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Figures

1.1 The Heisenberg microscope is an apparatus we employ to discuss a thought 

experiment that demonstrates that accuracy in the measurement of an 

object’s position is inversely related to that in a concurrent measurement of 

its momentum. 5

1.2a Stern–Gerlach experiment. Collimated silver atoms pass through an 

inhomogeneous magnetic field along the z-axis. Classical mechanics predicts 

a single spot at the centre of the detector in line with the collimated beam. 

Quantum mechanics predicts two separated spots, as are actually observed in 

the SG experiment. One spot is above the centre, and the other is symmetrically 

below it. 13

1.2b This experiment shows that a mixed state collapses into an eigenstate by a 

measurement. Furthermore, a system that is produced in an eigenstate (in 

this case by the first SG apparatus) remains in the same eigenstate if the same 

measurement is repeated. 14

1.2c Selected output of the first SG experiment in which the magnetic field is along 

the z-axis is input to a second SG apparatus in which the magnetic field is 

orthogonal to that in the first. 15

1.2d This sequential SG experiment shows that measurements of Z- and X- 

components of the magnetic moment are not compatible with each other.  15

1.3 The position operator represents measurement of position of the target object. 19

2.1 The intensity vs. distance from centre C of the detector-screen is shown by the 

envelop E
1
 when slit σ alone is open and by the envelop E

2
 when slit ξ alone is 

open. It is shown by the envelop E
12

 when both the slits are open. 58

2.2 The four panels in this figure, (a) through (d), show a gedanken Young’s 

interference experiment in which the experimental setup allows increasingly 

zigzag paths, no matter how bizarre they seem to be, which FP can take from its 

source to a destination point on the detector-screen. 59
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2.3 Schematic diagram showing one-dimensional motion along the (vertical) 

x-axis against the (horizontal) time axis. A free particle’s motion from (x
i
 = 0, 

t
i
 = 0) to (x

f  
, t

f
). Newton’s method provides the correct path P

S
 (straight line). 

Consideration of variations in the quadratic path P
Q
 explains why the classical 

trajectory turns out to be correct. 63

2.4 When � �S , paths nearby to the classical paths add up in phase; those away 

from the same cancel each other. 66

2.5a Phase difference between alternative paths produces interference through 

superposition. 71

2.5b Solenoid that is placed in a modified setup to conduct the Aharonov–Bohm 

experiment in an improvised Young’s double-slit experiment. 71

2.5c The Aharonov–Bohm experiment is essentially a Young’s double-slit experiment 

in which a solenoid is placed right behind the slits and in between them. The 

solenoid is impenetrable, so electron trajectories can only skirt the solenoid on 

either side. The shaded circle right behind the slits shows the top view of the 

solenoid. 71

2.6 Displacement of the fringes due to the Aharonov–Bohm effect respectively 

for the five cases tabulated in Table 2.1. There is a lateral displacement as the 

geometric phase increases. The thick curve for “no current” is included in each 

to provide reference for the relative displacement. The similarity of the pattern 

in (i), (iii), and (v) is only apparent as the displaced fringes fall on top of adjacent 

ones as the geometric phase changes. The same is true for (ii) and (iv). 85

2.7 The figure on the left shows a closed curve on a sphere along which a pendulum 

can be parallel and transported adiabatically. The figure on the right shows that 

a pendulum set in motion, say somewhere in the northern hemisphere of the 

earth, would begin its oscillation in a certain plane to which it would not return 

when the earth completes one full rotation about its North–South axis. 87

3.1 Schematic representation of interference between alternatives resulting in bright 

and dark fringes. 103

3.2a A WW marker destroys interference. The detector screen is represented in this 

figure by the straight line at the bottom. 103

3.2b In this arrangement, an additional polarizer is placed in the apparatus whose 

polarization axis is at 45° angle with respect to that of the filter. This additional 

polarizer erases the WW information and restores interference. 103

3.3a As in Fig. 3.2, the detector screen is represented in this figure by the straight line 

at the bottom. Shining light behind the slits to peek into the path is another way 

of conducting a WW experiment. This serves as a WW marker. WW marking 

destroys interference. 104

3.3b A lens would recombine the scattered light from the two slits and erase the 

WW information. The quantum eraser restores interference. 104
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3.3c In this setup, the eraser is placed far away. However, regardless of where the 

eraser is placed, close by or far away, the mere provision of an eraser restores 

interference. 104

3.4 The analysis of one-dimensional motion along the x-axis is different in classical 

mechanics and in quantum mechanics. (a) A particle on a one-dimensional roller 

coaster. (b) A step potential. The potential is zero for x < 0 and it is V
0
 for x > 0, 

all the way as x Æ ∞. (c) A potential that is zero for x < -a (region I), V
0
 in region 

between x = -a and x = +a (region II), and zero again in region x > a (region III). 106

3.5a The inset of this figure shows a schematic representation of the potential function. 107

3.5b An early example of the control on repositioning of atoms on the surface by 

moving around the microtip electrode is shown here. A team of researchers [9] 

in 1989 moved around 35 atoms of xenon to spell “IBM”. 107

3.6 In α decay, radioactive 238
92

U  nucleus decays into 234
90

Th  and an α particle. 

From being bound inside the nucleus to a continuum state with a specific kinetic 

energy of ~4.2 MeV, the α particle must pass through the Coulomb barrier 

shown in (a). 113

3.7a Atomic potentials in a nanostructure. 116

3.7b One-dimensional potential well having a finite depth. 116

3.8a “Even” solutions occur at the intersection of curves represented by ( )tanu ν ν=  

and 
2

02 2 2
2

2
.

mV L
u Rν+ = =

�
 119

3.8b “Odd” solutions occur at the intersection of curves represented by ( )cotu ν ν= -  

and 
2

02 2 2
2

2
.

mV L
u Rν+ = =

�
 119

3.9 Energy levels and corresponding wavefunctions of a particle confined in an 

impenetrable potential barrier. Observe the nodal structure in conformity with 

the separation theorem and the comparison theorem discussed in the text. 122

3.10a Optical properties of a quantum dot are related to its size. 123

3.10b An exciton is a bound state of an electron and a hole. 123

3.11a The complex z plane. 131

3.11b The real branches W
0
 and W-1

 of the Lambert W function. W
0
 is the principal 

branch. 131

3.12 Image of the R-circle in w plane gives closed multi-loop self-intersecting curve, 

which is referred to as the Q-curve in the z plane. Solutions to the FSW problem 

are given by the points of intersection of the Q curve in the z plane with the 

coordinate axes. On successive magnification shown in the three panels below 

of the portion in the rectangle near the origin, one can see that the Q curve 

crosses the axes 14 times. 132
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3.13 Maps in the w plane of the axes-rays in the z plane, using the Lambert W 

function. The notation w (k, ray) which labels the curves in the w plane specifies 

the kth branch, and the specific ray specified. The four solutions in the quadrant 

for ( )0, 0u ν> >  are labeled as 1′e′, 1′o′, 2′e′, and 2′o′ corresponding to the 1st 

and 2nd “even” ( )1ε = +  and “odd” ( )1ε = -  solutions of Fig. 3.8. 133

4.1 Our perception of angular momentum is built on the basis of classical models 

such as the Kepler–Newton planetary orbits. 147

4.2a Rotation of an arbitrary function ( )f r
�

. 148

4.2b In the rotation of a function, a point in the function at position r
�
 is relocated to 

R
r
�

. 148

4.2c The rotation of a function can also be described from a passive point of view in 

which the coordinate frame itself is rotated in the opposite rotation. 148

4.3 With a common origin O, we have a Cartesian coordinate frame of reference 

(X
R
,Y

R
,Z

R
) that is rotated with respect to (X,Y,Z). The polar and azimuthal 

coordinates of an arbitrary point on the line OV along the direction given by the 

unit vector ˆ ˆv v
R

=  are ( ),θ ϕ  with respect to the frame (X,Y,Z) and ( ),
R R

θ ϕ  with 

respect to (X
R
,Y

R
,Z

R
). The polar coordinates of a point P on the Cartesian axis Z

R
 

are ( ) ( ), ,θ ϕ β α=  with respect to the frame (X,Y,Z) and ( ) ( ), 0,0
R R

θ ϕ =  with 

respect to (X
R
,Y

R
,Z

R
). We shall denote a unit vector along the axis Z

R
 by û. 165

4.4 Lengths of the three sides of a triangle satisfy the triangle inequality 

c a b a c- £ £ +( ). 170

5.1 Schematic depiction of the small-r (r → 0) behavior of the radial wave functions 

of the hydrogen atom. 202

5.2 Schematic diagram of the energy levels of the hydrogen atom modeled by the 

Schrödinger equation. The bound states energy eigenvalues are given by Eq. 5.47. 

The energy eigenvalues turn out to be exactly the same as in the Rydberg-Balmer 

semi-empirical model, and also the Bohr-model of the old quantum theory. 

Bound states (E < 0) have a discrete spectrum, and unbound states (E > 0) have 

a continuum. 205

5.3a The outermost 2p radial function in neon is nodeless, the argon 3p has one node, 

and the krypton 4p has two nodes. Also shown in each panel is the continuum 

d radial wavefunction at an energy that is just enough for ionization of the 

atom to take place on absorption of a photon. The photoelectron energy at the 

ionization threshold is 0Œ� . 207

5.3b The overlap between the initial state radial p (ℓ = 1) function and the final state 

radial d (ℓ = 2) function is shown in this figure as a function of the photoelectron 

energy. It is always positive in the case of neon, but in the case of argon and 

krypton the sign changes, going through a zero at a particular photoelectron 

energy where the Cooper minimum occurs. 208

5.4 Illustrative radial wave functions of the hydrogen atom. 209

5.5 Plots of radial probability densities corresponding to the functions shown in Fig. 5.4. 210
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5.6 The classical Laplace–Runge–Lenz vector points from the focus to the perigee. 

It is a constant vector for the one-over-distance potential. It keeps the major axis 

fixed; prevents its precession. 211

5.7a,b The left panel in this figure shows the branch points in the complex t plane and 

the right panel shows the same in the complex s plane. The flexed branch cut is 

also shown. 233

5A.1 Contour chosen to avoid the singularities in the integrand in Eq. 5A.18. 

The flexed branch cut is also shown. 237

5F.1a,b The left panel shows the choice of contour to address the branch points in the 

complex s plane. The flexed branch cut is also shown. The right panel shows 

that for each point on the curve C
1
, there is a corresponding point directly above 

it on C
2
 at a distance (iκ). 251

6.1a Region I is classically forbidden (CF); region II is allowed. A particle described 

by classical physics can be found only in the region II, to the right of x = t, where 

E > V. 280

6.1b Region I is classically allowed (CA); region II is forbidden. The classical turning 

point is at x = T. 280

6.2 A particle with energy E would be confined to region II, between the turning 

points t and T according to classical laws. The regions I and III are CF. 285

6.3 As a result of a perturbation, the energy levels may change, and/or they may 

get split, in accordance with symmetry and conservation principles. 294

6.4 The Dirac-δ “function” is in fact better known as a distribution, or a generalized 

function. It is narrow and sharply peaked. There are various representations of 

the Dirac-δ; three of these representations are shown in this figure. 299

6.5 The electromagnetic radiation is considered to be polarized along the direction 

ε̂  and incident along the x-axis. The photoelectron is ejected along ˆˆ
r f

kε = . 300

6.6a Box normalization relies on determining that wavelengths can be sustained in 

the box since only an integer multiple of the wavelengths can do so. Therefore, 

the following relations hold: 
22

;  i.e., ,   x
x x x x

x

n
n L n L or k

k L

ππ
λ = = = . 302

6.6b Determination of the number of states into which the photoionization transition 

can take place. 302

P6.10 Comparison of radial wavefunction obtained using the Euler equation (h = 

0.0001: black solid, h = 0.1: black dashed) and analytical function (thick grey). 315

P6.11 Comparison of radial wavefunction obtained using the Euler (black dashed) 

and Numerov’s method (black solid) and analytical function (thick grey). 316

7.1 Two Cartesian inertial frames of references with their respective axes parallel to 

each other and moving at a constant velocity v
�
 with respect to each other. 320
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xvi Figures

7.2 This is a semi-classical model of an electron circling a proton in the hydrogen 

atom. The electron’s instantaneous position with respect to the nucleus is r
�
, 

instantaneous kinetic momentum is p
�
, and the orbital angular momentum is 

�
�.  

This motion can be likened to an electric current 
2

e v
i e

T rπ
= = , where 

e is the electron’s charge, v its speed, and T the time period for one full 

rotation. Associated with this current is then a magnetic dipole moment 

( )21 1 1ˆ ˆ ˆ
2 2

v evr
iAA e r A A

c c r c
µ π

π

Ê ˆ= = =Á ˜Ë ¯�

�
, i.e., 

2 2

e e
r v

c mc
µ = ¥ =
�

�
� � � � �

�
. 330

7.3 Spin–orbit splitting of the 2p level in the hydrogen atom. Note that the 
3

2

2p  

level is less negative, and the 
1

2

2p  level is more negative than the energy of the 

nonrelativistic 2p level. 341

7.4 The relativistic kinetic energy correction to the energy level depends on the 

value of the orbital angular momentum quantum number. 342

7.5 Bohr–Schrödinger energy levels in the nonrelativistic energy spectrum of the 

hydrogen atom shift due to relativistic effects. RKE lowers the energy levels; 

spin–orbit interaction splits energy levels of 
1

2
= ±�j . The Darwin correction 

affects only the 0=�  states. The three corrections, s-o, RKE, and Darwin, are 

intrinsically present in Dirac theory; the FW transformations bring them to the 

surface and make them manifest. The energy levels are further shifted, due to 

factors not accounted for in Dirac theory. These additional shifts are the Lamb–

Retherford shift and shift on account of the hyperfine structure. 345

8.1 The change in sign of the matrix elements (Eq. 8.26) makes the photoionization 

cross-section go through a zero at some energy, called as the Cooper minimum. 

It is illustrated here, with permission from Reference [2]. The delayed maximum 

in the photoionization cross section is also seen in this figure. 367

8.2 Photoionization of atomic mercury from its 4f subshell. The upper panel shows 

that the cross sections go through a minimum a little above 150 eV, then goes 

through a delayed maximum, and eventually it decreases. The figure on the 

right-hand side shows the magnitudes of the complex matrix elements in the 

six relativistic dipole channels: 
7 9

2 2

4f gεÆ , 
7 7

2 2

4f gεÆ , 
7 5

2 2

4f dεÆ  and 

5 7
2 2

4f gεÆ , 
5 5

2 2

4f dεÆ , 
5 3

2 2

4f dεÆ . The continuum energy of the final 

state is represented by the symbol ε . Transition matrix amplitudes in channels 

(4f → g) with 1δ = +�  show delayed maximum due to the centrifugal barrier 

effect, discussed in the text. These figures are results of theoretical calculations 

using the relativistic random phase approximation (RRPA) from Reference [10]. 369

8.3 Oscillator strength distributions (reproduced with permission from Ref. [2]) in 

the discrete and the continuous spectra of (a) H (theory) and (b) Li (experiment). 

Oscillator strengths for discrete transitions are plotted as histogram blocks 

www.cambridge.org/9781009446556
www.cambridge.org


Cambridge University Press & Assessment
978-1-009-44655-6 — Quantum Mechanics
P. C. Deshmukh
Frontmatter
More Information

www.cambridge.org© in this web service Cambridge University Press & Assessment

Figures xvii

of height 
D

s

s

f

E
, where the base of each block is determined by the geometrical 

construction of tangents to the E
s
 versus s curve as shown in the lower part of (a). 371

8.4 Schematic diagram showing the effective potential experienced by an electron in 

the hydrogen atom placed in a constant electric field. 374

8.5 First-order Stark effect for n = 2, the first excited state of the hydrogen atom. 

The energy splitting is ( ) ( )ε= = ¥1
2 0

3
n

E ea∓ . 381

8.6 Electric dipole (E1) transition between the 1s and 2s states of hydrogen is 

forbidden. However, due to parity violation, 2s acquires opposite parity from 

2p. The E1 transition between 1s and parity mixed 2s is then allowed. 385

8.7a The electric dipole transition 'n p nsÆ  splits into six transitions, three of which 

correspond to 
1

2s
m = +  and the other three to 

1

2s
m = - . Only three frequencies 

are, however, observed in the spectrometer since the splitting of the energy levels 

is equispaced. 389

8.7b The Lorentz triplet was historically explained away with no reference to the 

electron’s spin. 389

8.8a The electric dipole transition 'n d npÆ  splits into nine transitions for 
1

2s
m = +  

and also for 
1

2s
m = - . However, only three frequencies are observed in the 

spectrometer since the splitting of the energy levels is equispaced. 390

8.8b The 'n d npÆ  electric dipole line also splits into three spectral lines that 

are observed, which could also be explained away with no reference to the 

electron’s spin. 390

8.9 The d
1
 and d

2
 lines of the sodium atom split into 10 lines. 395

8.10 Bohr–Schrödinger energy levels in the nonrelativistic energy spectrum of the 

hydrogen atom shift due to relativistic effects. RKE lowers the energy levels; 

spin–orbit interaction splits energy levels of 
1

2
= ±�j . The Darwin correction 

affects only the 0=�  states. The energy levels are further shifted due to factors 

not accounted for in Dirac theory. These additional shifts are the Lamb–

Retherford shift, and shift on account of the hyperfine structure. This diagram 

is of course only schematic, not to scale. 398

8.11a At high fields, the base vectors { } { }J I J I
JM IM M M∫  provide an eigenbasis of 

good quantum numbers. The system’s quantum states can therefore be labeled 

by { }, , ,≠≠ ≠Ø Ø≠ ØØ . 401

8.11b 
J I

M M  are no longer good quantum numbers due to J I◊
� �

 coupling. The eigenstates 

of the Hamiltonian are now given by superposition of 
J I

M M  base vectors. 401
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8.12 Transition between F = 4 and F = 3 levels of the 6s hyperfine levels 133Cs , which 

defines the unit of time. 401

P8.1 The difference in the number of counts at the detector sensors DS1 and DS2 are 

plotted as a function of the strength B
�

 of the phase shifter magnetic field. The 

difference shoots up (corresponding to bright fringes) and goes to zero (dark 

fringes) as a function of the strength of the magnetic field. 402

P8.2 In the first experiment with the neutron interferometer, we consider the case 

when the plane ADECA is horizontal. We then raise the arm CE to C′E′ by 

turning the interferometer through an angle θ about the arm AD. The track C′E′ 

is now at a height DEsinθ higher than the arm AD. Note that DE = DE′. 403

9.1 The relationship between symmetry of the N-particle wavefunction, value 

of the intrinsic spin angular momentum quantum number, and the statistical 

distribution function. 413

9.2 The electron charge densities can be obtained only in terms of the electron 

wavefunctions, which can be obtained only after the differential equation is 

solved; but the Hamiltonian operator can be constructed only in terms of the 

electron wavefunctions! 421

E9.10.1 A soap film suspended between the wire circles. 448

10.1a Schematic diagram showing scattering of an incident beam of probe particles by 

a target scatterer. We assume that the transverse width d is about the same as the 

wavepacket’s longitudinal width. 453

10.1b Different parts of the incident particles are at different impact parameter 

distances from the scatterer’s center. The scattering process is considered to have 

cylindrical symmetry about the Z-axis, independent of the azimuthal angle ϕ . 453

10.1c The shaded ring on the left is in a flat plane, perpendicular to the direction of 

incidence. It is the same ring shown in Fig. 10.1b. The shaded strip on the right 

is on the surface of a sphere centered at the scatterer’s center at a distance r. 453

10.1d A tiny surface element Sδ  on the shaded curved strip (on the spherical surface) 

shown in Fig. 10.1c subtends a solid angle δΩ  at the center of the scatterer. 453

10.2a This schematic diagram showing multiple pathways is based on Fig. 1.1 from 

Reference [4]. hν  denotes a photon, e denotes an electron, A denotes a neutral 

atom and A+ denotes a positive ion. An asterisk denotes an excited state. 456

10.2b The final state of photoionization ( )*h A A eν ++ Æ +  and electron-ion 

scattering ( )*A e A e+ ++ Æ + , are the same, even though the initial ingredients 

of the reaction are different. These two processes are related by time-reversal 

symmetry. 456

10.2c Schematic diagram showing a plane wavefront incident on a target scattering 

center. The scattered wave would travel radially outward after scattering, but 

the scattering yield can be anisotropic. 456
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10.3 A physical potential becomes weak as one moves away from its source. In 

particular, we consider potentials that asymptotically fall faster than the 

Coulomb potential.  460

10.4 The left-most panel depicts a scattering experiment in which a monoenergetic beam 

of incident particles impinging on a target is scattered away in various directions 

by the target. The right-most panel shows a photoelectron that escapes away to the 

asymptotic region as a free particle, but since it did not exist as a free particle in the 

initial state, it must be depicted by incoming spherical waves, in which the incoming 

flux from any direction is canceled from that coming in from the opposite side. 465

10.5a The Z-axis is assumed pointed from left to right. This figure shows the plane 

wave moving along the positive Z-axis. 468

10.5b The polar angle must be measured with respect to positive Z-axis, which in 

Fig. 10.5c is shown to be along the exit channel defined by the direction in 

which the photoelectron escapes.  468

10.5c This figure shows the plane wave moving from right to left. 

( )
( ) ( )( )

cos cos

cos cosP P

θ π θ

θ θ π

+ = -

- = +
� �

 468

10.6 Estimation of the correspondence between the probability current density and 

the density of projectile particles. 470

10. 7 The scatterer scoops out flux from the incident beam that would have continued 

its travel along the forward direction and spreads it in all the directions. 473

10.8 Illustration of the reciprocity theorem. It enables the application of the outgoing 

wave boundary conditions in scattering, and the ingoing wave boundary 

conditions in photoionization and photodetachment. 480

10.9 Schematic representation of the cause-effect relationship depicting the influence 

at the field point of the extended source of inhomogeneity in the differential 

equation. Whole space integration over the extended region of the source must 

be carried out to get the cumulative effect at the field point. 487

10.10 For a function ( )f z  that is analytic in the upper half of the complex plane in the 

region 
0

z R> , and lim ( ) 0
R

f z
Æ•

Æ  then ( )lim exp ( ) 0
R

iaz f z
Æ•

=Ú�  (for ( )0a > ; the 

path integral being over the large semicircle. When 0a < , the integration must 

be over a similar semi-circle in the lower half of the complex plane. This is a 

widely used result in complex analysis known as the Jordan’s lemma. 490

10.11 The closed paths C
1
, C

2
, C

3
 and C

4
, show four different ways to choose the path 

of integration for the evaluation of the integral I
1
 (Eqs. 10.165a,b). The choice 

C
1
 gives zero, and the remaining three choices correspond to different boundary 

conditions listed in Table 10.1. 490

10.12 Four different paths of integration for the evaluation of the integral I
2
 

(Eqs.  10.165a,c). The choice C
2
 gives zero; the remaining three choices 

correspond to different boundary conditions listed in Table 10.2. 491
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10.13 This contour integration path includes the entire real axis. The poles are avoided 

by displacing them infinitesimally and then taking the limit as the magnitude of 

the displacement tends to zero. 492

10.14 Schematic representation of the Born series of multiple scattering 

(Eqs. 10.189a,b). 496

10.15a Change in momentum in collision. 499

10.15b Most of the scattering takes place in a small angular cone along the forward 

direction. 499

10.15c Angular anisotropy of the differential cross section in the first Born 

approximation. 499

11.1 After the explosion of a diatomic molecule, atom a
L
 speeds away to the left, and 

a
R
 to the right.  508

11.2 The panel a on the left shows Venn diagrams for a set H (rectangle with 

horizontal stripes), a set V (rectangle with vertical stripes), and a third set D 

(a dotted circle). The panel b on the right shows these three sets displaced and 

arranged such that parts of D, H and V overlap with each other, constituting 

partial intersections that we shall denote by ∩. 511

11.3 The sets H′ and D′ denote the complements of H and D respectively. The 

intersection =¢ ¢H D H D∩  of H′ and D is shaded with dashes sloping left to 

right upward, while the intersection =¢ ¢VD V D∩  of V and D′ is shaded with 

dashes left to right sloping downward. The intersection =¢ ¢VH V H∩  of V and 

H′ is shown with stars (asterisks). 512

11.4 Each of the three circles H (dotted line for circumference), V (dashed line for 

circumference), and D (continuous line for circumference) partly overlaps with 

the other two circles. The circle H has a part that overlaps with circle V and a 

part that does not. It also has a part that overlaps with the circle D and a part 

that does not. The circles V and D also have similar relationships with the other 

two circles. 512

11.5a The top row, middle, and the bottom row depict three pairs of Stern–Gerlach 

(SG) basis sets, with Alice and Bob. The direction of the SG magnetic field (axis 

of quantization) in the three pairs of apparatus is different. Alice and Bob may 

choose to perform experiment in any of the three basis sets of SG apparatus. 513

11.5b When Alice chooses V, Bob may choose H or V or D. They pick their apparatus 

without consulting each other. Likewise, when Alice chooses H, Bob may 

independently choose H or V or D, etc. Their findings are examined after all 

experiments are performed [2]. 513

11.6 Representation of a qubit according to Eq. 11.20 on a Bloch sphere. Qubit 

states on the intersection of the Cartesian coordinates and the Bloch sphere are 

explicitly labeled. 523

11.7 Rotation of the Bloch sphere under the Pauli-X, -Y, -Z gates. 524

www.cambridge.org/9781009446556
www.cambridge.org


Cambridge University Press & Assessment
978-1-009-44655-6 — Quantum Mechanics
P. C. Deshmukh
Frontmatter
More Information

www.cambridge.org© in this web service Cambridge University Press & Assessment

Figures xxi

11.8 The criterion to determine if a 2-qubit state vector represents an entangled 

2-qubit state (i.e., a Bell state) or not requires examining whether or not the 

2-qubit vector is expressible as a tensor product of separate 1qb vectors. 528

11.9 The 2-qubit Control-Not gate is denoted using the symbol ≈  that denotes 

the classical XOR (exclusive OR) gate. 530

11.10 In the DJ algorithm, two single qubits each in pure state 1  are input to two 

1qb Hadamard gates H
1
 and H

2
. The outputs from the two H gates are fed to 

the 2-qubit f-CX function box. 530

11.11a Depicting the operations in Eqs. 11. 38a,b. 532

11.11b Depicting the operations in Eqs. 11. 38c,d. 532

11.12 A photocopier accepts as input any document or image along with an ancillary 

blank sheet of plain paper and delivers the original unaltered and a copy of the 

same. 535

11.13 We expect a quantum cloning machine to accept an arbitrary quantum state to 

be copied as input and copy it on an ancillary state and produce the original 

along with a copy of the original. 536

A.1 A neutron (n) is a spin-half baryon. It consists of three quarks, up, down, down. 

The weak interaction mediated by W − boson transforms it into a proton (p) 

which consists of the three quarks up, down, up. An electron and an antineutrino 

(electron-antineutrino) are emitted. 571

A.2a Parity violation in β-decay experiment. 572

A.2b A mirror image of the left-handed neutrino would produce the right-handed 

neutrino; but the latter has not been ever detected. 572

A.3 Depiction of the time-reversal symmetry in classical laws of motion. 575

A.4 Under parity transformation, the angular momentum remains invariant, but the 

electric dipole moment would reverse sign. Under the time-reversal operation, 

just the opposite would happen. 579

C.1 This figure shows the relationship between the Cartesian coordinate system and 

the spherical polar coordinates. The three Cartesian unit vectors { }ˆ ˆ ˆ, ,
x y z

e e e  are 

constant vectors along respective Cartesian axes. The unit vectors { }ˆ ˆ ˆ, ,
r

e e e
θ ϕ

 of the 

spherical polar coordinate system at a typical point P are as shown in the figure. 

They point respectively in the direction of the increasing radial distance r, polar 

angle θ, and the azimuthal angle ϕ. The notation is the same as in Reference [1]. 588

C.2 The atomic p
z
 orbital is shaped in the figure of 8, rotated about the Z-axis 

through one full circle. The lobes above and below the XY-plane are perfectly 

spherical. Since the diameter of a circle subtends an angle of 90° at any point 

on the circumference, the side of the triangle shown by dashed lines scales as 

a
0
cosθ, as shown, corresponding to the Legendre polynomial for 1,  0m= =� . 592

E.1 Distinguishable qubits, numbered like spins in an Ising model. 610
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Foreword

Since its formulation during the first part of the twentieth century, quantum mechanics has 

fascinated everybody who has tried to grasp it. Classical physics regarded the world to be 

deterministic; it claimed that if we just knew everything with enough precision, we should be 

able to predict what will happen tomorrow. Laws of nature, however, can be best explained 

by quantum mechanics, which is very different from classical physics: only the probability of 

a certain outcome of an experiment can be predicted. There is also a fundamental limit to how 

precisely certain pairs of physical quantities can be measured: when we improve the precision of 

measurement of one quantity, we lose it on another! Even more mind-boggling is the concept of 

entanglement. Two entangled particles can travel far from each other and still have a connection 

so that measurements on one of them immediately forces the other into a specific quantum 

state, regardless of the distance between them. Through the history of quantum mechanics, 

accomplished scholars and students alike have found this hard to accept, and argued that the 

theory must not be complete, that we are still waiting for its final version. Nevertheless, quantum 

mechanics has been proven to be a very successful theory. As far as we know, its predictions are 

all correct and technologies based on quantum mechanics are nowadays used everywhere: the 

smart electronic devices in our pockets, the energy efficient LED lamps, and the solar panels that 

harvest sunlight – deep inside they function because of the laws of nature explained by quantum 

mechanics. 

It is often said that it is not possible to really understand quantum mechanics. This might be 

true, but with enough effort it is certainly possible to learn to master its machinery and use it to 

explain physical phenomena and develop new technology. Professor Pranawa Deshmukh writes in 

this book: “Quantum theory may shock and confuse us, but it is a successful theory of the physical 

world. It is cast in a mathematical framework which must be learned with patience and rigour.” 

As a university teacher I know that the first course in quantum mechanics brings something 

special to many students. While classical physics seems to be completely settled and just for 

new generations to learn, quantum mechanics comes with surprises, riddles, and philosophical 

discussions. This book acknowledges this fascination; it does not compromise with the mathematical 

tools needed to be able to use the theory. Starting with the question of measurement and the 

wave–particle duality, the book continues along a path that takes the reader from the solutions of 

a particle in a box, through the harmonic oscillator and to the hydrogen atom, but it does not stop 

there. A whole chapter is devoted to many-electron systems. Here the necessity to approximate 

the many-problem is elaborated and several common approximations are explained. Advanced 

topics such as the path integral formulation of quantum mechanics, the role of symmetry, and the 
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xxiv Foreword

relativistic equation of Dirac are also covered and carefully integrated with the more traditional 

textbook content. The book comes with many solved problems, invaluable for the serious students 

and each chapter of the book starts with an historical photograph and an interesting quote from 

an important scientist, which nicely sets the theme for the following pages. 

This is a broad and modern approach to the subject. It includes material for a longer graduate 

course that will prepare students in many subfields of physics. Its strength is the coverage of 

important applications of quantum mechanics, often subjects of contemporary research. Ample 

space has been provided, for example, to the use of transitions from one quantum state to another. 

Radiation waves emitted or absorbed during such transitions are fingerprints of the particular 

atom or molecule and can be used to analyse the element composition and temperature of distant 

stars and galaxies. Even the atmosphere of extra-terrestrial planets can today be studied with 

such spectroscopic methods. Collisions, involving both particles and photons, are treated with 

equal care and include a discussion on how time-reversal symmetry relates the seemingly different 

processes of particle scattering and photoionization. 

The discussion on the measurement problem does not stop with the debate between Bohr 

and Einstein in the 1930s. This discussion was in fact just the starting point for the field of 

quantum information science. The inequality that was formulated by John Bell took the question 

of realism from being a philosophical issue to speculate on, to a question that could be settled 

with experiments. Bell’s inequality is here discussed in detail, as is quantum teleportation and the 

theoretical foundations of quantum computing. Today, ‘entanglement’ is not just something to be 

puzzled about, but a reality that can be utilized in quantum computers. The in-depth discussion on 

these issues underlines a contemporary approach to the subject taken in this textbook.

Eva Lindroth

Professor of Physics

Stockholm University

Stockholm, Sweden
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Preface

A graduate course on quantum mechanics is a daunting task – for both students and teachers. 

Students come for such a course with a fair amount of background in classical physics, classical in 

the sense that it is time-tested. They are familiar with the works of Newton, Lagrange, Hamilton, 

Euler, etc. In this scheme, an object’s physical state is described by its position q and momentum 

p, and temporal evolution by Hamilton’s equations of motion for the time rates q�  and p� . Their 

experience with classical physics entrenches their faith in it and builds their intuition, but they 

must now be taught that a physical theory that requires simultaneous knowledge of position 

and momentum is fundamentally untenable. Students must now settle with the fact that classical 

mechanics ‘works’ only when it is a very good approximation to a more appropriate theory 

of Nature, which is quantum mechanics. The foundational principles of quantum mechanics 

conflict with those of classical physics, causing confusion and doubt. Overcoming the resulting 

befuddlement involves learning what seems like an abstract formalism, which nonetheless turned 

out to be an unassailable theory of practical value. It changed our lives in the last century with 

quantum devices, and is now all set to take another leap into the second quantum revolution. 

It ushers in mind-blowing technology driven by entanglement and quantum computing.

The route to diligent applications of quantum mechanics begins with a shock. Students must 

grapple with formidable challenges on the path to comprehending consequential principles in a 

mystified territory. They have to develop proficiency in new methodologies involving abstract 

mathematics before they can see for themselves that quantum theory simply works; nothing 

succeeds like success. They can then use the theory to propel the frontiers of sciences, engineering, 

and technology. Amid this bewilderment, a graduate course in quantum mechanics is as romantic 

as it is challenging. One must learn to see beyond the corners of your vision, acquire rigorous 

capabilities in mathematics, enjoy luminous discourses between brilliant minds, cultivate an 

inventiveness to develop new technology that impacts human life, and understand the cosmos. 

Quantum mechanics: formalism, methodologies, and applications is a vast subject, very young 

compared to classical physics, but a very rich field to which some of the most outstanding 

intellectuals have made dazzling contributions during the past hundred odd years.

Some of my colleagues were surprised when a little over three years ago Cambridge 

University Press published my Foundations of Classical Mechanics (FoCM). They had expected 

that I would write a book on quantum mechanics, not classical. FoCM sets the stage for the 

present book: concepts, vocabulary, and notations employed in it are frequently referred to in 

Quantum Mechanics: Formalism, Methodologies, and Applications. This book has grown out 

of joyful improvisations I have labored over four decades to provide graduate students with a 
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xxvi Preface

rapid, but gentle, ramp-up from foundational principles of quantum theory to advances in its 

practices of contemporary interests. We emphasise that there aren’t two sets of laws of Nature, 

one for the microscopic and the other for the macroscopic world. In Chapter 1, we jump without 

much ado into the vector space formulation of quantum mechanics with a brief comment on the 

incompatibility of measurement of position and momentum using the Heisenberg microscope. 

We discuss the complete set of compatible observables and proceed to deliberate on Heisenberg’s 

principle of uncertainty, and also on the Schrödinger equation. Chapter 1 also compares, and 

contrasts, the energy–time uncertainty with that in position–momentum. We underscore the fact 

that a system has discrete or continuum energy eigenstates depending on the boundary conditions 

on the Schrödinger equation.

The sequencing of topics in this book is perhaps a bit untraditional, but purposefully so. 

Immediately after introducing foundational principles in Chapter 1, we introduce in Chapter 2 

Feynman’s path integral formulation, along with a discussion on the geometrical phase, because 

of the importance of the phase of the wavefunction. The mindboggling Aharonov–Bohm effect is 

also discussed in this chapter. Chapter 2 also includes a commentary on why classical mechanics 

works at all, when and where it does. Chapter 3 is primarily dedicated to simple one-dimensional 

problems, whose applications go as far as laying the foundations of nanoscience, but it also 

includes a relatively new method to solve quantum mechanical problems using the Lambert W 

function, developed by S. R. Valluri and Kenneth Roberts.

The shock from the simultaneous immeasurability of position and momentum is accentuated 

by that of the impossibility of determining orthogonal components of angular momentum. 

We appreciate the role of symmetry and conservation laws in formulating laws of nature, and 

enter an analysis of the angular momentum in considerable detail in Chapter 4. In Chapter 5, 

we use it to understand quantum mechanics of the hydrogen atom from the standpoint of the 

geometrical, and also the dynamical, symmetry of the Coulomb interaction. Discrete bound states 

spectrum and the continuum eigenstates of the hydrogen atom are both discussed.

Approximation methods are dealt with in Chapter 6, but degenerate perturbation theory is 

deferred to Chapter 8 on Stark–Lu Surdo, Zeeman, and hyperfine spectroscopies. Perturbative 

interpretation of relativistic effects is discussed in the context of the Foldy–Wouthuysen 

transformations of the fully relativistic Dirac Hamiltonian in Chapter 7, which also presents a 

decoupling of the radial and the angular parts of the relativistic 4-component wavefunction – 

notwithstanding the presence of odd operators in the Dirac Hamiltonian. We stress that there aren’t 

two laws, a relativistic law for particles moving at high speeds, and another nonrelativistic for 

those at low speeds. A fundamental particle even at rest has an intrinsic ‘spin’ angular momentum 

(discussed in Chapters 4 and 7, in particular), which requires relativistic quantum mechanics for 

its interpretation. It is this property that makes a particle a Fermion or a Boson.

The many-electron self-consistent field (Hartree–Fock) theory of the atomic structure is 

detailed in Chapter 9. In Chapter 10, on scattering theory, pedagogical treatment of the partial-

waves analysis is boosted to explicate the role of time-reversal symmetry which connects solutions 

of quantum collisions with those from photoionization/photodetachment spectroscopy. This 

chapter discusses the optical theorem, reciprocity theorem, Eisenbud–Wigner–Smith time delay, 

Born approximations, Green function methods, etc.

We accentuate the fact that it is misleading to say that quantum theory is mind-boggling and 

counter-intuitive; rather, it is Nature which is – quantum theory describes it correctly. Apparently 

strange phenomena occur in Nature, not in theories. To an uneducated intuition, they appear 

strange. One requires a reinterpretation of reality, which paves the way to quantum computing and 
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Preface xxvii

to the second quantum revolution. Chapter 11 provides an introduction to quantum computing, 

teleportation, and dense coding.

Quantum mechanics is a vast subject. We attempt to lay down a strong foundational 

formalism, move up to exemplify intricate methodologies, and exhibit significant applications 

which impact advances in engineering and technology. We hope this approach will help students 

and researchers to gain confidence in deploying crucial quantum tools resourcefully. We celebrate 

the interlacing of mathematics with the physical laws of Nature and hope that the coverage of 

each topic is satisfactory. An attempt has been made to maintain the presentation simple by 

focusing on the main ideas, and relegating some details to either a few problems at the end 

of each chapter, or to an appendix. Chapter 5 (on the non-relativistic hydrogen atom) has five 

appendices, 5A–5E, to provide necessary details with regard to the continuum eigenfunctions of 

the hydrogen atom, and about the symmetry group of the Coulomb potential, which accounts 

for the degeneracy of  its  discrete eigenstates. There also are five appendices (A–E) at the end 

of the book. These include a brief commentary on the role of discrete symmetries, a summary 

of Schrödinger, Heisenberg, and Dirac pictures of quantum mechanics, a brief account of the 

spherical harmonics, a short introduction to second quantization, and a shorter introduction to 

the Variational Quantum Eigensolver to simulate a many-electron system using qubits. Readers 

would benefit by regarding the appendices and the end-of-chapter problems as vital and integral 

content of the subject matter.

The contents of this book provide a compilation of my lecture notes prepared for a number 

of courses I had the opportunity to teach over four decades at the Indian Institute of Technology 

Madras, at the Indian Institute of Technology Mandi, at the Indian Institute of Technology Tirupati, 

and at the Indian Institute of Science Engineering and Research Tirupati. The course contents also 

benefited from video-lecture courses I had the opportunity to deliver for the NPTEL (Physics - Select/

Special Topics in Atomic Physics - YouTube, https://www.youtube.com/playlist?list=PLbMVogVj5

nJQAcTv17ETSh5-GNDbAo6BM, and Physics - Special/Select Topics in the Theory of Atomic Coll 

- YouTube, https://www.youtube.com/playlist?list=PLbMVogVj5nJSdsqPcC1J9SmCuKg5DIUwn) 

and for SWAYAM PRABHA (Special/Select Topics in Classical and Quantum Physics - YouTube, 

https://www.youtube.com/playlist?list=PLJoALJA_KMOAbZCaNzL28v8zqa0mpewf7). Parts of 

the contents of Chapter 11 have also been taught at the Dayananda Sagar University, Bengaluru. 

I am indebted to each of these institutions for giving me an opportunity to teach their students 

which has been an amazing learning experience for me.

An advance copy of the unedited pre-final complete manuscript has been read by Dr. Eva Lindroth, 

Dr. G. Baskaran, Dr. Anatoli Kheifets, Dr. Eugene Kennedy, and Dr. Pietro Decleva. I  gratefully 

acknowledge their criticism and comments. I have benefited and learned much from my research 

collaborators over the years; in particular from Dr. P. L. Khare, Dr. C. Mande,  Dr. Jan Linderberg, 

Dr. Walter R. Johnson, Dr. Steven T. Manson, Dr. Vojislav Radojevic, Dr.  Valery Dolmatov, 

Dr. Himadri Chakraborthy, Dr. Anatoli Kheifets, Dr. Kenneth Roberts, and Dr. S. R. Valluri. They 
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