exponentially with length of
disorder region, leading to the localization of wave no matter strong or weak
the randomness is.

#
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For diagonal disorder, (V?) <V—12) = 1. But still we have same properties of
the Eigen-values which leads to localization.

Another important point to note is that (p) only depends on the average
values like (E?), (;15) ,{V?). So this result is insensitive to the precise nature of

the distribution that these random variables follow.

VI. Numerical Calculations

From tight Binding Model, Hamiltonian of a electron in the disordered region
becomes:
0= 202 Bl + 552 Vansr{ln)(n + 1] + |n + 1)n|}

We have to find the stationary states of these electrons. For this we have to

solve the TISE of the electron. The TISE of these electrons with energy &€
becomes:

H|9) = |6) (1)
Where |6) is a eigen state of electron:  |8)=). a,, |n)

Now in {|n)} basis, eq. 1 can be written as:

Ey Viz - 0 Wy a, a;

V}.Z Ez e D 0 a; az
: P ; i |=g] i (2)
0 0 - Ey-g Vn-an || aw—1 ay-1

VI.N S | BT VN—LN EN Ay ay

So the problem boils down to solving a matrix eigen value equation.
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For Disorder-free region:

If there is no disorder, we can take V;, ,41 = 1, E;, = 0 vn € 1(1)N,
We take N=100. |a,,|? gives the probability of finding the electron at the
n’th site with energy &. Plotting this probability with position (n) for first
few energy eigen values, we get simple bloch waves. Different colours
corresponds to different energy value.

5 | =
- 2
= 3
F=1 [ ] ']
§ - = s
g 3
8
’
§ |
L] 20 40 B0 B0 100
Posiion \
For Disordered System:

Here we take Vp n+1 = 1 and sample E}, from a random variable with
range [-W /2, W /2] following uniform distribution for all n€ 1(1)N. Here
we take N=100. Now we do the same calculations for different disorder
strength i.e. different W. Now as the computer is choosing a matrix with
random entry, each time it choose a different matrix even though W is
same. This will change the probability density of wave function by some
amount. Here we present the result for such two choices of matrix. We are
plotting probability density with site number. Different colors
corresponds to different energy values of same matrix.

a. W=2.0:
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So from the above graphs, it is clear that the electron wavefunction localizes for one-
dimensional disordered system. The wave function becomes more and more localizes with
the increase of the disorder strength. Moreover for a fixed disorder strength, different
choices of the Hamiltonian may chance the degree of localization to some extend but not
significantly.

VIIL. Summary

In this project report we have reviewed the 1D Anderson localization using
transfer matrix method. It has been found that one-dimensional system shows
Anderson localization for any small value of disorder strength. So there is no
transition between metal and insulator for one-dimensional systém. We have
also verified our analytical results through numerical simulations for different
disorder strengths.
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Appendix 1

We assume that the potential is not dependent of the momentum of the electron.

2
So for 1D system, E= ;’—m + V(x). Which gives v = f:l— = g—f—).
Again, from the phase space diagram of a 1D system, we get the number of
states with energy from E to E+dE becomes: N(E) dE = 2dp/h = (1/mh)-dp

Which gives: N(E) = (1/mh)X (g). Here N(£) is the density of states

Appendix 11

Eq. 14 defines the Tight Binding Hamiltonian for 1D system. Now outside
the disordered region, there is another symmetry condition due to the periodic
nature of the potential: V14 = Vg,V € (—0, 1] U[N, +00). This gives the
Hamiltonian in the region outside the disordered region as: ’

Ey, if m=n

(m|H|n)=V, if m=nt1 (40a)

0, otherwise
Sowe get: H =Y Egln)n|+ X Vo(In)n+ 1| + |n + 1)(n]) (41b)
Again the translation operator is defined as: T(d)|n)=|n + 1) (42)

First we find properties of the translation operator. From the normalization
condition: (n|n) = (n+1|n + 1) which gives, 12 =T (43)
Here #(d)= . So 7 is unitary. Now acting ! from the left side of eq. 42
we get: |[n)=t" |n + 1). Writing it in bra-space, we get: (n| = (n + 1|2

So in ket-space % shifts one step towards right and ZT shifts towards left. Now,
T HT = T2 {EotTn)(n|2 + Vo(®TIn)(n + 1|2 + 2T n + 1)(n|2 )}
= ZnlEoln — D(n—1| +Vo(In—1)n| + [n¥n—1|)}=H
— #'Ht=H (44)

So the Hamiltonian is invariant under translation with a displacement ‘d’. Now
using eq. 43 with eq. 44, we get: |B,%] =0 (45)
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Here ¥ Unitary but not Hermitian. So its eigen-values would be complex

numbers with unit modulus. Again eq. 45 tells that H and % have simultaneous
eigen-states. Let us specifically form a linear combination:

16) = ZnZ o e™|n) , (46)
Now, #|0) =X,e™%n) =3, e™|n+ 1) = 3, e'*"1|n) = ¢7¢|9)

and, H|0) = ¥, e H|n) =X, e (Egln) + VgIn — 1) + Vg|n + 1))
= E, Enefn9|n> +Vy Zn(eifnﬂ}ﬂ + ei(“”l)g)ln} = (Ep + 2V, cos 6) Zn e;‘neln)

Here we had used eq. 15. So we get: | gy — -(‘Eu + 2V cos 9)[9E (47)

So |8) is a simultaneous eigen-ket of H and T. Now comparing with eq. 16 we get,

E=Ey+2Vycos8, a, =e"? (48)

Now we have to find the physical meaning of the parameter 6. For this we have
to study the position space wave function of the energy eigen-ket. Firstly, let
|x) be a position eigen-ket with eigenvalue ‘x’. So by definition of the lattice
translation operator, T|x) = |x + d). Now the position space wave function of
the lattice translated energy eigen-ket becomes

(x|Z0) = (x — d|6) (49a)
if we let T to act on (x|. If we let T to act on T|6), we get

(x||6) = e™%(x|0) - (49b)
Which gives us: (x —d|6) = e~%(x|6) (50)

If we take (x|6) = e***u(x) with @ = kd and u(x+d) = u(x) and putting it in eq.
50, we get:
eik(x—d)u(x)z e—ikd . eikxu(x) (51)

Eq. 51 tells us that {(x|0) = e"**u(x) satisfies eq. 50. This condition is known as
Bloch’s Theorem. It tells us that, in positon space, energy eigen-ket |8), which
is also a eigen-ket of lattice translation operator, can be written as a plane wave
e'** times a periodic function #(x) with periodicity equal to lattice constant.
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MEASURING CAPACITANCE - VOLTAGE
CHARACTERISTICS USING LCR METER

Motivation and Ob_] ectlVe: For semiconductor materials, dielectric property is one of the
key characteristics. A multitude of semiconductor device and material parameters can be obtained from
capacitance voltage (C-V) characteristics like carrier concentrations, carrier Iifetime: etc. Of special interest
is the Mott-Schottky equation which relates the capacitance to the applied voltage across a semiconductor
electrolyte junction. The equation is given by,

1 2(V+Vw)
CZ~  A%eeN

where e is electronic charge, N is the doping concentration, A is the surface area and Vbi is the built in
potential, C is capacitance and V is the applied voltage, € is dielectric constant of the semiconductor.
Capacitance Voltage profiling is a technique for characterising semiconductor materials and devices in
which the applied voltage is varied, and the capacitance is measured as a function of voltage. The depletion
region in a semiconductor-semiconductor junction is empty of conducting charges, but contains ions. On
varying the applied voltage to the junction it is possible to vary the width of the depletion region. If the
width of the depletion region is d, cross sectional area of the junction is A and the permittivity is &, then
capacitance C = Ae/d. This can be considered as a simple equation to visualise the relation between
depletion region width and the capacitance of the junction. Generally, measurements are done by applying a
DC bias which can be varied manually and applying a small AC test signal.

Capacitance voltage profiling is widely used by researchers to find various semiconductor parameters. These
data are also utilised by engineers to enhance yields and improve device performance. Accurate CV
measurements can reveal oxide thickness, oxide charges, contamination from mobile ions, etc.

Here, we have used an LCR meter and a DC bias unit to measure capacitance-voltage characteristics of
some of the commercially available capacitors.

A brief introduction to the instruments used in the study is provided below.

Instruments and Methodology:

1) LCRmeter

The instrument that we have used to measure the capacitance-voltage characteristics of different electrical
circuit components is called LCR meter. The LCR meter measures the impedance (complex resistance) of
the given sample, as well as the current, voltage and phase angles. It then calculates the corresponding LCR
values i.e. Rs, Cs, Cp, Ls, Lp, etc. Suitable measurements can be performed by giving a frequency sweep
ranging from a few Hertz to few Megahertz. Capacitance vs. frequency curves can be plotted for various
samples using this sweep measurement. . An LCR meter is ideal for performing direct and precise
measurements of inductors, capacitors and resistors using different test frequencies. In the following
measurements we have used a LCR meter manufactured by HIOKI. The product code is IM3536A981-03 18-
07H. A picture of the same has been provided below.



Figure 1: Hioki LCR Meter used in the present study

The different methods adopted in LCR meter are given below:

a) Two Terminal method: In this method, the design contacts the measurement target with
two terminals. Measured values include wiring resistance and contact resistance and aresignificantly
affected when the measurement target has low resistance (impedance). Stray capacitance also exists
between the two cables and measurement signal flows to the stray capacitance as well as the
measurement target during measurement at high frequencies and high impedance measurement,
contributing a source oferror.

st N -
o © T

capacitance
v

Q—M\H

Figure 2: The two terminal circuit diagram

b) Five Terminal method: Reduces effects of wiring and contact resistance by using separate

cables for signal current and voltage detection. Stray capacitance is reduced by using shielded cables
and placing the shielded portion at samepotential.

Shielded cable

— = —————

G I =

L 74

PV o A
A e

Figure 3: The Five terminal method



¢) Four Terminal pair method: Reduces effects of magnetic field by using shielded cables
and overlapping the cables carrying the current to and from the measurementtarget.

d) Automatic Balance Bridge method: This is a circuit design that is used in many LCR

meters as the measurement circuit. The four terminals of the circuit (Hc, Hp, Lp and Lc) are
connected to the measurementtarget.

Figure 4; The Automatic balance bridge diagram

Hc: It applies a measurement signal generated with controlled frequency and amplitude to the
measurement target. The frequency can be controlled within the range of several milihertz to
megahertz and amplitude from Smv to Sv. )

Hp: Detects the measurement targets Hi potential. The detection circuit’s input impedance is
extremely high which allows accurate detection of the potential without a voltage drop.

Lp: It detects the measurement target’s Lo potential.

Lc: Converts the current flowing to the measurement target into a voltage based on the detected
resistance and detects the result. Lc terminal’s potential is always held to Ov.

Working formulae for finding parameters from impedance(Z) in LCR meter

e 7Z=VI/

¢ Y(admittance)= 1/Z

e Zs(series impedancé)= R+ jX; X=wL or-1/wC
o IZsl= (R"2 +X22)*1/2

o [Zpl= RX/(R"2+X"2)"1/2

2) DC Bias Unit: We have also used a DC bias unit attachment to provide DC voltage to the
measurement target. The voltage input can be varied manually. The output of the bias unit is connected to
the measurement circuit using a BNC cable. Here we have used a bias unit manufactured by GWINSTEK
with the model name PSB-1800M. It is a multi range DC power supply(0-160V).



Figure5: DC voitage supply

Challenges and precautions during measurement

Unlike much high end and costly instruments like impedance analysers, LCR meters are relatively less
sensitive and hence require far greater optimization to get the desired outcomes. One of the foremost
challenges is the fluctuations in the Capacitance vs Frequency plots. A suitable AC drive voltage has to be
selected for which we get a more or less smooth graph. Given below are a series of plots of C vs F for a
varactor diode at different AC voltage drive.
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Figure 6: C vs. F plot for 550mV AC test signal at -0.3V dc
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Figure 7: C vs. F plot for 590 mV AC test signal at -0.3V dc

At 550mV Ac test voltage there is large amount of fluctuations in the graph. However, at 800Mv test voltage
fluctuations are much less. For 1V ac test voltage we get almost no fluctuations in the plot. Hence all the
measurements are performed with Iv Ac test signal,

Another important challenge during the measurement is to keep the measurement contact undisturbed.
Disturbing the measurement contact may result in erroneous data.

C-V measurement of different capacitors

Here, we have conducted measurements on three different types of capacitors. They ére ceramic,
electrolytic and film capacitors. A brief description of each capacitor has been provided.

The capacitor which has ceramic as its dielectric material is called a ceramic capacitor. It is the most
commonly used capacitor in electronic circuits due to its small size and large charge storage capability.
Ceramic capacitors have no polarity and can be easily used in ac circuits. Ceramic disc capacitors consist of

two conductive discs on each side of a piece of ceramic insulator, one lead attached to each plate, and coated
with some inert , waterproof coating of ceramic composition.
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.Film capacitors use a thin plastic film as the dielectric. They are relatively cheap, stable over time and have
low self inductance and equivalent series resistance. Film capacitors have no polarity and hence are suitably
used in Ac circuits. Typical film capacitors have capacitances ranging from below INf to 30 microfarad.
Voltage ratings vary from 50V to above 2Kv.

Electrolytic capacitors are polarised capacitors whose anode or positive plate is made of a metal that forms
an insulating oxide layer through anodiasation. The oxide layer is the dielectric of the capacitor and a solid,
gel or liquid electrolyte covering the surface of the oxide layer acts as the negative plate of the capacitor.
Here, an electrolytic capacitor of 100 microfarad has been used.

Na Kb 2

Figure 8: An electolytic capacitor (94): A film capacitor (9b) A ceranue capacior (9¢)

]) Apparatus used: A LCR meter, a variable DC voltage source, BNC cables, a ceramicdisc
capacitor, crocodileclips.

2) Circuit Arrangement: Here, we have used the automatic balance bridge method which is the basic
circuit in most LCRmeters.

3) Procedure: At first two crocodile clips were attached on either ends of the capacitor which were then
connected to the LCR meter using BNC cables. The output of the DC source is attached to the LCR meter to
provide DC bias, which can be varied manually. A DC bias was applied to the circuit. A frequency sweep
ranging from 100Hz to 10 KHz with a 1V A.C test signal was applied through the LCR meter. Data was
recorded for the parameter Cs(series mode capacitance). The above steps were repeated for different DC
voltages ranging from -5 to +5volts.

C vs F plot for ceramic capacitor m Cs
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Figure 9: C vs. F plot for ceramic capacitor
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From the C vs. F plots we can see that electrolytic capacitors have poor stability under frequency change

while film capacitors show better stability. d
Ceramic capacitor
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Figure 12: Capacitance vs. Voltage plot for Ceramic Capacitor
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Figure 13: Capacitance vs. Voltage plot for Film Capacitor

Conclusion: It is evident that ceramic capacitors have their effective capacitance reduced with increase
in DC bias. Ceramic capacitors have dielectrics which are ferroelectric materials. Therefore their
polarisation and permittivity varies with applied field and hence capacitance also varies. On increasing the
field, capacitance decreases. However, film capacitors show stable capacitance over a long voltage range.

C-V measurement of varactordiode :

Varactor diode is a p-n junction diode whose capacitance varies with the reverse voltage. Here, the depletion
region of the junction acts as the dielectric medium and the p and n sides act as the two plates of a parallel
plate capacitor. With increase in reverse bias voltage the electron from n-region and holes from p-region
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moves away from the junction resulting in the increase of the width of the depletion region. Now
capacitance, C = AE/d , where A is surface area of the junction, E is permittivity of the depletion region and
d is the width of the depletion region. So, with increase in width, the capacitance of the diode decreases.

Depletion region

¢

Low reverse bias p region n region
voltage

Less width of depletion region;
high junction capacitance

High reverse bias P n
voltage region Depletion region region

Large width ot depietion
region; low junction F
capacitance

Figurel4:lllustrationofdepletionregionandjunctioncapacitance

500Hz ACfreq
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Figure 15: Capacitance vs. Voltage plot for VarSactor Diode

It is evident from the C-V graph of the varactor diode that the junction capacitance decreases with
increase in the reverse bias voltage. This feature of a varactor diode provides a way for having a
voltage controlled variable capacitance in a circuit. Some utilities of varactor diodes include:

1) Used in voltage controlled oscillators. Voltage controlled oscillators are used asFM
demodulators or within frequencysynthesizers.
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2) Varactor diodes can be used in frequency modulators where they are placed across the resonant
element within the generator and the audio applied to the diode. So, its capacitance will vary in line
with the audio , causing signal frequency to shift up and down in line with the capacitance variations,
and hence in line with theaudio. ’

C -V Measurement of P3HT-PCBM Bulk Heterojunction

We have used a bulk hetero-junction sample for C-V
measurements. P3HT and PCBM( from Sigma Aldrich)
were dissolved individually in chlorobenzene (20 mg/ml)
and stirred for 12 hours. The two solutions were mixed at
1:1 weight ratio and stirred for another 12 hours. Indium
Tin Oxide(ITO) coated glass substrate (obtained from
Macwin India) was cleared through ultrasonic treatment
sequentially in de-ionised water, acetone and isopropyl
alcohol for 15 minutes each. A PEDOT-PSS (Sigma
Aldrich) layer (hole transport layer) was spin coated onto
the patterned ITO at 4000 rpm for 30 seconds and baked at
Y 120°C for 1 hour in a silicone oil bath undervacuum.
Figurel6: The hetero-junction sample used for C-v. - P3HT-PCBM solution was spin coated onto the PEDOT-
T PSS layer at 1000 rpm for 60 seconds. The fabricated

active layer was annealed at 150°C for 15 minute ina
silicone oil bath under vacuum. Finally, an Al-electrode was deposited onto the active layer by
thermal evaporation through a shadow mask under vacuum pressure of 5x10°° mbar. The active area,
defined by the overlap of ITO and Al electrode, was 6mm? .

P3HT is a n-conjugated polymer, which becomes p-doped when it is exposed to oxygen or air. It is
reported from separate measurements that the work function of ITO, HOMO levels of PEDOT-PSS,
and those of P3HT lie very close (less than or equal to 02 €V) to each other. So ITO/PEDOT-
PSS/P3HT interfaces can be considered as ohmic. Hence, the interfacial transport properties in the
device will be dominated by the AI/PCMB Schottky junction.

The C-V characteristics of the sample was inspected by the LCR meter at different modulation
frequencies ranging from 100 Hz to 10 KHz over the dc voltage range -1V to +1V. Beyond this
voltage our sample showed serious damages and the measurements obtained were not reliable.
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Figure 17: Capacitance vs. Voitage plot

The sample we have used for our measurements is quite old and hence the plot is not perfectly
accurate at high modulation frequencies. However, it acts as a good approximation. We can see that
on applying reverse bias across the sample, the capacitance value increases slowly with increased
bias voltage. As applied dc bias becomes positive we sce a rapid increase in the capacitance up to a
certain limit. The reverse bias region is drift controlled and the forward bias region is diffusion
controlled, up to the maximum value of the capacitance. The peak in C-V occurs due to the
competition between the two competing processes of charge carrier transport- drift and diffusion.
The position of the peak indicates the transition from diffusion controlled region to the drift
controlled region. Active layer/Al junction is a Schottky junction, so it follows the Mott-Schottky
relation:

i __2(V+Vg)
c? AZeeN

Where V is the applied bias voltage, Vi (voltage across the depletion region under thermal
equilibrium) represents built-in voltage of sample, A is the active area of the sample, N is the carrier
concentration, e is the electronic charge, € is the permittivity of the active material.

CONCLUSION

Thus, from our series of measurements done on different capacitors, varactor diode and a metal
semiconductor hetero-junction, we have learnt that capacitance-voltage characteristics reveal crucial
information about electronic components. Studying the C-V characteristics of varactor diode, we
have gained knowledge about its working and where it can be used to get desired results. Similarly, a
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lot of features of different capacitors and metal-semiconductor hetero-junction can be deduced by
carefully studying the respective C-V characteristics. The LCR meter is thus an essential and useful
device to carry out measurements using an ac test signal as a frequency sweep for a particular dc
bias.
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INTRODUCTION

Ultra-thin boady and box (UTBB) fully depleted silicon-on-insulator (FD-SOI) MQOSFETs are considered as
one of the best candidates for control of short channel effects (SCEs) in future sub-28 nm CMOS
generations , because they provide process simplicity compared to FinFETs, a threshold voltage control
with back gate bias and lower variability phenomena due to random dopant fluctuations .

To exploit the benefits of UTBB FD-S0! MOSFETs with back bias control, an analytical, accurate and fast
compact model that describes properly the transistor behavior for a wide range of back bias is required.
In previously reported works on compact models of asymmetric independent double-gate MOSFETs, the
models are based on numerical techniques , resulting in a poor speed of simulation. Recently, a
computationally efficient model has been presented, providing accurate results when the back gate is
biased in the reverse and low forward bias range . For the case where a strong forward back bias is
applied, a surface potential compact model has been proposed, utilizing complicated equations while
fundamental effects (such as velocity overshoot and self-heating) were not considered.

Recently, we developed simple analytical models for the

threshold voltage and ideality factor of the front interface for asymmetrical UTBB FD-501 MOSFETs. In
this paper, we have improved our previous model and derive a complete analytical charge-based
compact drain current model valid in all regions of operation with back gate control, including the drain-
induced barrier lowering (DIBL), channel-length modulation (CLM), saturation velocity, mobility

degradation, quantum confinement, velocity overshoot (VO) and self-heating (SH) effects.

THRESHOLD VOLTAGE

From charge based model it is clear that at threshold voltage, the point with minimum voltage on the
conduction channel have carrier density exactly equal to the doping concentration of substrate.
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where Vatin) is the flat-band voltage of the front (back) gate. Which is zero for ideal situation.



CARRIER CONCENTRATION
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To find carrier concentration inside the channel we need to solve 1-D Schrodinger equation and
Poisson’s equation with proper boundary values.

2 (¢ H0) =-em

Poisson’s equation gives

Ke) = V i \ 5 4’(’(\‘): \rﬁl
With boundary conditions ? (Xa) Gl 4’»‘: 5

And 1-D time independent ScHrodinger equation is given by
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X' x<x . .
Here we simply considered that ( J and (x.,, <x<x)
e X< Xp
e ») a forbidden region in between these twa.
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Now from F.D. statistics it can be calculated that

';ﬂu
nX)= = —
Electron density gt ot oo Th

' v
p(d= 3 T?:'L a'KaT 111([1-3-'(%%5)) ]Y(K}I‘L

w

Similarly for holes e

o PO = OO + N, ~ N“)
Total charge density L= 9 (

Xp
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Integrating above equation we get
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- LW is Lambert W function.

MOBILITY OF CARRIERS
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From drift-diffusion model H'
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are two square wells and



Where |4 is mobility of carriers. Inside the channel mobility is modified due to various effects such as
impurity scattering, rough surface scattering. Mobility decreases rapidly with decrease in temperature
when temperature is below a certain cryogenic temperature, when coulomb impurity scattering
dominates over phonon scattering. This is experimentally verified by spliy C-V measurements. Mobility
also depends on gate voltage. Hence we apply an empirical formula for mobility

Vo w K

H=Ho[1+O(Ves+Vy)]  where L

Including the carrier saturation velocity and the transversal field effects, the mobility can be
approximated as follows

M= A'ﬂ._-—--— a _f._...’f__-—
v A ah) | Mepr da; '

Vet | 4y Vet J.a,

Taking into account the entire channel charge distribution instead of the charge sheet approximation,
which is not accurate in the moderate inversion region, we can derive the expression for the drain
current at any point y in the channel, based on drift-diffusion transport equation given above

q.' ]
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DRAIN CURRENT CALCULATION

Integration from the source to the drain results in the following drain current equation in terms of the
8;
1" - va'r
normalized charges at the source (q,) and drain (qq4) electrodes.

terms of gs and qg, in above expression of |, the dilogarithm function can be replaced by an equivalent 2n order
polynomial expression for compact modeling purpose, obtaining

y =
Tiw 2L (0oL (oiy)
leg + At ™ 8-%) 1
Vet
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which constitutes the basic structure of compact drain current models like BSIM . The et degradation due to the
vertical gate field is expressed in terms of gsas

M -
= 5 e
R A
x|

clll

where 1o, ©1 and Oz can be extracted from experimental data at low drain voltage using a modified Y-function
method . The parameter Oz is correlated to the surface roughness scattering, while O1includes phonon scattering
and Coulomb scattering. Taking into account the effect of Rss, ©1becomes:

6, =60+ Wp,R;Cos ! L,

In saturation region, based on the channel length shortening AL due to the CLM effect can be modelled as:
(V. = Vi +0.05)tanh(V,, /¥,
v, j ‘.

af.:i,ln[H

It should be noted that above equation will lead to an implicit expression for Vesat. Considering that the second
charge term in the brackets of the equation is dominant in the above-threshold region, an explicit expression for
Vasat can be obtained from the relation dle¢s/dVas = 0 yielding

2
"’:Jur = Vint L + 2(}_‘ v:.ﬁuun e Var L + 49, Kﬁ -q, lr:_h .
Hewr He Her

As Viris determined at the onset of inversion [9]. we found that for a smooth transition from weak to strong
inversion, the normalized charge of weak inversion q=Qi/CoxfVir should be obtained with increasing Vi by 2.5% Vi
and the charge terms of strong inversion with increasing Virby 5* V.

In order to further improve the accuracy of the model, we include some other important effects, namely the
quantum-mechanical (QMEs), VO and the SH effects. As tsiis scaled down below 10 nm, the splitting of the energy
bands has to be considered in the model. Due to this splitting, the lowest energy band rises and the carriers need
more energy to occupy it, resulting in an increase of the threshold voltage. Thus, the shift in Vi due to quantum
confinement is included in the model considering the work function difference as

'

AQ=Q-Qsew, Where @snew the new work function after decreasing gs by the minimum energy of the lowest conduction
sub-band . The shift in Virdue to the quantum confinement according to Iy equation is , where tsi is expressed in nm.
Thus, for tsi= 7 nm, the contribution of quantum confinement in Ag is about 0.129V.

AV=0.085+2.178/t,"

Positive Veb moves the mean channel position deeper away from the front gate interface into the silicon film. This
effect is also taken into account by maodifying nr prior to the drain current calculation. The following back gate bias

dependent equivalent thicknesses for the front gate oxide and silicon body are applied to nrin |y, equation to refine
Eox =i, S

tmf.eq = Iaxf -+ Xc Ls; o ty £q X

the drain current calculation €




In short-channel transistors, in contrast to the classical drift-diffusion models, vsat in the saturation region can
achieve higher values due to non-stationary effects. This phenomenon is known as velocity overshoot (VO), whose
contribution is introduced in a simple way ’

24,
v =v_. |1+—

sat vo sar J

Due to the thin ts, the SH effect is expected to be significant in short UTBB FD-SOI devices. Experimental evidence
for the presence and importance of SH effects in the investigated FD-S0I transistors has been presented in recent
works. Because removal of heat from the channel to the substrate is quick, the temperature rise can be assumed
to be uniform throughout the channel given by

T-T,= R)\Vyly, % 2w
where

Once T is obtained, vsa, Virand perr have to be recalculated to obtain the drain current at that temperature. For typical
temperature rise, the saturation velocity indicates a weak temperature dependence, thus it can be considered constant
in our model. Furthermore, it has been demonstrated that in lightly doped UTBB SO1 MOSFETS the effect of
temperature on the threshald voltage is negligible. :

In addition to the mobility reduction due ta the vertical gate oxide field as described by the expression of W, the

carrier mobility decreases with temperature due to increase in phonon scattering. For modeling the SH effect, the
effective mobility peshat T is approximated in terms of the effective mobility perrat Toas

gt
L

o

In the equation of |y, substitute pey With Ly . to get a quadratic equation of I, solving which we get
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THEORY AND ANALYSIS OF NANOWIRE RADIAL P-N
JUNCTON i

Abstract

We have developed a theoretical model for the radial p-n junction in a nanowire
(NW) core/shell structure as a new building block for different semiconductor
devices. We have calculated the potential distribution across the junction, the
depletion layer widths and the capacitance of the radial p-n junction. We have
then plotted the current-voltage characteristics from where we studied the
behaviour of the proposed model of the radial p-n junction. We have also found
the relationship between the depletion width and built-in potential for different

core radius of the p-n junction.
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1. INTRODUCTION
i. Whatis a p-n junction?

A p-n junction is a boundary or interface between two types of semiconductor
materials, p-type and n-type inside a single crystal of semiconductor. When one
side of a single-crystal semiconductor is doped with acceptors and the-other side is
doped with donors, a p-n junction is produced. The p-side contains an excess
number of holes and the n-side contains an excess number of electrons. It is thus a
two-terminal device and is referred to as a junction diode.

ii. Comparison between planar and radial p-n junction:

A planar p-n junction has so far been used in many electronic devices and has been
greatly successful till date. A planar p-n junction has been used for photovoltaic
applications such as solar cells, etc. But in some cases a planar p-n junction has
been found to be inefficient and there has been a constant need for some new type
of geometry for better results. For example, planar solar cell geometries lose
efficiency due to current and voltage losses when minority carrier diffusion length
decreases. This has led to the idea of giving a new geometry to the conventional
solar cells which will prove to be more efficient than the already existfng planar
structure. Here comes the boon of nanotechnology.

The semiconductor nanowires have the potential to impact many different
technologies either through the improved material parameters or by offering.a new
geometry not possible with bulk or thin film structures. Modern advances in
nanotechnology allow to incorporate several material layers with the same or
different type of conductivity into a single nanowire (nanorod). Coaxial core/shell
nanowire (NW) structures with built-in radial p-n-junctions have been developed
recently. This new type of structures represents an important class of nanoscale
building blocks with potential for exploring new device concepts, e.g., for
photovoltaic applications, field-effect transistors and different semiconductor
devices.

,

The array of NWs in which each wire has a p-n- junction in the radial direction
provides an interesting application in the third generation solar cells technology.
The advantage of such solar cells is that the directions of light absorption and



carrier collection can be orthogonal, which allows to provide efficient carrier
separation in the radial direction for the optically thick NW arrays, even when
the minority carrier diffusion lengths are shorter than the optical absorption length
unlike conventional planar solar cells.

Therefore it is an important issue to develop a theoretical model of the nanowire
radial p-n- junction and a good understanding of the device performance will guide
designer to choose the best components for optimization. The model for the
nanowire radial p-n junction will be constructed by extending the results obtained
from the conventional planar p-n junction geometry.

iii. Characteristics of Radial p-n junction:

The analytical model of NW p-n coaxial homo-junction consists of a p-type inner
“core” with acceptor concentration N4 and radius R, , capped by n-type outer
“shell” with donor concentration Np and thickness (R, — R;). The visualized
structure of the radial p-n junction is given alongside.

To neglect the quantum size effects, relatively thick NWs
with a diameter of several 100 nm are considered. The
radial p-n junction is divided into 4 regions: the quasi-
neutral part of the p-core (r < R — wyp), the depletion part
of the p-core (of width w;), the depletion part of the

n-shell (of width w,) and the quasi-neutral part of the n-shell (r < Ra =R —wy).

If the temperature is sufficiently high and all impurities are ionized, the majority
charge carriers in the core and shell quasi-neutral regions are:

pp = Na forr <R; —wpand n, =Np for Ry + wp<r <Ra.

When p-n junction is formed along core/shell interface, a fraction of the electrons
pass from the n region into the p region, while the holes, on the contrary, pass
from the p region into the n region. The space-charge layers are created on both
sides of the core/shell interface and potential energy barrier is established. The
electric field arises across the junction and the energy bands bent until the
establishment of equilibrium state and the alignment of Fermi energy levels.
The built-in potential energy barrier that forms along the p-n junction can be
expressed as: ¢o = kT In M ------------- (1)

I'.

where kT is the thermal energy, n; is the intrinsic carrier concentration of the
semiconductor. This potential barrier opposes the electron diffusion from the n-
type shell to the core and also hole diffusion from the core to the shell such that the



total electron current and the total hole current are both zero at thermal
equilibrium. The value of the potential barrier is equal to the height defined by the
work function difference of the core and shell which can be represented by the
following profile of potential energy and energy band diagram given below:

‘plh

(a) (b)
2. METHODOLOGY

i. Calculation of Potential Distribution and Depletion Region Width:

In order to develop the analytic model for the radial p-n junction, we need to
further investigate the characteristics of p-n junction by calculating the potential
distribution across the junction and the depletion region width by deriving suitable
expressions which can be analyzed as functions of material properties and radius of
nanowire (NW).
We know, near the junction or the depletion region, the concentration of mobile
charge sharply decreases and the space charge is mainly formed by ionized donors
and acceptors. In the depletion region the space charge density can be given as:
_(~eNy= —e.pp, Ry — wp, <T <R
p= { e.Np = e.ny,, Ry<r<R;+w,
where ‘e’ is the electron concentration.

We then solve the Poisson equation for the radial p-n junction in cylindrical
coordinates to determine the potential distribution across the junction such as
follows:

Vo=— 3)

0
In cylindrical coordinates L..H.S can be written as:

10 d 1 g2 82
Vip=-(r2f)+ 520422 “

ror r2 962 z2
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Since ¢ is only dependent upon r, then the required Poisson equation can be
written as:
e’pp R <r<R
14,0y _ )" ee" HEEEN (5)
rdr\ dr/ | e?
" "n R, <T<Ry+w,

E€Q

where ¢ is the potential energy of electrons, € is the relative permittivity of the
semiconductor and €, is the electric constant. The potential reference is chosen at
the border of depletion region in the p-type core. Thus the boundary conditions at
r =R, — wpandr = Ry + wy present the variation of potential energy across
the junction and the requirement that the radial component of the electric field
should be zero outside the space charge/depletion region:

o(R,— wp)=0, = = R — 6)
r=R1—Wp
SR+ wa) =0, 5 =0 e (M)

r=R;+Wwy

Then the potential can be found out by solving equations (5) — (7) which is as
follows:

r

d;v(r)=—-ezﬁ r2 — (Ry — wp)? — 2(Ry — wp)?In
p p

4€€g

], for Rj —wp <r<R,

Rl- Wp

e’ny,

(12 = Ry +wn)? = 2(Ry + wa)? In |

Ri+wp

and ¢(r) =—¢p +

4€eg
for Ri<r<R;+wj,. S (8)

The electric field continuity at r = Ry gives nn (Ri? = (R1 + wn)?) = pp ((R1— wp)? —
R7), ignoring the charge on the core/shell interface. Then using the above eqn. (8)
and demanding the continuity of the potential at the homo-j unction interface r =Ry,
we get the following equation for wp,

(- (-2 m (52203 ) (-5 -3 -

A€o o e 9)

e2ppR%




Now for the given ny, pp. ¢ and R, the depletion layer widths in the core (wp) and
in the shell (wy) can be calculated from the above equations. It has been observed
from the above equations that the width of space charge layer in the radial p-n
junction is a function of the core radius (R), which is the manifestation of the
classical size effect. Thus for NWs with the same doping level but different radius
the depletion layer has different width.

For sufficiently large NW radius (i.e., Rj >> w;), the relationship between
depletion width and potential energy ¢, can be given by the conventional square

2€€gNn  Po

: . Then from the electric field continuity the
es pPpPptnn

root law as follows: J

Wn
’ . wp Ny 2+ B
ratio wp /w, can be givenas: —=——w; , = TTTTTTeTtoes (10)

which depends not only on the doping concentration but also on NW radius.

It can be seen from equation (10) that at equal core and shell doping levels (n = p)
the depletion width in the core is always larger than in the shell. This is the unique
feature of radial p-n junctions unlike planar geometry where the junction is
symmetric (W, = Wy) at equal donor and acceptor concentrations. Now to find the
depletion widths wp and w, under the external bias (V), we have to replace the
built-in energy barrier ¢y with (¢, — eV) in the R.H.S of equation (9). By
substituting wp, = R; in the same equation we get,

elVel _ e*(nntpp)RE, Mntpp .
R s In - 1 (11)

However, even in the absence of external bias for a given core radius R, there is a
certain ratio of doping concentrations n, and p, and, hence a certain built-in
potential barrier ¢o_ at which the NW core is totally covered by the space charge.
From equation (9) we get,
ez(nn+pp)R§ Ny +p
= In .
¢0C 4€€g Nn

For sufficiently long NW, the junction electric field has only radial component and
its distribution across the space charge region is different from the conventional p-
n junction. It can be found out by differentiating eqn. (8) with respect to r



(i. e.,e(r) =— dif)) which may be expressed by the sum of linear and

hyperbolic terms such as follows:

ep (Ry—wp)?
Zeep(r_ 1rp)’R1—wperR1
g(r) = b s o e  ow L cesEsaESS (13)

eny ((Efl-i-\«wﬂ)2 )
— < <
ee - r), R<r<R, +wy

The maximum value of this electric field falls at the core/shell interface (r = R))
and is given as,

o= (1472) =220 (1 - TR) (14)

Thus the maximum value of the electric field depends not only on the doping
concentration and applied voltage but also on the NW radius.

ii. Capacitance of Radial p-n Junction:

The p-n- junction barrier capacitance dominates when the applied voltage is
reverse-biased or the forward bias is much smaller than the built-in potential. For
the given applied voltage the total charge in the depletion region is easy to
calculate if w, and w, are defined from eqn. (9) and (10).

The depletion charge in p-region is defined by the following relationship:

2
Q=eppnRIL(1=(1=wp/R))") oo Qs)
Thus for the junction capacitance we get,

dQ dw,
C= |W| = ZepanlL(l - w”/Rl)W

-2 -
1+——(2 —— 1——
( Pp Ry R1) Ry

---------- (16)
It is seen from eqn. (16) that the capacitance of nanowire radial p-n junction per
unit length is determined by the fundamental constant €, (F/m). Thus for NW
with length L = 10 um, the junction capacitance is of the order of 0.1 fF.

3. RESULTS

We have been able to calculate the potential distribution across the junction and the
depletion region widths of the radial p-n junction and also the corresponding
electric field which are the prerequisites for analyzing the performance of the
developed theoretical model. Now we have to see whether the aforesaid parameters

= 4e€gmL.In




give the desired results. Thus we need to study the current-voltage characteristics
of the radial p-n junction.

We assume that the core doping level is much higher than that of the shell (i.e., pp
>> n,). Since most NWs have the diameter of the order of 100 nm, the thickness of
quasi-neutral region in the shell (d = R — (R; + wy)) is much smaller than the
minority carriers diffusion length L. Thus the NW radial p-n junction,will operate
in the short-base diode conditions of the conventional planar diode. In such
junctions minority carriers injected from the core to the shell will reach the
metallic contact on the external surface of the shell without significant
recombination within the volume. We have to consider the standard current
transport model where there is an ideal metallic contact, wrapping the shell, such
that the built-in potential barrier formed at the metal and shell contact, in both
accumulation and depletion modes is not higher than several kT. These conditions
can be written as:

p(R;) —pn = Ap(R;) =0, nR) =n, = semmmeemee- (17)

where p(R,) and n(R,) are, respectively, the concentrations of holes and
electrons at the surface of the shell, p,, is the minority carrier concentration in the
volume of the n-shell. This means that the holes injected from the p-n-junction does
not accumulate at the semiconductor-metal interface and freely pass to the metal,
recombining there with electrons. Therefore the hole recombination process in n-
region can be ignored. So the net electron and hole currents remain constant
throughout the n-region:
L, = 2nrLeD, (—:—TE(r).p(r) — C—i%

L)

dr

) =const  ---meeee (18)

L, = 2nrleD, (%E(r).n(r) + ) = const  -weeeem-a. (19)
where D, and D, are the diffusion constants of holes and electrons respectively,

E (r) is the radial component of electric field.

Since the carrier recombination does not take place in the shell, the current density

: p . Ry s
passing through the metal-semiconductor contact is R—z times less than the one
b &

crossing the core/shell interface. But for the same value of applied voltage and
comparatively smaller built-in potential barrier, the current density is guch higher
than that through the p-n junction. In order to compensate this, the main voltage
drop occurs along the radial p-n junction given by:

eVq

ARy +Wp) =pn (e —=1) e (20)



The minority carriers injected into the n-shell will induce the redistribution of
majority carriers, so that they will quickly compensate the charge of minority
carriers resulting in an increase of electron concentration as follows: An(r) —
n, = p(r) — p, = Ap(r). Now depending on injection level the concentration of
non-equilibrium charge carriers at the depletion layer edge in the n-region can be
compared to n, or even higher, i.e., An(Ry +wy,) = n, + Ap(Ry + wy).
Therefore the concentration of injected electrons at the end of depletion region in
the p-core should be: "

An(R, — wp) =%[(1+%:w"))e%}—l ----------- 21)

Since pp, >> n,, as already stated, the electron current (/,,) through the p-n junction
is very small compared with the hole current (/,,). As the bulk recombination is

assumed to be very small, we can consider [,, = 0, then it is easy to find the radial
component of electric field in the n-region. Then putting I,= 0 in

eqn. (19) we get: E(r) = wEpal  semmsaaas (22)

By substituting eqn. (22) into eqn. (18) and by taking into account the quasi-
neutrality of n-region we can express the net hole current as:

_ _mm )
Iy = =2nrleD, (2~ —— ) (23)

Then multiplying equation (23) by r~* and by integrating it between (R + wy,)
and R, for I,, = const we get,
()2 )]
I, - — 2|lerr —1 - In|1+ o \E kr— 1 == (24)

Using the boundary condition (17) and An(R; + wy) = n, + Ap(Ry + wy), we
can find the potential drop in quasi-neutral part of the shell as:

_ (Ritwptd _ kT e 2\
Vo = [iien g dr = Zin |1+ 22 (e - 1) (25)
We know the applied voltage V = V| + V». In case of small applied voltages
corresponding to the weak injection of holes into the shell (i.e., Ap(R; + wy,) &
n,). So the voltage drop in the shell is very small (i.c., eV, < kT and V; = V),
then the junction current can be written as:

4

2meDppnl ( ev )
Lot LW (P e e
P In(Rz/R1+wn) o 1 (26)



Thus the concentration of non-equilibrium charge carriers decreases in n-region
very slowly, logarithmically and not linearly as in conventional planar p-n

junction,

Ap(r) = Bp(Ry+ Wp)—tll — e 27)

InR, /R, +wn
The depletion width w,, increases at high reverse biases and therefore the width of
quasi-neutral part of the shell decreases, then due to the increase of the hole
concentration gradient the junction current, according to eqn. (26), continues to
slowly increase instead of becoming saturated, which is a specific feature of
devices with planar geometry and thick base.
But if the situation is opposite when high forward bias is applied and the mmorlty
carrier injection is enhanced such that p(R; +w,,) > n,, or eV; » kT In == -

Then from eqn. (25) it follows that the voltage drops on the shell volume and on
the junction are:

kT, n V kT, n Vi KT, &
Vz =V1——1n—-n-=———]n—n-=-———ln—"
e Pn 2 Ze pn 2 e n; (28)
A = Vv kT nnn e + nn """""""
172 26 Pn - e nl

Substituting V; into eqn. (24), the junction current can be written as:

- ZR'EDpn;‘L _E_Z_ ____________
Ip = R T P (ZkT) (29)

Thus if an applied voltage is in the range Tln <Y< ZkTT In22 | the main part

of the voltage drop occurs on the quasi-neutral reglon of n-shell and the junction

: ] 4 :
current starts to increase less sharply, proportional to exp (-z—T-) which can be

illustrated by the following current — voltage characteristics obtained by solving
eqn. (24) and (25):

25F R, = 100 R.= Fif
- Ao -
L Ng=510""cm o 4012
-
20 N, =110"% em™ > lo.40
L=10 um
16 40 os:é,
= b ki =
§ i {006 §
£ 10 =
6.4 ]
3 -/ / 40.02
i » 4 0.00
B I i A L A L ' L A 1 & L
0.0 0.1 0.2 03 04 05 06 0.7 ’

Applied voitage, V (V)



It can be seen that the slope of In(I/I,) , where Iy = 2meDyp, L, decreases almost
two times with an increase of applied voltage, which means that the forward
current of the NW radial p-n junction starts to increase with significantly reduced

slope at high applied voltages.

The depletion region width in the NW core at different core diameters as a function
of applied voltage can be plotted as given below:

EO
g ! Ngy-25 10" t:n'l"3
£ : Ng =1 10"%cm™
2" 6O ; R,= 300 nm
£ ! : L =10 um
g . R, = 50, 80, 70, 200 nm
= 40 . ’
e
5 :
] B
Ves Vez Vet
0k i i 1 i
-1.5 -1.0 0.5 0.0 0.5 1.0

Applled reverse voltage, V (V)

It can be seen that for a given value of applied voltage, the width of depletion
region is smaller for larger radii R, and for sufficiently thick NW it tends to the
square root dependence on applied voltage which is given by dashed line.
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4. DISCUSSION AND CONCLUSION

In this project we have explored the ability of a radial p-n junction to enable
photovoltaic devices to maintain high efficiencies despite low minority-carrier
lifetimes. We have also studied the potential benefits of a radial p-n junction over
conventional planar geometry. We have derived the required analytical expressions
to calculate the width of the depletion layers, the barrier capacitance and the volt-
ampere characteristics. This developed theoretical model not only serves a good
base for further studies in radial p-n junction but also in various applications such
as photovoltaics, etc.

11
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Chapter 1
Gaseous lonization Detectors

Introduction

The first ionization chamber was made by Pierre Curie in 1895-1900.They were used by Marie and
Pierre Curie in their work of extracting the radioactive materials such as radium, polonium, uranium
etc. Since then lon Chambers are widely used among researchers to detect the ionizing particles. As
the time passed the structure and working principle of detectors evolved. The most efficient among
their category (gm counter, proportional counter etc.) ION CHAMBERS are of great use due to their
optimal efficient. In modern particle accelerators the total energy monitoring has been made easy due
to Gaseous lonization Chambers. This is one of the best radiation detection instruments in particle
physics. Generally, two beams from opposite side collides creating bunch of particles which left the
gas ionised, by applying the electric fields they are accelerated to the receptors called readout pads.
Hence, we get the required information about the unknown particle created at vertex.

1.1.1. History and Evolution Gaseous lonization Detectors

Nearly 100 years ago, Hans Geiger operated first gaseous detectors in Manchester United, UK, in 1908
This detector helped to detect the COSMIC RAY. It had gas filled space with cathode and anode. As the
ionizing particle went through the gas, electrons made drift towards anode; discharge propagation
and quenching were successfully executed. As the time passed by the mechanism of detection has
been upgraded over the years. Nowadays cylindrical type of gas chambers is used frequently as the
anode wire is placed centrally and the inner surface of the cylinder is made negatively charged which
is cathode. Radiation detection counter was reported in 1932 by Jaffe and in 1945 by Van Heerden.
However, radiation Detectors that measures ionization which is analogous to gaseous chambers
emerged only after late 1950s. and early 1960s

1.1.2. Working principle of gaseous ionization detectors

Despite their simple basic principle gas ionization detectors are still used frequently for the detection
of ionizing radiation emitted both from radioactive substance and artificial radiation source. In
cylindrical detectors anode is situated generally along the axial line, and the walls of the detectors are
made cathode. When ionizing particle is made to go through the gas tube, newly generated electrons
and large positive ions migrate to anode and cathode respectively. The voltage between the anode
and cathode is made high enough to terminate the recombination of electron and ipns. Meanwhile
the electrons make collision with the large gas ions to initiate avalanche process. But if the voltage
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difference between the anode and cathode is increased something interesting happens. Two types of
phenomenon are observed i.e.
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Figure 1: lon pair production process in gaseous ionization chamber detectors

1.2. Types of gas chambers

There are three types of gas chambers in use
1. lonization Chamber
2. Proportional Chamber

3. G-M Counter

1.2.1. lonization chamber

Primary ionization is a process generally created by direct interaction with incident ratliation with the
gas. In case of secondary ionization, the voltage between electrode is made high enough that it
requires more kinetic energy to produce more electron-ion pairs creating an avalanche [3].

Introduction

lonization chamber collects all charges created by direct ionization within the gas through the
application of electric field. At First a radiation interacts with gas and resultant positive ion s and
dissociated electrons move to electrodes. The output ionization current is then measured by the
electrometer circuit which is nothing but a sensitive electric voltmeter with high input impedance.
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Figure 1.2.1: Schematic Diagram of lonization chamber

1.2.2. Proportional Chamber

Introduction

In this type of chamber the tube Is filled with generally P-10 gas[P-10 gas consist of 90% argon,10% methane)As
the ionizing particle goes through the chamber it leaves a trail of ion pairs along it's trajectory the number of
which is proportional to the energy of the particle. The avalanche process occurs at a fraction of millimetres
from the anode wire [2]. This is called the “Avalanche Region”. Here the multiplication effegt of avalanche is
considered. In case of cylindrical proportional counter, the multiplication M is calculated by the following

formulae.

Creation of discrete avalanches in a proportional counter
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Figure 1.2.2: Schematic diagram of Proportional counter



1.2.3. Geiger-Muller Counter-

Introduction

The principle mechanism of Geiger-Muller counter is ‘Townsend Avalanche’. Townsend noticed that

current varies exponentially over ten or more orders of magnitude as distance between two plate is
varied. In G-M counter when the electron is ionizing the gas molecules the electron interacts with the
potential field of the nucleus and experience deceleration, loses its energy creating photons, this is
known as Bream Strolling Effect. This ultra- violet creates their own avalanche in the entire anode.
The positive ions accumulate at cathode [1]. During the dead time electrons again recombine with the

positive ions.

1. The working formulae given by Townsend is
L= kexp(a, *+ d)
Iy

This is the modified formulae

exp(asd)

Iy~ 1-e(exp(axd)-1)

a,=Townsend coefficient
€ =second ionization coefficient

| = current flown in the circuit
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Figure 1.2.3: Schematic diagram of GM counter

1.2.3.1. Disadvantages of GM counter

1. The avalanche of electron dies at one point, so no continuous output signal is obtained.

2. GM counter cannot detect chargeless particle like neutrino.

3. It is inefficient due to its large dead time.

(Egn.1)

(Egn.2)



Chapter 2
Time Projection Chamber

2.1. Introduction

The Time Projection Chamber (TPC) uses both electric field and magnetic field for construction of 3-
dimensional particle trajectory. This is one of the widely used gas chambers in modern times, exact
calculation of momentum and energy of unknown particle can be measured with great accuracy.

GAS WOLLIeE, 58 o)
ORIFY GRS 90 e 108 00 Fhekd g

Figure 2.1: ALICE Time Projection Chamber

2.2. Constituents of TPC

1.High Voltage Cathode Plane

2.The Collection Plane

3.Field cage in between the cathode and anode plane

Energetic charged
paruce Arode

i

Electric Field

Figure 2.2: Rough sketch of cathode and anode plane in TPC



2.3. Working principle of TPC

Each wire in each anode plane is part of an R-C circuit, the wire itself located between the resistors
and the capacitors. One end is given bias, and the end to the front-end electronics which amplifies the
current. When the electrons drift towards induction plane it induces current in the wire, producing
bump in the output current. As the electron moves away from the wire it induces negative current |
.e reverse bump. Signals from the collection plane is unipolar, since electrons are collected by the
collection plane.3d arrangements can be analysed by combined 2D projections. While the 2d
projections correspond to each anode plane

2.4. Particle Detection in Time projection chamber
To detect a particle, we need to know two factors about it
1. The momentum of the particle

2. The energy of the particle

2.4.1. Momentum measurement

IN TPC a magnetic field of order 0.5 tesla and electric field of order 135 volt/m is used. The tube is
filled with P 10 gas. Two beams from opposite side is made to collide, the point of collision is called
the VERTEX. Along the vertex we consider the z axis, one direction is called the positive z axis and the
opposite one Is negative z axis, as the result of collision the gas is then ionized ,at this point we have
three different types of elements inside ,one is the electrons, other is the larger positive ions, and the
last one is unknown particle created by the collision.By applying the electric field the electrons are
then accelerated towards the anode, anode have multiple receptors, the electron received gives the
information about the position of the vertex | .e where the collision have been occurred ,the unknown
charge say positive in nature drifts towards the cathode .As the structure of the detector is of
solenoidal type, electrons are collected towards the end ,the dimension of the detectors
(length=4.2metres,diameter=4 metre) are known and also the time of flight(the time taken by the
particle to reach the receptor from vertex) is calculated. That is how we obtain the velocity, also
momentum [mass is measured by calibration]

The transverse momentum resolution can be calculated as
1 Tpt
o(—) === Egn. 3
(m) o (Eqn.3)
o = rms uncertainty
P = track momentum
O p¢ = transverse momentum resolution.

Using these two formulae we can calculate the transverse momentum resolution.

2.4.2. Energy measurement
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The electrons lose its energy along its path. When it reaches the receptors the amount of energy left
is measured by DETECTORS. The amount of energy lost i.e. (—3{-] calculated from the mean and
deviation of the charge distribution using Truncated Mean Method.

patiches from dnfting wird chambaers
sl 4
central memboane p oo pad plane
{cathode) B 2,

Figure 2.3: PEP 4 TPC showing drift volume, wire chamber and pads

TPC has been successfully operated in LARGE HADRON COLLIDER at CERN, recording collision of two
proton and of heavy ions since 2009 with optimal data quality.

2.4.3: Calculation of energy using g plot

The particle while traversing in the gas volume of the detector the energy and momentum transfer do
not change the direction of the ionizing particles and the shell electrons are considered to be free and
at rest. That is why Bethe- Bloch-Formulae can be applied; which describes the mean energy loss of

the particle at a distance x from the VERTEX-

P

Pb-Pb {Brgy=2.76 TeV ]

TPC dE/dx (arb. units)

L - 1 L A L A Bl J_I
0.2 03 1 2 3 4 567890 20
p (GeV/c)

Figure 2.4: % plot with momentum

vV In2 v
InM=InM |ﬂ(‘=J & Iln(paln(g)) —In K](Eq 4)
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e = Electron charge

N =Avogadro Number

z = charge of traversing particle in units of e
m = electron mass

€ = dielectric constant of the medium

| = average ionization energy of the absorber

8, C = Parameters of the fermi density and shell correction.

The energy loss of a particle is a statistical process, this can be studied using Straggling functions. The
function depends on the distance travelled i.e. dx. In the case of a very thick layer the Central Limit
Theorem holds, and it follows gaussian distribution around the mean value. And for the thin layer the
distribution can be described by Landau Distribution [4]. In gaseous detectors the layer is usually thin.
At high energies the distribution has a long tail which resembles the shape of original Landau
Distribution.

- Energy Loss
s== Landau Contribution

2 3 4
Energy Loss [KeV]

Figure 2.6: Landau distribution of energy loss

For kappa < 1, it follows the Landau distribution otherwise gaussian. The energy cannot be measured
directly. It is noted that electrons produced in primary ionization is proportional to

dE <. o : T "
T W™1; energy conservation imposes another constraint that the distribution is not Poisson

Distribution. The standard deviation for the number of produced electron is calculated as ; where F is
the Fano factor

2.4.4. Time resolution in TPC

Time resolution means how accurately and quickly a detector can detect two different particles.
Generally, a detector with high resolution have a very low dead time, which are those high-resolution
detectors. TPC can operate in high time resolution range. In ILD’s 3-dimensional track time between
two collision is 300ns,100 events drifting at the same time for a fast gas.

2.4.5. Energy resolution in TPC

12



A good energy resolution is of great importance for most application of detectors. Two different
particles coming in the tracks of TPC with energy 40Kev or higher can easily be detected, TPC is widely
used for its optimal energy resolution power.

2.5. Experiments ongoing using TPC and their specification

1. The Star and Xenon experiments

o Inthe STAR experiment Time Projection chamber is used to detect the signals of possible
phase transition.

o The XENON experiment used dual phase TPC which utilizes a liquid xenon with gas
chamber on top, particles in this chamber uses scintillations and ionizatiop.

2. Liquid argon TPC for ICARUS experiments
o This experiment is carried out to study neutrino with a direct velocity measurement.
3. HARP experiments

o This experiment was designed to study the hadron pair production in proton-nucleus
collision the energy range 1.5GeV/c-15 GeV/c.

4. Gem based TPC for LEGS experiments

o This TPC uses double GEM as the amplification stage at BNL.A peak sensing circuit is
used to measure the amplitude and the timing of signal peak from anode pad.

2.6. Problems while using TPC ‘

The main problem in TPC is the positive ion feedback in the drift volume, that is why particles cannot
be measured with accuracy, causing large dead time. TPC has space charge and event construction
problems.
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Chapter 3

Gas Electron Multiplier

3.1. Introduction

200
A
Gas electron multiplier detector
210 220 230
§ g g
.t | .
Photoelectric Gas e_ecl_mn Readout unit
converter multiplier
Figure 3.1: Gas Electron Multiplier ’

Gas Electron Multiplier was developed in 1997 by FABIO SAULI for particle physics experiments. The
device has spawned many developments and applications over the years. This is a quick overview the
status of developments and applications of this detector. A major evolution occurred in 1968 when
CERN’s Georges Charpak invented the Multi Ware Proportional Chamber (MWPC) which is a gaseous
detector outperforming by orders of magnitude. Then came microstrip gas counters introduced by
ANTON OED .In this counter a insulating material was taken and on this thin parallel metallic strips
alternatively connected as cathode and anode .It provided the ten-fold improvement in the multi-
track resolution .Nowadays it is a subject of extensive research in the domain of particle physics.

3.2. Structure of Gas Electron Multiplier

Typical GEM is constructed of 50-70 micrometers thick KAPTON foil clad in copper on both sides. The
small holes can be made dimensionally stable. Operation voltage is 1500-400 V placed across the two
copper layers. A single electron entering one hole would cause an avalanche of 100-1000 electrons,
this is the gain of GEM. There are two separate GEMs.

3.2.1. Time Projection Chamber GEM

14



GEM (Gas Electron Multiplier) Structure

1. Core part: GEM Foil

2. Avalanche happens
in the hole area
only. This improves - .
the spatial e Read Out
resolution in a large :
extent.

Triple-Foil GEM Detector

Figure 3.1: Structure of Gas Electron Multiplier

The electrode supply both the drift field and amplification field. A detector with higher drift region can
be operated as the Time Projection Chamber. There are many advantages of using GEM in TPC in
comparison to wires. The approaching electrons are amplified in the holes and are able to continue
their way to endplate. lons which are built in this amplification process are mostly absorbed on the
upper on the upper side of the GEM foil. Here the ion feedback is suppressed. The principle difference
between TPC and GEM TPC is that the signal width of the GEM TPC is only given by the transverse
diffusion coefficient. On application of magnetic field (4 T) this coefficient can be made smaller. Spatial
resolution can be improved by calculating the hit by event in COG (Centre of Gravity) method

3.2.1.1. The Karlsruhe GEM-TPC Prototype

In the year 2002 a new GEM-TPC prototype was made in Karlsruhe. It had dimensions (25 X 12.5 cm).
It had a double GEM structure and readout system for measuring the drift velocities, diffusion
coefficients and the temperature dependence of gains. It consists of a two-resistor chain that are
placed outside of the drift volume to ensure no heating in this volume is occurred. Detecting the
incident ionized radiation has been quite accurate.

3.2.2. Proportional counter GEM

A detector with a smaller drift region can be operated as Proportional Counter. The read-out plane
made out of conductive strips can be fabricated with ordinary lithography techniques. They are like
2d strips and grids, hexagonal pads, radial/azimuthal segments etc. and any other readout geometry
is possible.
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The Gas Electron Multiplier GEM

A GEM (F. Sauli, 1997) is a thin metal-insulator-metal structure, Drift \ I
densely perforated with small holes. A voltage across the metal \
layers generates a sufficiently strong field within the holes to
focus the electrons and multiply them,

Copper
Amplification

The GEM is technically realized at CERN through copper-coating © 2%¥mer foll
on 50 pm thick kapton (polymer) foil, with chemically etched holes '
of conical profile. A standard GEM has a hexagonal pattern of 70 . SR ) o, 388 B
itm diameter holes in the metal, 56 pm in the foil, with a pitch of Teanie |

140 pm.
~140 pm A 2D readout of strip anodes
on the transfer side of the GEM
<70 am can provide - 1 mm spatial

rasolution.

Figure 3.2: Solid state structure of GEM

Proportional chamber using GEM detectors has an increased rate of detection rather than Wired
Proportional Chamber. This is due to two factors.

o Ashort, high field transfer-gaps resulting in fast clearance of ions.
o The screening effect of from the external field due to holes narrow geometry.

Prolonged exposure to radiation causes progressive degradation of performaﬁce in gaseous
detectors as organic molecules i.e. contaminants are created at same time. GEM detectors are
less affected by the deposits on electrodes. In accelerated aging tests no degradation of
performance is observed in GEM detectors being exposed to continuous exposure to soft X rays
for a long time. The addition of CARBON TETRA FLUORIDE to the gas mixture has improved in the
resolution of GEM devices due to strong reactivity of fluorine. [5]

3.3 Working principle of GEM

Problems raised while using the MSGC, as in those detectors the electrodes were in contact of high
electric fields, as a result a local charge density is created say for example neutron or gamma
conversion. Similar problem happened in case of MWPC filled with photosensitive gas. The holes
diameter and shape have a direct impact on the long-term stability and performance of the detectors.
The real gain of the multiplier is always s more than the useful or effective gain defined as the ratio of
the detected primary ionization charge. Avalanche multiplication begins in the induction gap. The
fraction of ionizing electrons transfers in the GEM foil. Generally, holes are 70 micrometers wide, the
whole structure is designed to terminate the back flow to the TPC taking care of the.fact the gain of
electrodes increases with voltage. Many experiments use double or triple GEM stacks to achieve gains
of one million or more.

3.4.1. GEM: CMS experiment
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Gas electron Multiplier detectors represent a new muon system in CMS. The GEM chamber will
provide additional redundancy and measurement point, allowing a better muon track identification
and also wider coverage in the very forward region. The CMS detectors are made of three layers
each of which is 50-micron thick copper made polyimide foil. This gas chambers are filled with Ar
/CO2 gas where the primary ionization due to incident muon would occur.

3.5. Multistage Gas Electron Multiplier

Several composite grids, mounted within same gas volume, and powered by suitable resistor chain
allows to reach large gains, somehow analogous to multi-grid vacuum tube but substantially cheaper
and simpler for manufacturing. It operates in strong magnetic field, with only some image distortions.

In micro strip gas chamber’s, a serious problem of discharges has been met recently when operated
near their maximum gain limit. MSGC can be irreversibly damaged by a discharge initiated by heavily
ionizing tracks. GEM grid with moderate pre-amplification would allow to operate the MSGC well
below the critical potential for discharge. GEM with its de clustering effect als6 improves the
localization accuracy. The presence of GEM mesh between the main amplification element and the
photo cathode reduce the possibility of dangerous PHOTON FEEDBACK. The GEM grid can easily be
used as controlled gate to prevent ions feedback. The small value of the gating voltage would greatly
reduce pick up problems

Micromegas

*

100-700 V/mm

amplification gap
10 kV/mm

Figure 3: 3-dimensional visualization of GEM

3.6. Application

In micro strip gas chambers, a serious problem of discharges has been discovered recently when
operated near their maximum gain limit. MSGC can be irreversibly damaged by a discharge initiated
by heavily ionizing tracks. GEM grid with moderate pre-amplification would allow to operate the
MSGC well below the critical potential for discharge. GEM with its de clustering effect also improves
the localization accuracy. The presence of GEM mesh between the main amplification element and
the photo cathode reduce the possibility of dangerous Photon feedback.

*

The GEM grid can easily be used as controlled gate to prevent ions feedback. The small value of the
gating voltage would greatly reduce pick up problems. There are several particle physics experiments

17



where GEM has been used successfully and still in use. The following experiments are tfsing GEM based
detectors

e CERN experiments at the Large Hadron Collider
* STAR and Phenix experiment at RHIC
e Muon-g2 experiment at Fermilab

e Muon Tomography

There are several future experiments which are planning to use GEM based detectors for particle
tracking in their measurements. For example, future Electron lon Collider (EIC) and fair experiment at
GSI.

3.7. Advantages of Gas Electron Multiplier
a. Safe and non-explosive gas mixture
b. High reliability
c. High time and position resolution

Position resolution is defined by the distribution of charge on the readout plane, It is determined by
two process one of which is a direct drift of electrons in the electric field and the other one is their
random diffusion in in the gas filling the detector. The size of readout granularity was around the 100
micrometre.2D gaussian charge distribution is obtained in readout plane. To characterize the space
resolution of different readout geometry the distribution of residuals between the generated and the
reconstructed track position was built, and the width of this distribution was taken to characterize the
space resolution. Time resolution can be obtained as some nanoseconds (140-160 ns) in this type of
detectors.

A. Flexible detector shape and readout pattern

Gas Electron Multiplier (GEM) uses composite grid with a rectangular array of pinhole. Between two
metal layers there is a non-explosive gas which is ionized incident photons. this type of geometrical
structure is very easy to construct. The anode plate or the readout pad is generally made of copper
which is easily available and of low cost.

B. High performance at low cost

The International GEM collaboration is designing the Gas Electron Multiplier such that it gives optimal
performance while detecting the incident ionized radiation. It consists a thin metal coated polymer
foil with a density of holes. The material used for fabricating the device is easily available and of low
cost. Step by step repeated multiplication of avalanche is what gives a better detection system

C. Works in harsh radiation environment

GEM can operate in harsh radiation environment with losing its optimum quality, though the
electrodes of GEM is exposed to radiation for a long-time detection of incident ionizing particles has
no discrepancy.

3.7.1. Limitations of Gas Electron Multiplier

18



1. Complexity added by gas chamber compared to solid state detectors.

2. Low quantum efficiency compared to solid state detectors.
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Abstract

The proposed system is an advanced solution for weather monitoring based on Internet of
Things (IoT) which provides weather report by mobile messaging system to the farmers of a particular
locality. The system deals with monitoring weather and climate changes like temperature, humidity,
UV radiation in the air using two sensors (DHTI1 and ML8511). These sensors send data to
microcontroller which then sends the weather report alert via GSM SIM 800L modute to the farmers
whose numbers are registered in this module. Frequent periodical updates in results every second
showed that the system has no delay in providing the new readings. It provides the particular weather
report by mobile messaging system to the registered mobile number. Numerical results are presented
and analyzed in this report to validate the theoretical analysis of the whole system taking account of
expected data of a whole day including temperature, humidity, and UV index.

1. INTRODUCTION

Present day innovations in technology mainly focus on controlling and monitoring of different
devices wirelessly over the internet such that the internet acts as a medium for communication between
all the devices [8]. And irrespective of spatial disparity, life in contemporary society cannot be
imagined without the convenience of wireless weather readings and forecasts. Since the world is
changing so fast, weather stations have become urgently important for the safety and progress of human
civilization. Here in this project we present a weather station that can prove to be helpful for any place.
This weather station is based on IOT (internet of things). It 1s equipped with environmental sensors
used for measurements at any particular place and it reports the users in real time on cloud. To
accomplish this, we used Arduino Uno and different environmental sensors like DHT11 and ML8511
ultraviolet light sensor. The sensors constantly sense the weather parameters and keeps on transmitting
it to the farmers over massaging system. This project also focuses on the [OT application in the new
generation of environmental information and contributes towards the foreseeable shift in the paradigm
of environmental monitonng in future [15]. The system has been developed particularly in the view of
building smart city by giving the weather update of any particular place like a particular office or room.

1.1 Existing System

The existing weather monitoring systems generally use weather stations that use multiple
instruments such as thermometers, barometers, wind vanes, rain gauge etc. to measure weather and
climate changes [16,17]. Most of these instruments use simple analog technology which is later
physically recorded and stored in a data base. This information is later sent to news reporting stations
and radio stations where the weather report is given.

1.2 Limitations of the Existing System

’

(i) Existing weather monitoring systems that are used tn the field generally consist of unconventional
and heavy machinery that consists of numerous moving parts that require constant maintenance and
need to be manually monitored and changed frequently {3].
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(ii) Power requirements are one of many major constraints as these instruments are generally sited far
from main power supply. This adds to the cost of using such instruments.

(1ii) The use of thermometers to measure external temperature; however accurate is still outdated and
constantly needs to be manually checked for any change in temperature.

(iv) Data that is collected by the instruments needs to be manually transferred from the logger to a
laptop or computer via a cable.

(v) Existing systems consist of large and heavy instruments that occupy a lot of space’hence making it
difficult to install them in remote location and places which have limited space [16].

(vi) The instruments used in the existing systems are expensive and add up to the already high cost of
installation and maintenance.

(vii) The current system always faces problems such as delay in warning people about bad weather and
sudden changes in the forecast [11].

2. PROPOSED SYSTEM

The system proposed is an advanced solution for weather monitoring that uses IoT to make its
real time data easily accessible to its user over a very wide range [16]). The system deals with
monitoring weather and climate changes like

(i) Temperature and humidity by using the DHT11 sensor,

(i1) UV radiation using ML8511 solar sensor

2.1 System Architecture

The implemented system consists of an Arduino Uno which is used as the main processing unit
for the entire system and all the sensors and devices are connected with the microcontroller. The
sensors are operated by the microcontroller to retrieve the data and further process the analysis of the
sensor data. The processed data is, then, reported via GSM SIM 800L module to the registered mobile
number. The proposed design of the model is shown in Figure 1.

Power Supply
Y AN D N
( T. < v DHT 11
GSM Arcuino
SIM ’
S00L N Uno y
- ML 8511 UV
/| ) ué .
R, i\ A Light Seusor

Fig. 1. Proposed Design
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2.1.1 Arduino UNO

It is an open-source physical computing platform based on a simple micro-controller board,
and a development environment for writing software for the board [10]. Arduino can be used to develop
interactive objects, taking inputs from a variety of switches and or sensors, controlling a variety of
lights, motors, and other physical outputs. The commercially available Arduino Uno board is shown
in Figure 2.

(i) Microcontroller: Microchip ATmega328P
(ii) Operating Voltage: 5 Volt y
(iii) Input Voltage: 7 to 20 Volts

(iv) Digital I/O Pins: 14 (of which 6 provide PWM output)

(v) Analog Input Pins: 6

(vi) DC Current per I/0 Pin: 20 mA

(vii) DC Current for 3.3V Pin: 50 mA

(viii) Flash Memory: 32 KB of which 0.5 KB used by bootloader
(ix) SRAM: 2 KB

(x) EEPROM: 1 KB

(xi) Clock Speed: 16 MHz

(xii) Length: 68.6mm

(xiii) Width: 53.4 mm

(xiv) Weight: 25 g

Fig. 2. Arduino UNO

2.1.2 DHT11

The DHTI11 is a basic, ultra-low-cost digital temperature and humidity sensor. It uses a
capacitive humidity instrument and a thermistor to measure the surrounding air, and spits out a digital
signal on the data pin (no analog input pins needed) [16]. It is shown in Figure 3.
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(i) Temperature range: 0°C-50°C / £2°C

(ii) Humidity Range: 20%-95% / +2%

(iii) Sampling rate: 1Hz (one reading every second)
(iv) Body size: 15.5mm*12mm*5.5mm

(v) Operating voltage: 3-5V

(vi) Max current during measure: 2.5mA &

Fig. 3. DHT11

2.1.3 ML8511

ML8511 module, shown in Figure 4, is an informal to use ultraviolet light sensor. The ML8511
Sensor works by outputting an analog signal in relation to the amount of detected UV light [7]. This
breakout can be very handy in creating devices that warn the user of sunburn or detect the UV index
as it communicates to weather conditions.

(i) Supply Voltage: DC 5V

(ii) Operating Temperature: -20~70°C
(iii) Sensitivity Region: UV-A and UV-B
(iv) Sensitivity Wave Length: 280-390nm
(v) Module Size: 30 x 22mm

Fig. 4. ML8511
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2.1.4 SIM800L GSM Module

SIM800L GSM module similar to the one which is on our phone. The GSM module is shown
in Figure 5 for further reference and better understanding. Basically, SIM800L module is a small chip
that uses serial-communication to communicate with any microcontroller or microprocessor. It has an
in-built onboard antenna and an onboard SIM slot for SIM insertion purposes. The SIM80OL module
has total 12 pins that are used to establish connections with the microcontroller. For simplicity, here |
have shared a detailed pinout of the SIM80OL and a function of each pin.

Ring: This pin is used for indication purpose. It produces an iElerrupt signal when we receive an SMS
or a phone call.

DTR: We can call this pin an enable pin. This pin plays an important role in saving electricity. If we
turn this pin high, the module enters sleep mode by disabling serial communication and if the pin is
turned low, the module turns on. In case, SIM80OL is not working, the reason might be that this pin
has been accidentally turned high.

Mic+, Mic-, SPK+ & SPK: These are the pins where we can connect the microphone and speaker.
NET: Here the helical shape antenna can be attached.

RST: This pin is used to reset the SIMB0OL module. If the module is not responding to the AT
command, that might be because of a baud rate problem, you can turn this pin high for 100ms to reset
the SIM8OOL.

VCC and GND: You can power SIM800L using these pins but the voltage should not be more than
3.3V and Current should not be less than 1A.

RX and TX: These pins are used for Serial communication Rx for receiving commands from the
controller and Tx for sending out the data.

Fig. 5. SIM800L GSM Module
4. IMPLEMENTATION

Based on framework shown in figure 7, we have a suitable implementation model that consists
of different sensor devices and module. In this implementation model we used Arduino Uno board
with GSM SIM800L module, DHT11 and ML8511 sensors as embedded devices for sensing data and
sending alert to the farmers. Arduino Uno board consists of analog input pins (Ac-As), digital output
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pins (Do¢-D13), inbuilt ADC and GSM module that sends alert to the registered numbers. Sensors are
connected to Arduino Uno board for monitoring. ADC converts the corresponding sensor readings to
its digital value and from that value corresponding environmental parameter is evaluated. The design
flow of the proposed system can be seen in Figure 6.

An embedded system for environmental monitoring and its components is shown in figure 7.
The embedded device is placed in particular area for testing purpose. DHTI1 sensor detects
temperature and humidity in that area and ML8511 is the sensor to detect UV light. Once the readings
cross the threshold limit, an alert is sent via GSM module o the registered mobile numbers. After
successful completion of building the system, and completing analysis on data the threshold values are
to be set accordingly for controlling alert purposes.

Start

Connect the required sensors to Arduino Uno

X

Processing the sensors data using microcontrollers

Send the monitoring parameters
(temperature, humidity. UV index) ,
to registered mobile number

Fig. 6. Flow Chart
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Power Supply

s S
Tx
(1) DHT11 Arduino GSM
Input SIM
é Uno 800L
(2) } R
MLS8511 (microcontroller) =

SMS sent to Registered
i Mobile Number

a ’ i

Fig. 7. System Design

3. RESULT AND ANALYSIS

Here we can monitor different weather parameters by this system. Various weather parameters
observed and collected on June 22, 2020 are tabulated in Table | below, for example.

Standard or threshold value of humidity is 90%, temperature is 30°C and UV index is 7 of 10
for cloudy or rainy weather [2]. Accordingly, a messaging system is designed so that if these values
are equal to or greater than above mentioned standard values, then a bad-weather alert message is sent
to the farmers, as shown in Table 1.

Sl Time Temperature | Humidity | UV Index Comparing to the Alert
No. standard weather Status
parameter
1 12:30 am 28°C 94% 0of 10 | temp.<std.; hmd.>std.; | Notsent
UV<std. )
2 1:30 am 28°C 95% 0of 10 | temp.<std.; hmd.>std.; | Not sent
UV<std.
3 2:30 am 27°C 95% 0of 10 | temp.<std.; hmd.>std.; | Not sent
, UV<std.
4 3:30 am 27°C 96% 0of 10 | temp.<std.; hmd.>std.; Not sent
UV<std.
5 4:30 am 27°C 96% 0of 10 | temp.<std.; hmd.>std.; | Not sent
UV<std.
6 5:30 am 27°C 96% 0of 10 | temp.<std.; hmd.>std.; | Not sent
UV<std.
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s 6:30 am 28°C 94% 10f10 | temp.<std.; hmd.>std.; | Notsent
UV<std.

8 7:30 am 29°C 93% 20f10 | temp.<std.; hmd.>std.; | Not sent
UV<std. £

9 8:30 am 29°C 93% 50f10 | temp.<std.; hmd.>std.; | Not sent
UV<std.

10 9:30 am 29°C 93% 7010 temp.<std.; hmd.>std.: Not sent
UV=std.

i1 10:30 am 30°C 92% 90f10 | temp.=std.; hmd.>std.; Sent

. UV>std.

12 11:30 am 31°C 92% 10010 | temp.>std.; hmd.>std.; Sent
UV>std.

13 12:30 am 31°C 93% 90f10 | temp.>std.; hmd.>std.: Sent
UV=>std.

14 1:30 pm J1°C 92% 80of 10 | temp.>std.; hmd.>std.; Sent
UV>std.

15 2:30 pm 31°C 90% 60f 10 | temp.>std.; hmd.=std.; Sent
UV<std.

16 3:30 pm 30°C 84% 3010 | temp.=std.; hmd.<std.; | Not sent
UV<std.

17 4:30 pm 30°C 83% 10f10 temp.=std.; hmd.<std.; Not sent
UV<std.

18 5:30 pm 30°C 85% 0of 10 | temp.=std.; hmd.<std.: | Not sent
UV<std.

19 6:30 pm 30°C 86% 0of 10 | temp.=std.; hmd.<std.; | Not sent
UV<std.

20 7:30 pm 29°C 89% 00of 10 | temp.<std.; hmd.<std.; Not sent
UV<std.

21 8:30 pm 29°C 91% 0of 10 | temp.<std.; hmd.>std.; | Not sent
UV<std.

22 9:30 pm 29°C 92% 0of 10 | temp.<std.; hmd.>std.; Not sent
UV<std. i

23 10:30 pm 28°C 93% 0of 10 | temp.<std.; hmd.>std.; Not sent
UV<std.

24 | 11:30 pm 28°C 93% 0of 10 | temp.<std.; hmd.>std.; | Not sent
UV<std.

Table 1. Result

#

Practically improved results from data values are determined in the proposed system. These
results were expected when the system worked in Howrah, West Bengal in the mid-June (one-day
reading). And as discussed before, when the value of any two amongst temperature, humidity and UV
index reached or crossed the standard value, an alert was sent.

For example,
According to result table,
At 10:30 am, temperature= 30°C
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Humidity= 92%
UV index= 9 of 10
Consequently, an alert was sent at 10:30 am.

5. CONCLUSION ‘

To implement this, we need to deploy the sensor devices in the environment for collecting the
data and analysing it. Deploying sensor devices in the environment enables us to record real time data.
It can cooperate with other objects through the network. Then the collected data and the analysed
results are sent to the registered mobile numbers via GSM module. This data will be cooperative for
future analysis and can be easily shared with other end-users. This model can be further expanded to
monitor the developing cities and manufacturing zones for pollution monitoring. To protect the public
health from pollution, this model provides an efficient and low-cost solution for unceasing monitoring
of environment,

Here are some suggested additions that can be made to improve the system:
(i) Powering the device using solar panels.

(ii) Suspending the device from a weather balloon so that it can be used to record atmospheric
parameters at high altitudes and remote and inaccessible areas.

(iii) Use of a tough exterior cover for the system that will act as a protective cover endbling the device
to function in harsh weather conditions.

(iv) Designing a method to mount the weather monitoring device onto a buoyant platform like a buoy
hence enabling the system to measure weather changes over the sea. This data can also be shared to
cargo ships and other nautical industries conducting operations within the area.

(v) Using silica gel to prevent condensation on the exterior cover as condensation might affect the
sensors readings.
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Abstract

The proposed system is an advanced solution for weather monitoring based on Internet of
Things (IoT) which provides weather report by mobile messaging system to the farmers of a particular
locality. The system deals with monitoring weather and climate changes like temperature, humidity,
UV radiation in the air using two sensors (DHT11 and ML8511). These sensors send data to
microcontroller which then sends the weather report alert via GSM SIM 800L module to the farmers
whose numbers are registered in this module. Frequent periodical updates in results every second
showed that the system has no delay in providing the new readings. It provides the particular weather
report by mobile messaging system to the registered mobile number. Numerical results are presented
and analyzed in this report to validate the theoretical analysis of the whole system taking account of
expected data of a whole day including temperature, humidity, and UV index.

1. INTRODUCTION

Present day innovations in technology mainly focus on controlling and monitoring of different
devices wirelessly over the internet such that the internet acts as 2 medium for communication between
all the devices [8]. And irrespective of spatial disparity, life in contemporary society cannot be
imagined without the convenience of wireless weather readings and forecasts. Since the world is
changing so fast, weather stations have become urgently important for the safety and progress of human
civilization. Here in this project we present a weather station that can prove to be helpful for any place.
This weather station is based on IOT (internet of things). It is equipped with environmental sensors
used for measurements at any particular place and it reports the users in real time on cloud. To
accomplish this, we used Arduino Uno and different environmental sensors like DHT11 and ML8511
ultraviolet light sensor. The sensors constantly sense the weather parameters and keeps on transmitting
it to the farmers over massaging system. This project also focuses on the IOT application in the new
generation of environmental information and contributes towards the foreseeable shift in the paradigm
of environmental monitoring in future [15]. The system has been developed particularly in the view of
building smart city by giving the weather update of any particular place like a particular office or room.

1.1 Existing System

The existing weather monitoring systems generally use weather stations that use multiple
instruments such as thermometers, barometers, wind vanes, rain gauge etc. to measure weather and
climate changes [16,17]. Most of these instruments use simple analog technology which is later
physically recorded and stored in a data base. This information is later sent to news reporting stations
and radio stations where the weather report is given.

1.2 Limitations of the Existing System

(i) Existing weather monitoring systems that are used in the field generally consist of unconventional
and heavy machinery that consists of numerous moving parts that require constant maintenance and
need to be manually monitored and changed frequently [3]. '
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(ii) Power requirements are one of many major constraints as these instruments are generally sited far
from main power supply. This adds to the cost of using such instruments.

(iii) The use of thermometers to measure external temperature; however accurate is still outdated and
constantly needs to be manually checked for any change in temperature.

(iv) Data that is collected by the instruments needs to be manually transferred from the logger to a
laptop or computer via a cable.

(v) Existing systems consist of large and heavy instruments that occupy a lot of space hence making it
difficult to install them in remote location and places which have limited space [16].

(vi) The instruments used in the existing systems are expensive and add up to the already high cost of
installation and maintenance.

(vii) The current system always faces problems such as delay in warning people about bad weather and
sudden changes in the forecast [11].

2. PROPOSED SYSTEM

The system proposed is an advanced solution for weather monitoring that uses loT to make its
real time data easily accessible to its user over a very wide range [16]. The system deals with
monitoring weather and climate changes like

(i) Temperature and humidity by using the DHT11 sensor,

(ii) UV radiation using ML8511 solar sensor

2.1 System Architecture

The implemented system consists of an Arduino Uno which is used as the main processing unit
for the entire system and all the sensors and devices are connected with the microcontroller. The
sensors are operated by the microcontroller to retrieve the data and further process the analysis of the
sensor data. The processed data is, then, reported via GSM SIM 800L module to the registered mobile
number. The proposed design of the model is shown in Figure 1.

Power Supply
NS
T DHT 11
L TR Ap
GSM Ardumo
SIM
800L Uno
- ML B511 UV
Rs Ay Light Sensor

Fig. 1. Proposed Design
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2.1.1 Arduino UNO

It is an open-source physical computing platform based on a simple micro-controller board.
and a development environment for writing software for the board [10]. Arduino can be used to develop
interactive objects, taking inputs from a variety of switches and or sensors, controlling a variety of
lights, motors, and other physical outputs. The commercially available Arduino Uno board is shown
in Figure 2.

(i) Microcontroller: Microchip ATmega328P

(ii) Operating Voltage: 5 Volt

(iii) Input Voltage: 7 to 20 Volts

(iv) Digital 1/0O Pins: 14 (of which 6 provide PWM output) ’
(v) Analog Input Pins: 6

(vi) DC Current per I/O Pin: 20 mA

(vii) DC Current for 3.3V Pin: 50 mA

(viii) Flash Memory: 32 KB of which 0.5 KB used by bootloader

(ix) SRAM: 2 KB

(x) EEPROM: | KB

(xi) Clock Speed: 16 MHz

(xii) Length: 68.6mm

(xiii) Width: 53.4 mm

(xiv) Weight: 25 g 5

Fig. 2. Arduino UNO

2.1.2 DHT11

The DHTII is a basic, ultra-low-cost digital temperature and humidity sensor. It uses a
capacitive humidity instrument and a thermistor to measure the surrounding air, and spits out a digital
signal on the data pin (no analog input pins needed) [16]. It is shown in Figure 3.
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(i) Temperature range: 0°C-50°C / £2°C

(i1) Humidity Range: 20%-95% / £2%

(iii) Sampling rate: 1Hz (one reading every second)
(iv) Body size: 15.5mm* 12mm*5.5mm

(v) Operating voltage: 3-5V

(vi) Max current during measure: 2.5mA

Fig. 3. DHTI1I

2.1.3 ML8511

ML8511 module, shown in Figure 4, is an informal to use ultraviolet light sensor. The ML8511
Sensor works by outputting an analog signal in relation to the amount of detected UV light [7]. This
breakout can be very handy in creating devices that warn the user of sunburn or detect the UV index
as it communicates to weather conditions.

(i) Supply Voltage: DC 5V

(ii) Operating Temperature: -20~70°C
(iii) Sensitivity Region: UV-A and UV-B
(iv) Sensitivity Wave Length: 280-390nm
(v) Module Size: 30 x 22mm

Fig. 4. ML8511
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2.1.4 SIM800OL GSM Module y

SIM800L GSM module similar to the one which is on our phone. The GSM module is shown
in Figure 5 for further reference and better understanding. Basically, SIM800L module is a small chip
that uses serial-communication to communicate with any microcontroller or microprocessor. It has an
in-built onboard antenna and an onboard SIM slot for SIM insertion purposes. The SIM800L module
has total 12 pins that are used to establish connections with the microcontroller. For simplicity, here |
have shared a detailed pinout of the SIM80OL and a function of each pin.

Ring: This pin is used for indication purpose. It produces an interrupt signal when we receive an SMS
or a phone call.

DTR: We can call this pin an enable pin. This pin plays an important role in saving electricity. If we
turn this pin high, the module enters sleep mode by disabling serial communication and if the pin is
turned low, the module turns on. In case, SIM8OOL is not working, the reason might be that this pin
has been accidentally turned high.

Mic+, Mic-, SPK+ & SPK: These are the pins where we can connect the microphone Aand speaker.
NET: Here the helical shape antenna can be attached.

RST: This pin is used to reset the SIM800OL module. If the module is not responding to the AT
command, that might be because of a baud rate problem, you can turn this pin high for 100ms to reset
the SIM80OL.

VCC and GND: You can power SIM800L using these pins but the voltage should not be more than
3.3V and Current should not be less than 1A.

RX and TX: These pins are used for Serial communication Rx for receiving commands from the
controller and Tx for sending out the data.

Fig. 5. SIM800L GSM Module
4. IMPLEMENTATION

Based on framework shown in figure 7, we have a suitable implementation model that consists
of different sensor devices and module. In this implementation model we used Arduino Uno board
with GSM SIM800L module, DHT11 and ML8511 sensors as embedded devices for sensing data and
sending alert to the farmers. Arduino Uno board consists of analog input pins (Ac-As), digital output
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pins (Do-D13), inbuilt ADC and GSM module that sends alert to the registered numbers. Sensors are
connected to Arduino Uno board for monitoring. ADC converts the corresponding sensor readings to
its digital value and from that value corresponding environmental parameter is evaluated. The design
flow of the proposed system can be seen in Figure 6.

An embedded system for environmental monitoring and its components is shown in figure 7.
The embedded device is placed in particular area for testing purpose. DHTI11 sensor detects
temperature and humidity in that area and ML8511 is the sensor to detect UV light. Once the readings
cross the threshold limit, an alert is sent via GSM module to the registered mobile numbers. After
successful completion of building the system, and completing analysis on data the threshold values are
to be set accordingly for controlling alert purposes.

Start )

-

Connect the required sensors to Arduino Uno

AN i

Processing the sensors data using microcontrollers

Send the monitoring parameters
(temperature, humidity. UV index)
to registered mobile number

Stop

Fig. 6. Flow Chart
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Power Supply

P Fd

(1) DHTI11 ; Tx
} Arduino '“/x GSM
1 SIM
Ho Uno ¢ S00L

N
(2) e Ry
MLS8511 (microcentroller) el

SMS sent to Registered
ﬁ Mobile Number

Fig. 7. System Design

3. RESULT AND ANALYSIS

Here we can monitor different weather parameters by this system. Various weather parameters
observed and collected on June 22, 2020 are tabulated in Table 1 below, for example.

Standard or threshold value of humidity is 90%, temperature is 30°C and UV index is 7 of 10
for cloudy or rainy weather [2]. Accordingly, a messaging system is designed so that if these values
are equal to or greater than above mentioned standard values, then a bad-weather alert message is sent

to the farmers, as shown in Table 1.

SI. Time Temperature | Humidity | UV Index Comparing to the Alert
No. standard weather Status
parameter
1 12:30 am 28°C 94% 0of 10 | temp.<std.; hmd.>std.; | Not sent
UV<std.
2 1:30 am 28°C 95% 0of 10 | temp.<std.; hmd.>std.; | Not sent
UV<std.
3 2:30 am 27°C 95% 0of 10 | temp.<std.; hmd.>std: | Not sent
: UV<std.
4 3:30 am 27°C 96% 0of 10 | temp.<std.; hmd.>std,; | Not sent
UV<std.
5 4:30 am 27°C 96% 0of 10 | temp.<std.; hmd.>std.; | Not sent
UV<std.
6 5:30 am 27°C 96% 0of 10 | temp.<std.; hmd.>std.: | Not sent
UV<std.
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7 6:30 am 28°C 94% 10f10 temp.<std.; hmd.>std.; Not sent
UV<std.

8 7:30 am 29°C 93% 20f10 temp.<std.; hmd.>std.; Not sent
UV<std.

9 8:30 am 29°C 93% 50f10 | temp.<std.; hmd.>std.; Not sent
UV<std.

10 9:30 am 29°C 93% 70f10 temp.<std.; hmd.>std.4 Not sent
UV=std.

11 10:30 am 30°C 92% 920f10 temp.=std.; hmd.>std.; Sent
UV>std.

12 | 11:30 am 31°C 92% 100f10 | temp.>std.; hmd.>std.; Sent
UV>std.

13 12:30 am 31°C 93% 90f 10 | temp.>std.; hmd.>std.; Sent
UV=>std,

14 1:30 pm J1°C 92% 8of 10 | temp.>std.; hmd.>std.; Sent
UV>std.

15 2:30 pm 31°€ 90% 60of 10 | temp.>std.; hmd.=std.: Sent
UV<std.

16 3:30 pm 30°C 84% 30f10 | temp.=std.; hmd.<std.; | Not sent
UV<std.

17 4:30 pm 30°C 83% 10f10 | temp.=std.; hmd.<std.: Not sent
UV<std.

18 5:30 pm 30°C 85% 0of 10 | temp.=std.; hmd.<std.; Not sent
UV<std. :

19 6:30 pm 30°C 86% 00f 10 | temp.=std.; hmd.<std.; | Not sent
UV<std.

20 7:30 pm 29°C 89% 0of 10 | temp.<std.; hmd.<std.; | Not sent
UV<std.

21 8:30 pm 29°C 91% 0of 10 | temp.<std.; hmd.>std.; | Not sent
UV<std.

22 9:30 pm 29°C 92% 0of 10 | temp.<std.; hmd.>std.; | Notsent
UV<std.

23 10:30 pm 28°C 93% 0of 10 | temp.<std.; hmd.>std.; [ Not sent
UV<std.

24 11:30 pm 28°C 93% 0of 10 | temp.<std.; hmd.>std.; | Not sent
UV<std.

Table 1. Result

Practically improved results from data values are determined in the proposed system. These
results were expected when the system worked in Howrah, West Bengal in the mid-June (one-day
reading). And as discussed before, when the value of any two amongst temperature, humidity and UV
index reached or crossed the standard value, an alert was sent.

For example,
According to result table,
At 10:30 am, temperature= 30°C
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Humidity= 92%
UV index=9 of 10
Consequently, an alert was sent at 10:30 am.

5. CONCLUSION

To implement this, we need to deploy the sensor devices in the environment for collecting the
data and analysing it. Deploying sensor devices in the environment enables us to record real time data.
It can cooperate with other objects through the network. Then the collected data and the analysed
results are sent to the registered mobile numbers via GSM module. This data will be cooperative for
future analysis and can be easily shared with other end-users. This model can be further expanded to
monitor the developing cities and manufacturing zones for pollution monitoring. To protect the public
health from pollution, this model provides an efficient and low-cost solution for unceasing monitoring
of environment.

Here are some suggested additions that can be made to improve the system:
(i) Powering the device using solar panels.

(ii) Suspending the device from a weather balloon so that it can be used to record atmospheric
parameters at high altitudes and remote and inaccessible areas.

(iii) Use of a tough exterior cover for the system that will act as a protective cover enabling the device
to function in harsh weather conditions.

(iv) Designing a method to mount the weather monitoring device onto a buoyant platform like a buoy
hence enabling the system to measure weather changes over the sea. This data can also be shared to
cargo ships and other nautical industries conducting operations within the area.

(v) Using silica gel to prevent condensation on the exterior cover as condensation might affect the
sensors readings.
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