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E[X3 The Bohr Hydrogen Atom

After Neils Bohr obtained his dncmratﬁ in 191k, he worked under Rutherford for a while. In 1913, he
presented a model of the hydrogen atom, whml:l hﬁs one electron. He postulated that an electron moves
only in certain circular orbits, called stationary orbits. In stationary orbits electron does not emit
radiation, contrary to the predictions of classical electromagnetic theory. According to Bohr, there is a
definite energy associated with each stable orbit and‘ an atom radiaties energy only when it makes a
transition from one of these orbits to another. The energy 1s’lradlated in the ﬁ:-rm of a photon with energy
and frequency given by,

AE=hf =E, . E ¢ : -.(1)

Bohr found that the magnitude of the elr.:r:m:m S angular mementum is quantized, “and this magmtude

for the electron must be integral multiple nf-—ﬂ? The magmtucég{the angular momentumis L = mvrfora

particle with mass m moving with speed v in a circle of radius . Sﬁccordmg ol
to Bohr's postulate, _
”ﬁ -~ A ’ 1"'1.
mvy = — =1,2,3.... !
2T (n % ) F e
Each value of n corresponds to a permitted value of the orbit radius, W ;E ''''' o |
which we will denote by 7, and the corresponding speed v, . The value of n for SV
cach orbit is called principal quantum number for the orbit. Thus, | e
nh . e
my, h, =— ...(1)
n Fig. 30.4

According to Newton's second law a radially inward centripetal force of
2

magnitude F = is needed to the electron which is being provided by the electrical attraction
rﬂ
setween the positive proton and the negative electron.
mv, ° ficigt .
Thus, = ~ ..(1i1)
r" 4EE.H rn'
Solving Egs. (ii) and (iii), we get
gon’h’ nth orbit radius] .
r, = o1V
" wme’ in Bohr model |
e’ nth orbital speed .
i v, = : V)
2e ynh in Bohr model

The smallest orbit radius corresponds to # =1. We'll denote this minimum radlus r:alh.d the Bohr

madins as a,. Thus,

Eﬂhz ] -

ag = 3
tme

Substituting values of €, h, , m and e, we get
a; =0.529%107"" m=0.529 A : (Vi)
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Eg. (iv), in terms of a, can be written as,

T, =n1an or r, o< 1i? - iy : ...(vii)
! L 1 .
Similarly, substituting values of e, £, and h with n=11n Eq. (v}, we. &t_
c # o \
v; =219 x10° m/s = — - -...(viii
I ~137 ) (viii)

This is the greatest possible speed of the electron in the hydrogen ﬁtﬂm+LW‘Eich is approximately
equal to ¢/137 where ¢ is the speed of light in vacuum. |

=
Eq. (v), in terms of v; can be written as, g
vy | : :
Vo =";l— or vV, ﬂt; ...{l.‘!.'.)
Energy levels : Kinetic and potential energies K, and U/, in n'™ orbit are,
4 M.‘L
K ] 5 me .,
=—mv,~ =
n n 2 2 L.
EE;} N hl
-
2 4
1 e me
and Uy B e e

The total energy E, is the sum of the kinetic and potential energies.

4
me

8e, n’h’

Substituting values of m, e, €, and h with n=1, we get the least energy of the atom in first orbit,
which is =136 eV. Hence,

E =K, 6 +U,=-

E,=-136eV (%)
E
and E, =#-;-=~1—3;§-ev . (xi)
n n

Substituting n=2, 3, 4., etc., we get energies of atom in different orbits.
E, =-340eV, E;=-151eV,...E_=0

Tonization energy of the hydrogen atom is the energy required to remove the electron completely.
In ground state (n =1) energy of atom is —13.6 eV and energy corresponding to n = <= is zero. Hence,
energy required to remove the electron from ground state is 13.6 eV.

Emission spectrum of hydrogen atom

Under normal conditions the single electron in hydrogen atom stays in ground state (n=1). It is
excited to some higher energy state when it acquires some energy from external source. But it hardly

stays there for more than 10~° second.

A photon corresponding to a particular spectrum line is emitted when an atom makes a transition *

from a state in an excited level to a state in a lower excited level or the ground level.

Let n; be the initial and n , the final energy state, then depending on the final energy state following
series are observed in the emission spectrum of hydrogen atom.

i
i
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Balmer series Lyman Paschen Pfund
(visible light) - 2 - &L series series series j:g-%ggg
Paschen series n q_--"_,-?.~~ ' F——0.548V
(infrared) . n=4 -0.85aV
A a n=3 -1.51eV
Brackett series !, Brackett
Lyman series (infrared) : n= g:"’ seres -3.40eV
(ultraviolet) If'fund series ) a Balmer '
I:Iﬂfrﬂl'ﬂd} . % p saries
. L - o )
ns= 2 oo
n= 3
n=4 T o )
n=>5 | ’%%
— n=1 i«m _ -13.6eV
Fig. 30.5 -

For the Lyman series n =1, for Balmer series n, =2and so on. The relation of the various spectral
series to the energy levels and to electron orbits is shown in figure.

Wavelength of Photon Emitted in De-excitation b

According to Bohr when an atom makes a transition from one energy level to a lower level it emits a
photon with energy equal to the energy difference between the initial and final levels. If E; is the initial
energy of the atom before such a transition, E ; is its final energy after the transition, and the photon's

energy 1s hf = %'E then conservation of energy gives,

he
hf =—= (X
f X (xii)

By 1913, the spectrum of hydrogen had been studied intensively. The visible line with longest
wavelength, or lowest frequency is in the red and is called H,, , the next line, in the blue-green is called

Hﬁ and so on. g

In 1885, Johann Balmer, a swiss teacher found a formula that gives the wave lengths of these lines.
This is now called the Balmer series. The Balmer's formula 1s,

E,-E, (energy of emitted photon)

..(x1ii)

Here,n=3,4,5..., etc.
R = Rydberg constant =1.097 X 10" m™

and A is the wavelength of light/photon emitted during transition.

For n =3, we obtain the wavelength of H, line. Similarly, for n = 4, we obtain the wavelength of
. line. For n = oo, the smallest wavelength (=3646 A) of this series is obtained. Using the relation,
he

E = we can find the photon energies corresponding to the wavelength of the Balmar series.

Wultiplying Eq. (xiii) by hc, we find
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Rh
E=ﬁ£=hcﬂ[] l)z ¢ Rhe

2 22 2 2% )
= EH - EE : 4 ‘“. .
This formula suggests that, : '-::';‘;_
& . = ,
En=-£—zf,n=l,2,3... .(xiv)
n .
5 P
Comparing this with Eq. (xi), of the same article, we have 4
Rhe=1360eV - A * &)
The wavelengths corresponding to other spectral series (Lyman, Paschen , érc.) can be represented
by formulas similar to Balmer's formula. o y.
, BRI A R g
Lyman Series : ==Ring—— =234, Ty
A \1° n” . X
, 1 (1 1 0
Pascher Series : —=R|—=-—|,n=4,5,6... -
A \3* n”
. l 1 1) _
Brackett Series : —=R|—-—|,n=56,7... "
A 4* p°
Pfund Series L [1 L 6, 7,8
n : —=R|—5-—=|,n=61/8...
A 52 n*)

The Lyman series is in the ultraviolet, and the Paschen, Brackett and Pfund series are in the infrared
region.

Sample Example 30.3 Calculate (a)the wavelength and (b) the frequency of the Hg line of the

Balmer series for hydrogen,

Solution (a) Hy line of Balmer series corresponds to the transition from n = 4to n =2 level. Using Eq.
(xiii), the corresponding wavelength for Hg line is,

1 s (1
—=(1097%x10")}| — - —
A il 34 ](2 )

2 42
=0.2056 %107
A=49%10"" m Ans.
c  30x10%
(b -—=———
) / A 49x107

=612 x 10" Hz Ans.



CHAPTER 30 - Modern Physics-1 207

Sample Example 30.4  Find the largest and shortest wavelengths in the Lyman series for hydrogen.
In what region of the electromagnetic .s'geﬂmm does each series lie?

&

Solution The transition equation for Lyman series is given by,

oA
l:R[]—E-—'i], n=23...

A n?
The largest wavelength is corresponding ton=2. A &
1 11 |
—=1.097x107 | > =~ |=0.823 x 10
- i-3
Ay =1.2154 %1077 m'.;:EISA -  Ans.

The shortest wavelength corresponds to n =<
]

=1.097 %10’ G—-l—

= e

min
P

or Ay =0911x107" m=911A Ans.

Both of these wavelengths lie in ultraviolet (UV) region of e]er:tmmagneﬁg spectrum.

| |E[%] Hydrogen Like Atoms

The Bohr model of hydrogen can be extended to hydrogen like atoms, i.e., one electron atoms, such
25 singly ionized helium (He™ ), doubly ionized lithium (Li *2) and so on. In such atoms, the nuclear

charge is +ze, where z is the atomic number, equal to the number of protons in the nucleus.
The effect in the previous analysis is to replace e’ everywhere by ze’. Thus, the equations for, r, , v,
and E, are altered as under:

‘I E“HI»‘IE HE ﬂz .
h = Sty SOr B ks ...(1)
Tmze z z

where a, =0.529 A (radius of first orbit of H)
v, = 2¢” =2y, or v 0e (11)

&gl "o
where v =2.19%10° m/s  (speed of electron in firsterbit of H)

2.4 2 2
mz“e z z
B =—F or E, oc— ...(1i1)
" 8ein’h* nt A T ) .

where E, =-13.60eV (energy of atam in first orbit of H)

Fig. 30.6 compares the energy levels of H and He™ which has z =2. H and He* have many spectrum
imes that have almost the same wavelengths. _ :
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m

t  n=3 Ey=-1.5eV n=8 Eg =—1.5eV
n=§- Eg =-2.2eV
n=2 E, =-3.4eV n=ds—— E,=-3.4eV ¢
4y Tt L=
....",‘F'
n=3 ——Ej= -6.0eV
; .
Fr E,=-136eV  n=2 E,=-13.64)
H ) "

n=1 E, =-54.46V,
He* Q

Fig. 30.6 Energy levels of H and He*. Because of the additional factor Z2 in the energy expression, the energy of
the He* ion with a given n is almost exactly four times that of the H atom with the same n. There are
small differences (of the order of 0.05%,) because the reduced masses are slightly diffefent.

Sample Example 30.5 Using the known values for hydrogen atom, calculate
(a) radius of third orbit for Li**
(b) speed of electron in fourth orbit for He ™.

"2

Solution (a) z=3for Li**. Further we know that r, =— a,
Z

substituting, n=3,z=3 and a,=0.529A

2
we have r; for Li** = 6) (0.529) A=1.587 A Ans.

(3)
(b) z=2for He". Also we know that

V.=

n vl

- I X

Substituting n=4, z=2 and v, =2.19%10° m/s
we get, v, for He” =(%](2.i?xlﬂﬁ}mfs

=1.095% 10® m/s Ans.
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_‘ Extra Points [ |

= Total number of emission lines from some exc:lted state n, tb another energy state n, (< n,) is given by
l:ﬂ1 - HE) (n-| I'TE. i ‘I} 3\ ) r.
2 e g
- o

For example total number of lines from n, = n to n, = 1are

nim-—1)
5

» As the principal quantum number nis increased in hydrqgn and hydrogen like atoms, some quantities
are decreased and some are increased. The table given heluw shows which quantities are increased

and which are decreased. R d
TEblE 30-1 * . -
Radius Speed . _
Potential energy Kinetic energy -
Total energy Angular speed ©
Time pericd
Anﬁgﬂar momentum

>
L

= Whenever the force obeys inverse square law (F e -12] and potential energy is inversely proportional
X r

tor [U o }1-] kinetic energy (K), potential energy (U) and total energy (E) have the following
relationships.

= I%l and E=-K =—L25J-
If force is not proportional to ;1—,{“' potential energy is not proportional to ; the above relations do not

hold good. In JEE problems, this situation arises at two places, in an atom (between nucleus and
electron) and in solar system (between sun and planet).

See sample example number 30.7.

« Total energy of a closed system is always negative and the modulus of this is the binding energy of the
system. For instance, suppose a system has a total energy of =100 J. It means that this system will
separate if 100 J of energy is supplied to this. Hence, binding energy of this system is 100 J. Thus, total
energy of an open system is either zero or greater than zero. *

« Kinetic energy of a particle can't be negative, while the potential energy can be zero, positive or
negative. It basically depends on the reference point where we have taken it zero. It is customary to
take zero potential energy when the electron is at infinite distance from the nucleus.-In some problem
suppose we take zero potential energy in first orbit (U, = 0), then the modulus uf actual potential
energy in first orbit (when reference point was at infinity) is added in Uand Eiin all energy states, while
K remains unchanged. See sample example number 30.6.

i —— i - = - ———
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Sample Example 30.6 Find the kinetic energy, pﬂremiai_energ;' and total energy in first and second
orbit of hydrogen atom if potential energy in first orbit is taken to be zero. '

&

Solution E, =-13.60eV K,=-E, =13.60eV . U, =2E;=-27.20eV
. F i
E 12w A
E, =E;;=—3.4nev K,=340eV and U,=-680eV .,

B

Now, U, =0, i.e., potential energy has been increased by 27.20 eV. So, we will increase U and E in all
energy states by 27.20 eV while kinetic energy will remain unchanged. Chan’ged values in t@hular form
are as under. .

Table 30.2 .
Orbit K (eV) U (eV) Ei_;eﬁ- L |
First 13.60 0 13.60
Second 3.40 20.40 23.80 P

-

Sample Example 30.7 A small particle of mass m moves in such a way that the potential energy
U =ar® where a is constant and r is the distance of the particle from the origin. Assuming Bohr’s

model of quantization of angular momentum and circular orbits, find the radius of n " allowed orbit.

Solution The force at a distance r is,
dU

F=e——=-2ar
dr
Suppose r be the radius of n"* orbit. Then the necessary centripetal force is provided by the above force.
Thus,
2
B =2ar (i)
-
Further, the quantization of angular momentum gives,
nh (i)
mr=— |
2n f
Solving Eqgs. (i) and (i1) for r, we get
R LL
n-h
y= - Ans.
[E amm” ]

EIFS X-Rays

Electromagnetic radiation with wavelengths from 0.1 A to 100 A falls into the category of X-rays.
The boundaries of this category are not sharp. The shorter wavelength end overlaps gamma rays and the
longer wavelength end overlaps ultraviolet rays. Photoelectric effect (will be discussed later) provides
convineing evidence that photons of light can transfer energy to electrons. Is the inverse process also
possible? That is, can part or all of the kinetic energy of a moving electron be converted into a photon?
Yes, it is possible. In 1895 Wilhelm Roentgen found that a highly penetrating radiation of unknown
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nature is produced when fast moving electrons strike a target of high atomic number and high melting
point. These radiations were given a name X-rays as their nature was unknown (in mathematics an
unknown quantity is normally designated.by X). Later u whs discovered that these are high energy
photons (or electromagnetic waves) \ -r -

Production of X-Rays : Figure shows ad-:dgram
of a X-ray tube, called the coolidge tube. A cathode (a
plate connected to negative terminal of a battery), heated
by a filament through which an electric current is passed, - 5.
supplies electrons by thermionic emission. The high
notential difference ¥ maintained between the cathode
and a metallic target accelerate the electrons toward the’,
atter. The face of the target is at an angle relative to the i
clectron hean*l_} and the X-rays that leave. the target pass » ig 30.7.An X-ray tube. The higher the
through the side of the tube. The tube is evacuated to atcelerating voltage V, the faster the

nermit the electrons to get to the target unimpeded. electrons e thi;;‘?{'trea;tshe wavelengtis of

- i

‘¥ Evacuated

Target Cathode

Continuous and characteristic X-rays: X-rays
so produced by the coolidge tube are of two types,
continuous and characteristic. While the former depends
»nly on the accelerating voltage V the later depends on the
arget used.

Continuous X-rays : Electromagnetic theory predicts that an accelerated electric charge will
~adiate electromagnetic waves, and a rapidly moving electrons when suddenly brought to rest is certainly
accelerated (of course negative). X-rays produced under these circumstances is given the German name
dremsstrahlung (braking radiation). Energy loss due to bremsstrahlung is more important for electrons
an for heavier particles because electrons are more violently accelerated when passing near nuclei in
Seir paths, The continuous X-rays (or bremsstrahlung X-rays) produced at a given accelerating potential
“ vary in wavelength, but none has a wavelength shorter than a certain value A _. . This minimum
wavelength corresponds to the maximum energy of the X-rays which in turn is equal to the maximum

anetic energy gV or eV of the striking electrons. Thus,

h
J'LC = eV or l-=hf

min
e eV

=

After substituting values of k, ¢ and e we obtain the following simple formula for A .

12375
A pin (in A)= A |
mn (108 = S olts) 0
Increasing V' decreases A ;. . This wavelength is also known as the cutoff wavelength or the

eshold wavelength.

Characteristic X-rays: The X-ray spectrum typically consists of a brﬂad confinuous band
wataining a series of sharp lines, as shown in Fig. 30.8.

As discussed above the continuous spectrum is the result of collisions between incoming electrons
= atoms in the target. The kinetic energy lost by the electrons during the collisions emerges as the
mergy of the X-ray photons radiated from the target. ;
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The sharp lines superimposed on the continuous
spectrum are known as characteristic X-rays because they
are characteristic of the target material. They were
discovered in 1908, but their origin remained unexplained
until the details of atomic structure, particularly the shell
structure of the atom, were discovered.

Characteristic X-ray emission occurs when a bombarding
electron that collides with a target atom has sufficient energy
to remove an inner shell electron from the atom. The vacancy
created in the shell is filled when an electron from a higher
level drops down into it. This transition is accompanied by the
emission of a photon whose energy equals the difference in
energy between the two levels.

L.et us assume that the incoming electron his dislodged
an atomic electron from the innermost shell-the K shell. If the
vacancy is filled by an electron droping from the next higher
shell-the L shell-the photon emitted has an energy
corresponding to the K, characteristic X-ray line. If the
vacancy is filled by an electron dropping from the M shell,
the K, line is produced. An L,, line is produced as an electron
drops from the M shell to the L-shell, and an line is
produced by a transition from the N-shell to the L-shell.

Moseley’s Law for Characteristic Spectrum

K[ |

N
— M
Kg L. .. M-series
¥ ¥ b L
L-series a
Ke - 3
{4 .
K-saries .
Fig. 30.9

Although multielectron atoms cannot be analyzed with the Bohr model, Henery G.J. Moseley in
1914 made an effort towards this. Moseley measured the frequencies of characteristic X-rays from 2

large number of elements and plotted the
square root of the frequency JJ? against the a5
atomic number z of the element. He ] 20l
discovered that the plot is very close to a ~ ™
straight line. He plotted the square root of the 7 ¢ 5
frequency of the K, line versus the atomic %
number z. x 1.0

As figure shows, Moseley’s plot did not =

L 0.5

pass through the origin. Let us see why. It
can be understood from Gauss's law.

Consider an atom of atomic number Z in 9
which one of the two electrons in the K-shell

10 15 20 25 30 35 40 45 50
Afomic number, z —

has been ejected. Imagine that we draw a Fig. 30.10 A plot of the square root of the frequency of the

Gaussian sphere just inside the most
probable radius of the L-electrons. The

K. lines versus atomic number using Moseley's data.

effective charge inside the Gaussian surface is the positive nuclear charge and one negative charge due to
the single K-electron. If we ignore the interactions between L-electrons, a single L electron behaves as if
it experiences an electric field due to a charge (Z — 1) e enclosed by the Gaussian surface.
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Thus, Moseley’s law of the frequency of K, line is,

5 Jfx. =a(Z-1y (i)

where a is a constant that can be relatetl to Bohit’s theory.
The above law in general can be stated as undeér,

Jf=a@-b ~ | -...(iii)
For K, line, AE = hf =RI:¢I{Z~1};?£—]T‘——12—] y
| ' 2 “
or J__T= .3i:£(z_]) or a= %E and b=1

After substituting values of R and ¢, we get o #
a=498x10" (Hz)" %
L

Eq. (iii) can also be written as, .
f=a*(Z-b)? i o 2iv)
~ 2 _ 3Rc 15
For K, line, a Y =(2.48x10"° Hz) and b= 1.
Hence, fr, =(2.48x10" Hz)(Z-1)"

Note We have studied above Moseley's law only for K, line for which b =1 and a = 4.98 x 10 (Hz)'". For

utheraper,lnﬂ lines(Kg, K, L, etc.)the theory requires a good enough discussion and I personally feel it
is not required at all as f-:rr as JEE problems are concerned. Even though for interested readers a brief
idea has been given below.

Screening Effect (exclusively for interested readers) : The energy levels, in general, depend on
principal quantum number {n} and orbital quantum number (/). Let us take sodium (Z=11) as an
example. According to Gauss's law, for any spherically symmetric charge distribution the electric field

q enct
4rne 0 r‘? ’
sphere with radius r. Mentally remove the outer (valence) electron from a sodium atom. What you have
left is a spherically symmetric collection of 10 electrons (filling the K and L shells) and 11 protons. So,

Genct =—10e+1le=+e
If the eleventh is completely outside this collection of charges, it is attracted by ‘an effective charge
of +e,not+11le

This effect is called screening, the 10 electrons screen 10 of the 11 protons leaving an effective net
charge of +e. In general, an electron that spends all its tlme completely outside a positive charge z 4 ehas

-nergy levels given by the hydrogen expression with e’ replaced by zy el ie., .
Zet
E,=- ";'1_ (13.6 eV) (energy levels with screening)

magnitude at a distance r from the centre is where g, is the total charge enclosed within a

If the eleventh electron in the sodium atom is completely outside the remaining charge distributiun,
'J'iEH IEH = L ] -

We can estimate the ﬁ'equem:}' of K, X-ray photons using the concept of screening. A K, X-ray
shoton is emitted when an electron in the L shell (n= 2)drops down to fill a hole in the K-shell {.-r 1). As
the electron drops down, it is attracted by the z protons in the nucleus screened by one remaining electron

= the K-shell. Thus,
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Zet =(Z£-1) n;=2 and n, =l
The energy before transition is, 4

Z-1)? % 2 :
E =t 21” (13.6eV)=—(Z-1)2 (3.4 ¢Y) -
. M
and energy after transition is, s e .
E, =- [E‘” (13.6eV)=—(Z~1)? (136 eV),

The energy of the K, X-ray phntnn is -
Ex. =E;—E;=(Z-1)*(102¢eV) & ¢

The frequency of K, X-ray photon is therefore,
fo = Ex, (Z-1)(10.2¢eV)
fa " h T (4.136x107% eV -s) .
This relation agrees almost exactly with Moseley’s experimental law. (P

w

=(2.47x 10" Hz) (Z-"Iﬁg

Sample Example 30.8 Find the cutoff wavelength for the continuous X-rays coming from an X-ray
tube operating at 40 kV.. -

Solution Cutoff wavelength A .. is given by,
; 12375 12375
A i (in A)=— = ; '
Vin volts) 40x10 "
=031A Ans.

Sample Example 30.9 Use Moseley's law with b=1 to find the frequency of the K, X-rays of La
(Z =57) if the frequency of the K, X-rays of Cu (Z =29) is known to be1.88 x10'* Hz

Solution Using the equation, Jf =a(Z-b) (b=1)
fia =(2La —1)‘
flf.'.'u z{'_"u ~1
2
Z, -1
or Jia -ﬁ:u{zcu_l)
2
~1.88x10'8[ 27=1
29 -1
=7.52x10'® Hz Ans.
o /mportant Points

1. The target (or anode) used in the Coolidge tube should be of high melting point. This is because less
than 0.5% of the kinetic energy of the electrons is converted into X-rays. The rest of the kinetic energy
becomes internal energy of the target which simultaneously has to be kept cool by circulating oil or
water.

2. Atomic number of the target should be high. This is because X-rays are high energy photons and as
we have seen above energy of the X-rays increases as z increases.

3. X-rays are basically electromagnetic waves. So they possess all the properties of electmmagnatlc
waves.

— — :
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Sample Example 30.10 Determine the energy of the characteristic X-ray (Ky) emitted from a

tungsren (z = 74) target when an e!ectr@ drops frﬂm the M sheﬂ (n=3) to a vacancy in the K-shell
(n=1).

Solution Energy associated wuh the electron i in tﬁ.e K—sh&!] is approximately

=~ (74-1)*(13.6eV) = - 723474V

An electron in the M—aheli IS SUh_]{?Cl to an effectivg nuclear charge that depends on the number of
electrons in the n=1and n =2 states because these electrons shield the M electrons from the nucleus.
Because there are eight electrons in the n =2 state and ond, remaining in Jhe n =1 state, roughly nine

‘I-

electrons shield M electrons from the nucleus, S
50 Zog =29
Hence, the energy associated with an electron in the M qhell 18, B
~13.6 =
E, =—;EEEV 13. t’:{l 9} oV
3 ) 3 ff-i
] ® ?4 - . T
=—( 36](9 ) eV=-6384e\
Therefore, emitted X-ray has an energy equal to =T
E, — Ep ={-6384—(-72474)} eV =66090 eV Ans.

Intrnductm:y Exercise

1. The wavelength for n = 3to n = 2transition of the hydrogen atom is 656.3 nm. What are the wavelengths
for this same transition in (a) positronium, which consists of an electron and a positron (b) singly ionized
helium (Note: A positron is a positively charged electron).

2. Find the longest wavelength present in the Balmer series of hydrogen.

3. (a) Find the frequencies of revolution of electrons in n = 1 and n = 2 Bohr orbits.

(b) What is the frequency of the photon emitted when an electron in an n = 2 orbit drops to ann=1
orbit?

(c) An electron typically spends about 10™°s in an excited state before it drops to a lower state by
emitting a photon. How many revolutions does an electron in an n =2 Bohr orbit make in
1.00x107° s?

4. Amuon is an unstable elementary particle whose mass is 207 m, and whose charge is either *eor “e. A

negative muon (1~ ) can be captured by a nucleus to form a muonic atom.

(a) A proton captures ap~. Find the radius of the first Bohr orbit of this atom.

(b) Find the ionization energy of the atom.

Note Attempt this question after reading the whole chapter. »

5. Find the de-Broglie wavelengths of
(a) a 46 g golf ball with a velocity of 30 m/s. (b) an electron with a velocity of 107 m/s.

6. (a) A gas of hydrogen atoms in their ground state is bombarded by electrons w:th kinetic energy

12.5 eV. What emitted wavelengths would you expect to see? "

(b) What if the electrons were replaced by photons of same energy? 5

7. For a given element the wavelength of the K, line is 0.71 nm and of the K line it s 0. 63 nm. Use this
information to find wavelength of the L, line.

8. The energy of the n = 2state in a given element is E, = — 2870 eV. Given that the wavelengths of the K,
and Ky lines are 0.71 nm and 0.63 nm, respectively determine the energies E, and £,.
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9. The energy levels of a certain atom are shown in figure. If a photon of frequency f sE
is emitted when there is an electron transition from 5E to‘E, what frequencies of 4E
photons could be produced by other energy level transmﬂﬂsf' ’

A ;"‘, % | E
e T Fig. 30.11

10. An excited atom of mass m and initial speed v emits a photon in its direction of motion. If v << ¢, use the
requirement that linear momantum and energy must both be conserved ts, shnw that the frequency of the

photon is higher by "Q: = — than it would have been if the atom had heen at ﬁsr
L

' EI'X5] Emission of Electrons

At room temperature the free electrons move randomly within the cnndu?, but they don’t leave
the surface of the conductor due to attraction of positive charges. Some exte %:rgy 1s required to
emit electrons from a metal surface. Minimum energy is required to emit the electrapg which are just on
the surface of the conductor. This minimum energy is called the work function (denoted by W) of the
conductor. Work function is the property of the metallic surface. .

The energy required to liberate an electron from metal surface may arise from various sources such as
heat, light, electric field etc. Depending on the nature of source of energy, the following methods are possible.

(i) Thermionic emission : The energy to the free electrons can be given by heating the metal.
The electrons so emitted are known as thermions.

(ii) Field emission : When a conductor is put under strong electric field the free EIEL{I‘DHS on it
experience an electric force in the opposite direction of field. Beyond a certain limit electrons start
coming out of the metal surface. Emission of electrons from a metal surface by this method is called the

field emission.
(iii) Secondary emission : Emission of electrons from a metal surface by the bombardment of
high speed electrons or other particles is known as secondary emission.

(iv) Photoelectric emission : Emission of free electrons from a metal surface by falling light (or
any other electromagnetic wave which has an energy greater than the work function of the metal) is
called photoelectric emission. The electrons so emitted are called photoelectrons.

!ELEY] Photoelectric Effect

When light of an appropriate frequency (or correspondingly of an appropriate wavelength) is
incident on a metallic surface, electrons are liberated from the surface. This observation is known as
photoelectric effect. Photoelectric effect was first observed in 1887 by Hertz. For photoemission to take
place, energy of incident light photons should be greater than or equal to the work function of the metal.

[

|

or E2W 1)
hf =z W
W
0 pe JuCS
r f p

Here, i::: is the minimum frequency required for the emission of electrons. This is known as
threshold frequency f.
W
Thus, fo= ? (threshold frequency) .._J{ii}
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Further Eq. (i) can be written as, , = W

or YAS—

the threshold wavelength A .

%

h g P
Thus, ho=7 (threshold waveldpgth) (i)
. w
Hence, for the photoemission to take place either of th_e: ff:u'l[ﬂwing conditions must be satisfied.
E2W or f2f, ors KSk, " (i)
Stopping Potential and Maximum Kinetic Energy of PI electrons '
When the frequency f of the incident light is greater Light
than the threshold frequency, some electrons are emitted ,Fff "
rom the metal with substantial initial speeds. Suppose E is L, i
the energy of light incident on a metal surface and W (< E) & - — l;
the work function of metal. As minimum energy is required 1 b Q Q@
o extract electrons from the surface, they will have the -
maximum kinetic energy which is £ — W, et W; -
v
Thus, Ko =E-W V) Fig. 30.12

This value K, can experimentally be found by keeping the metal plate P (from which electrons are
=mitting) at higher potential relative to an another plate Q placed infront of P. Some electrons after
=mitting from plate P, reach the plate Q despite the fact that Q is at lower potential and it is repelling the
-lzctrons from reaching in itself. This is because the electrons emitted from plate P possess some kinetic
mergy and due to this energy they reach the plate O and current i flows in the circuit in the direction

. shown in figure.

As the potential ¥ is increased, the force of repulsion to the electrons gets increased and less number
» electrons reach the plate Q and current in the circuit gets decreased. At a certain value V, electrons
waving maximum kinetic energy (K ., ) also get stopped and current in the circuit becomes zero. This is
zalled the stopping potential.

As an electron moves from P to Q, the potential decreases by V;, and negative work — eV, is done on
%e (negatively charged) electron, the most energetic electron leaves plate P with kinetic energy

- 1 = il .
£ .= mvZ__ and has zero kinetic energy at Q. Using the work energy theorem, we have
2 . \
W, =—eVy=AK=0-K,_, T
1 3 ' .
oy Kot =-_£ mvy.. =eV, .. (VD)
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current i with the intensity and frequency of light falling oh metal
plate P. Photoelectrons are emitted from plate P which are being .
attracted by the positive plate Q and a photoelectric current i ﬂﬂws
in the circuit, which can be measured by the galvanometer G.

Figure (a) shows graphs of photocurrent as a function of
potential difference ¥, for light of constant frequency and two. > ;‘-{4‘?’——*——@—
different intensities. When Vp is sufficiently large and positive Fig. 30.1
the current becomes constant, showing that all the emitted 8- 3013,
electrons are being collected by the anode plate Q. The stopping
potential difference —¥, needed to reduce the current to zero is shown. If the intensity of light is
increased, (or we can say the number of photons incident per unit area per unit %.: is increased) while its

Photoelectric Current
Figure shows an apparatus used to study the variation ef photo f’—/-_g,}
E

‘e
" A
i

. ¢
tis !

constant 2] ) a
/,__._. : fa> 1, lis mnst;m
/’—— il -

i .
/ / ﬁ
Vae ' Vap

-V, 0 Vo2 ~Vor 0 ) :
"%
(@) ) Fhotocurrent i as a function of the potential Ve
Photocurrent / as a function of the potential Ve of an anode with respect to a cathode for two
of the anode with respect to the cathode for a. different light frequencies £, and £ with the same
constant light frequency f, the stopping potential intensity. The stopping potential V; (and therefore
Vo is independent of the light intensity /. the maximum kinetic energy of the photoelectrons)

increases linearly with frequency.

Fig. 30.14

frequency is kept the same, the current becomes constant at a higher value, showing that more electrons
are being emitted per unit time. But the stopping potential is found to be the same.

Figure (b) shows current as a function of potential difference for two different frequencies, with the |
same intensity in each case. We see that when the frequency of the incident monochromatic light is |
increased, the stopping potential ¥, gets increased, Of course, ¥, turns out to be a linear function of the |

frequency f.

Note There major features of the photoelectric effect could not be explained by the wave theory of light which
were later explained by Einstein's photon theory.
(i) Wave theory suggests that the kinetic energy of the photoelectrons should increase with the increase in
intensity of light. However, Eq. (iv), K., = eV, suggests that it is independent of the intensity of light.
(ii) According to wave theory, the photoelectric effect should occur for any frequency of the light, provided
that the light is intense encrugh However Eq. (iv] suggests that photo emission is possible only when
frequency of incident light is either greater than or equal to the threshold frequency f;.

(iii) Ifthe energy to the photo electrons is obtained by scaking up from the incident wave, it is not likely that
the effective target area for an electron in the metal is much more than a few atomic dieameters. (see
example 29.11) between the impinging of the light on the surface and the ejection of the phote
electrons. During this interval the electron should be “soaking up” energy from the beam until it had |
accumulated enough energy to escape. However no detectable time lag has ever been measured.
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Sample Eﬁmplﬂ 30.11 A metal plate is pface&'i m from a monochromatic light source whose power
output is 10~ W. Consider that a given e:kcred photoelectron may collect its energy from a circular

area of the plate as large as ten atomic dmr&etera (1 {Fg m)in radius. The energy required to remove an
electron through the metal surface is about 5. 06‘-{. ,ig;summg light to be a wave, how long would it take
for such a ‘target’ to soak up this much energy from such a lightsource:

Solution The target area is S, =m (10~ = x l_ﬂ m }The area of a 5 m sphere centered on the
light source is, §, =4 (5)* =100 m*. Thus, if the Tight soyyce radiates uniformly in all directions the

-ate P at which energy falls on the target is given by, - . d
S w«® -8 ..
P=(10" watt)| =~ |=(107) -’5—'1—_‘)—-— =103 J/s
S, 100 %4t

Assuming that all power is absorbed, the required time is, ¥4

v |(Lex107" -
R L P Ans.
10" J/s leV :
Einstein’s photon theory

Einstein succeeded in explaining the photoelectric effect by making a ren’tarkable assumption, that
e energy in a light beam travels through space in concentrated bundles, called photons. The energy E of

: single photon is given by

E=hf
Applying the photon concept to the photoelectric effect, Einstein wrote
hf =W +K .. (already discussed)

Consider how Einstein’s photon hypothesis meets the three objections raised against the wave
“eory interpretation of the photoelectric effect.

As for objection | (the lack of dependence of K, on the intensity of illumination), doubling the
.zht intensity merely doubles the number of photons and thus doubles the photoelectric current, it does
w0t change the energy of the individual photons

Objection 2 (the existence of a cutoff frequency) follows from equation Af =W +K . . IF K .
=quals zero, We have hf, =W which asserts that the photon has just enough energy to eject the
s~otoelectrons and none extra to appear as kinetic energy. The quantity W is called the work furfction of
#e substance. If f'is reduced below f, the individual photons, no matter how many of them there are
“=at is, no matter how intense the illumination), will not have enough energy to ¢ject photo e[eﬂunns,

Objection 3 (the absence of a time lag) follows from the photon theory because the required energy

< supplied in a concentrated bundle. It is not spread uniformly over a large area, as it the wave theory.

ll +“hough the photon hypothesis certainly fits the facts of photoelectricity, it seems to be in direct conflict

' wh the wave theory of light. Out modern view of the nature of light is that it has a dual character,
:‘ schaving like a wave under some circumstances and like a particle, or photon, under others.
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Graph between K,,,, and f

Let us plot a graph between maximum kinetic energy
K wax Of photoelectrons and frequency fof incident light. The _
equation between K. and fis, :
K...=hf-W
comparing it with y = mx + ¢, the graph between K . and fis
a straight line with positive slope and negative intercept.
From the graph we can note the following points.
[l] Kn‘m =0 at jt:fﬂ
(ii) Slope of the straight line is h, a universal constant. |
i.e., if graph is plotted for two different metals | and i ‘.,
2, slope of both the lines is same. L A

(iii) The negative intercept of the line is W, the work e 30.15
function, which is characteristic of a metal, ie.,
intercepts for two different metals will be different. Further, .

Wy >W o (fo)a > (fo) -« cas W=hfy
Here fo = threshold frequency
Graph between V, and f

Let us now plot a graph between the stopping potential I, and the incident frequency f. The equation
between them is,

eVo=hf - W

V, 4
ot Vu=(E]f—(E;] 12

A : . 3 (Slope), ={51npeh=£
gain comparing with y=mx+¢, the graph 9

between ¥V, and fis a straight line with positive slope T T r — f
h : Ty W LW, S
— (a universal constant) and negative intercept — w < |/
e & —2 _4 : ; r.rr
(which depends on the metal). The corresponding 7
graph is shown in figure. 1
Fig. 30.16

Sample Example 30.12 The photoelectric work function of potassium is 2.3 eV. If light having a

wavelength of 2800 A falls on potassium, find 4
(a) the kinetic energy in electron volts of the most energetic electrons ejected.
(b) the stopping potential in volts
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Solution Given, W =23eV A=2800A
N 12375 . 12375

E(ineV)= iiig,éf 2800 =44eV
(a) K..=E-W -
=({4.4 f‘Z—.{ eV
=21ev 7 . Ans.
(b) Koux =e€Vy .
2.1eV=ely g :
or Vo =2.1 volt %fh | Ans.

1%
-

Intrudjlﬁtu_l'y Exercise

1. Asilver ball is suspended by a string in a vacuum chamber and ultraviolet light of wavelength 2000 A is
directed at it. What electrical potential will the ball acquire as a result? Work function of silver is 4.3 eV.

2. 1.5 mW of 400 nm light is directed at a photoelectric cell. If 0.1% of the incidént photons produce photo
electrons, find the current in the cell.

3. Isitcorrect tosaythatK . is proportional to f ? If not, what would a correct statement of the relationship
between K, and f?

4. Light of wavelength 2000 A is incident on a metal surface of work function 3.0 eV, Find the minimum and
maximum kinetic energy of the photoelectrons.

5. When a metal is illuminated with light of frequency f the maximum kinetic energy of the photoelectrons is
1.2 eV. When the frequency is increased by 50% the maximum kinetic energy increases to 4.2 eV. What is
the threshold frequency for this metal.

i EIE®] Reduced Mass

In our earlier discussion we have assumed that the nucleus (a proton in case of hydrogen atom)
==mains at rest. With this assumption the values of the Rydberg constant R and the ionization energy of
rwdrogen predicted by Bohr’s analysis are within 0.1% of the measured values.

Rather the proton and electron both revolve in circular orbits about their common centre of mass.
< can take the motion of the nucleus into account simply by replacing the mass of electron m by the
=duced mass L of the electron and the nucleus. |

Mm i
Here W= . A1)

M +m ‘

#here M = mass of nucleus. The reduced mass can also be written as, ! i

m
Mn= ;
m
14+— -

M



222 Optics and Modern Physics

m _
Now, when M >>m, — —0 or H—m 4 7 N
M % Ly ’ "-.\I
For ordinary hydrogen we let M =18362m . « I : \
Substituting in Eq. (i), we get | =0.99946 m when this .. M& h:d m
value is used instead of the electron mass m in the Bohr 1\ -, K
equations, the predicted values are well within 0.1% of the J s e Y
measured values. N R R :
The concept of reduced mass has other applications. A [+, Separation r ——s|
positron has the same rest mass as an electron but a charge Fig. 30.17 Applying the Bo¥r model to
+e. positronium. The electron and the positron
: . : revolve about their common centre gf
A positronium atom consists of an e]ect}"nn and a mass, which is Jocated midway between”
positron, each with mass m, in orbit around their common them because fiey have equal mass.
centre of mass. This structure lasts only about 10° s before '
two particles annihiliate (combine) one another and disappear, but f,f“'*‘f B
this is enough time to study the positronium spectrum. The reduced ,/ o f N
mass is m/2, so the energy levels and photon frequencies have exactly / A
half the values for the simple Bohr model with infinite proton mass. H

Now, let us prove why m is replaced by the reduced mass p when .
motion of nucleus (proton) is also to be considered. \

In Fig. 30.18, both the nucleus (mass = M, charge =¢) and \
electron (mass = m, charge = e) revolve about their centre of mass

(CM) with same angular velocity () but different linear speeds. Let r; L _a
and r, be the distance of CM from proton and electron. Fig. 30.18
Let r be the distance between the proton and the electron. Then,
Mr, =mr, ...(ii)
n+rn=r ...(1ii)
mr o Mr (iv)
= H= eIV
"M +m 2T M4m
Centripetal force to the electron is provided by the electrostatic force. So,
1 e
2
mr®° = —_
? 41":-5 nr 2
Mr 5 1 €
or m ] . —
2
or Mm )32 =*
M +m 4me
. e’
or W = oV
P 4me, ( )
Where am = ‘
M+m

Moment of inertia of atom about CM,

M
f=M’iz+mrzz=(:’l_4'+mM)r2 =pr? 2 (vid
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h
According to Bohr’s theory, % ;_;-: =] )
or wlo="T8 © .(vii)
P & IF
Solving Egs. (v) and (vii) for r, we get - y
gon’h’ _
r —_— _‘—q—' ! +++(lx)

N 1

fie” - )
Comparing this equation with Eq. (iv) of article 30.6 we s%@e that m has lseen replaced by p:
Further electrical potential energy of the system, N

2 —£ -J' . -
dne ,r A
. 1, 1 %2
and kinetic energy, K=-lo"=—ump*
4 2 2 ey
2 =
E b
From Eq. (v), w’ = ; -
| ane, wr -
K=
e ol .
e’ h
Total energy of the system, E=K+U =-
8ne -
Substituting value of r from Eq. (ix), we have
e’ (x)
e veul X
Siulnzhz :
4
: . ik im . : me . :
The expression for E, without considering the motion of proton is £, =— 7> he., mis

8¢, n’h
=eplaced by p while considering the motion of proton.

Note (i) Variation of r,, v, and E, with mass of electron is as under,

I, o —

L 1, v, =independent of m and E, «m
m
Sometimes the electron is replaced by some another particle which has a charge —e but mass
Ziferent from the mass of electron. Here, two cases are possible.

Case 1. Let say mass of the replaced particle is x times the mass of the electron and nucleus is still
very heavy compared to the replaced particle, i.e., the motion of the nucleus is not to be considered. In

. l . ‘ ; :
s case r, will become — times, v, will remain unchanged and E, becomes x times.
-

Case 2.  In this case motion of nucleus is also to be considered, i.e., mass of the replaced particle is
somparable to the mass of the nucleus. In this case the mass of the electron is replaced by the reduced

mass of the nucleus and the replaced particle. Let say the reduced mass is y times the mass of the electron.

- . 1. : ,
sen, r, will become — times, v, remains unchanged and E, becomes y-times.

y

. ) my
(1) Reduced massu =

of m; and m, is less than both the masses.
ml + m:
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Solved Examples

For JEE Main |

Example 1  When a beam of10.6 eV photons of intensity 2.0 W/m? falls on'a platinum surface of area
1.0x10~* m* and work function 5.6 eV, 0.53% of the incident photons eject plh:lm electrons. f ind the

number of photoelectrons emitted per second and their minimum and maximuntenergies (in eV'). Take
leV=16x10" J. e s

Solution Number of photoelectrons emitted per second - ,;a
| _ __(Intensity) (Area) _0.53 53,,'

.-"'.-lq

~ (Energy of each photon) = 100 \

_ (20)(1.0x107) 053
(10.6x1.6x107%) 100

=6.25x10" ~ Ans.
Minimum kinetic energy of photoelectrons, *
K i, =0
and maximum kinetic energy is, Kpox =E-W=(10.6-5.6)eV
=5.0eV Ans.

Example 2 If an X-ray tube operates at the voltage of 10kV, find the ratio of the de-Broglie
wavelength of the incident electrons to the shortest wavelength of X-rays produced. The specific
charge of electron is 1.8 x10" C/kg.

Solution de-Broglie wavelength when a charge ¢ is accelerated by a potential difference of ¥ volts is

}I .
Ap = (i)
."1'2.;-' Vm :
h
For cutoff wavelength of X-rays, we have gV = ii
or A = ':,_; .+ (11)
gV
N 1
From Egs. (i) and (i1) : b 2m
o [y

For electron - =1.8 10" C/kg (given). Substituting the values the desired ratio is
m



CHAPTER 30 = Modern Physics-1 225

3 JLgxm“ x10 %10
y
lm 1_. . stlﬂ

A

3 ¥ ‘
T

=0.1 ' - ' Ans.

Example 3 A4 doubly ionized lithium atom is hyd{ageﬁ like with atomic number 3. Find the wavelength
of the radiation required to excite the electron in L:++ Yrom the first Jo the third Bohr orbit. The

ionization energy of the hydrogen atom is13.6eV. - ..
2 e s
Solution E, =- z—2~ (13.6eV) - - o
n .
122.4 '
By putting z =3, we have E, =~ 22 eV ¥
n S Y )
E, =- IZZ:F =-1224eV: "~
1 -
and 122 4 -13.6eV
3)°
] AE=E, - E, =108.8¢eV
The corresponding wavelength is
12375 A= 12375
" AE (ineV)  108.8
=113.74 A Ans.

Example 4 The wavelength of the first line of Lyman series for hydrogen is identical to that of the
second line of Balmer series for some hydrogen like ion x. Calculate energies of the first four levels, of x.

Solution Wavelength of the first line of Lyman series for hydrogen atom will be given by the equation
Lua(1- 1) 0

. 12 22 4
The wavelength of second Balmer line for hydrogen like ion X is

-I_ZREI(L_L]=3RZI (ii)

s 22 4 16 s
Given that A=A, or 1-1:=l_11
hai 3R _3R:’ :

4 16 ‘ .
z=2 ¢

i.e., x ion is He™. The energies of first four levels of x are, |
E, =—-(13.6) z* =—54.4¢V _ 3
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Ey,=—==-13.6eVy
@)* A .
E \ "

E3=—%=—ﬁ1ﬂ4€‘f ‘F.
(3) - 5
E,

and E,=—F=-34eV . Ans.

(4) 5, L ,_

Example 5 In Moseley’s equation Jf =a (Z - b), a and b are constant. .Findd,{wir values With the
help of the following data. Ly

Element z Wavelength of K, X- r (s
Mo 42 0.71 A
Co 27 = 1.785 A iR
Solution Jf =a(Z-b) '
¢ .
or ' —=a(Z, -b) ...(1)
A -

and Jl:c_ =a(Z, - b) ... (11)

From Egs. (i) and (ii), we have

Je

1 1
VA A,
Solving above three equations with ¢=3.0x10"* m/s, A, =0.71x10"" m
A, =1.785x10""m, Z =42 and Z, =27, we get
a=5x10" (Hz)"? and h=1.37 Ans.

]:a (Z, — Z,) ....(iii)

Example 6 A monochromatic light source of frequency illuminates a metallic surface and ejects
photoelectrons. The photo electrons having maximum energy are just able to ionize the hydrogen
atoms in ground state. When the whole experiment is repeated with an incident radiation of frequency

5
e f, the photoelectrons so emitted are able to excite the hydrogen atom beam which then emits a

radiation of wavelength1215 A.
(a) What is the frequency of radiation?
(b) Find the work function of the metal.

Solution (a) Using Einstein’s equation of photoelectric effect,
K._.=hf-W
Here K .. =13.6eV
hf — W =13.6eV (D)
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5 123?5
Further, hl=f|-W= =10.2eV
o (ﬁv.;( ] 215 °f
Solving Eqgs. (1) and (i1), we have ‘ . _
.g{ﬂﬁ
6 =3 4eV
4 19
N ;-©6H. ﬁx;:;, ) 463 540" Hz
(6.63 x10
(b) W=nhf -136
=6(3.4)-13.6
=6.8eV ﬁ

...(11)

Ans,

[from Eq. (1)]

Ans.

Example 7 A hydrogen-like atom of atomic number z is in aifexcited state of quantum number 2n. It
can emit @ maximum energy photon of 204 eV. If it makes a transition Yo quantum state n, a photon of
energy 40.8 eV is emitted. Find n, z and the ground state energy (in'eV) for this atom. Also, calculate
the minimum energy (in eV) that can be emitted by this atom during :ﬁ-exmmtmu Ground state energy

of hydrogen atom is13.6 eV

Solution Given E,, — E, =204eV

(13.6)z° (1 ~%)=2l}4

4n
E, —-E =40.8¢eV

1 1

2 —
I3.ﬁ .4 (;f — ;IT) —4{].3

Solving Egs. (i) and (ii), we have n=2 and z=4
E, =(-13.6)z* eV =(-13.6) (4)* eV
=-217.6eV
During de-excitation, minimum energy emitted is,
Enin =Eyy —Eyy =E4 — Ey

_=217.6 (-217.6
T 42 | 32
=10.58¢eV

(1)

...(11)

Ans.

Ans,

Ans.

Example 8 Light from a discharge tube containing hydrogen atoms falls on the Surface ﬂ}'ﬂ piece of
sodium. The kinetic energy of the fastest photo-electrons emitted from sodium is 0.73.eV. The work

function for sodium is 1.82 eV Find:
(a) the energy of the photons causing the photo-electric emission.

(b) the quantum number of the two levels involved in the emission of these photons.

b

bt
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(c) the change in the angular momentum of the electron in ‘the hydrogen atom in the above

fransition. 3
(d) the recoil speed of rhe emmmg atom assuming it to be m‘ xest befare rke- rrarﬂwnan (Take mass of
hydrogen =1.6 x107*" kg) o i !-'. -
Solution Given K ., =0.73¢Vand W =1.82¢V. e, P
(a) E=K_ . +W=(0.73+182)eV=2.55eV ; Ans.
6 . Lk
(b) E = —!3—2 eV ' ~ §, (for hydrogen atom)
: n -
E, =-13.6¢V, E,=-34eV, E;=-15leV and E4=—ﬂﬂﬁe‘f
Clearly E;,—E,=-085-(-3.4)=255¢eV ' &
Hence, quantum levels involved are 4 and 2. T Ans.
h h & "
AL=L 4 2| — ﬁ%,{
e =450 )2 5 ) "
h ' s
=— v P Ans.
“ I .
(d) If p=linear momentum
55x1.6x107" 2
Then P=£=255I|ﬁ}ﬂ'“ =1.36 %107 kg-m/s g
c 3.0x10 "
If v = recoil speed of hydrogen atom of mass M then
from conservation of linear momentum  p= Mv
1.36 107
yerl = Km,? =0.85m/s Ans.
M 1.6x10~

Example 9 Stopping potential of 24, 10, 110 and 115 kV are measured for photoelectrons emitted

from a certain element when it is radiated with monochromatic X-ray. If this element is used as a target
in an X-ray tube, what will be the wavelength of K, line?

Solution Stopping potentials are 24, 100, 110 and 115 kV. ie., if the electrons are emitted from
conduction band, maximum kinetic energy of photoelectrons would be 115 x10° eV. If they are emitted
from next inner shell maximum kinetic energy of photoelectrons would be 110 x10° eV and so on.
For photoelectrons of L shell it would be 100 x 10° 3 eV and for K shell it is 24 x 107 eV. Therefore,
difference between energy of L shell and K-shell 1s,
AE=E; — Ex =(100-24)x10° eV
=76x%10" eV

Wavelength of K, line (transition of electron from L-shell to K-shell) is,
12375

=0.163 A Ans.
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For JEE Advanced

Example 1 A moving hydrogen atom mcﬁres a head on collfsion with a stationary hydrogen atom.
Before collision both atoms are in ground state an ﬁer eollision they move together. What is the
minimum value of the kinetic energy of the mﬂvmg.&jedrugen atom, such Hzm‘ one of the atoms reaches

one of the excitation state? ¥
Solution Let K be the kinetic energy of the rnmrm;b h}rdg:gen atom and K’, the kinetic energy of
combined mass after collision. L
. -
From conservation of linear momentum, A
I . i n=2 )
K’ R .
m o om AE = 10.2 e¥q - -
n=1 )
Fig. 30.19 )
p=p or V2Km= JEK’ (2m) Y
or K =2K’ (1)
From conservation of energy, K=K"+AE ()
. i . ” K
Solving Eqgs. (i) and (i1), we get =E
Now, minimum value of AF for hydrogen atom is 10.2 eV.
or AE 2102eV
K
—210.2
2
K =2204eV
Therefore, the minimum kinetic energy of moving hydrogen is 20.4 eV. Ans.

Example 2 An imaginary particle has a charge equal to that of an electron and mass 10U tPnes the
mass of the electron. It moves in a circular orbit around a nucleus of charge + 4e. Take the mass of the
nucleus to be infinite. Assuming that the Bohr' s model is applicable to this system.

(a) Derive an expression for the radius of n ™ Bohr orbit. <

(b) Find the wavelength of the radiation emitted when the particle jumps frz:rm fuurrh -orbit to the

second orbit. E .
- 1

¥

-
&
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. mp v? 1 ze?
Solution (a) Wehave = 5% ...()
r, 4TMEY r° % p
The quantization of angular momentum gives, TRL
nh 22y .
My VI, =2 y .. (i1)
Solving Egs. (i) and (ii), we get . Ny
2,2 ' ' :
e n“h Enz sr b
Znm , e
Substituting m, =100 m _ ]
where m = mass of electron and z =4 ’%%
e vet ﬂIhIEQ .‘-r.r.-i._ And
w y K, = A
© 400 T me* . A
(b) As we know, Ell =-13.60eV -
2
and E, = (Ez-] m
n 5
~13.60) (4)°
For the given particle, E, = ( {4}2( ) x100=-1360eV
2
and E, = 13.:5:12{4] x 100 = - 5440 eV
(2)
AE=E, - E, =4080eV
2375 1237
A (in A)= : _ = :
AE (ineV) 4080
=3.0A Ans.
Example 3 The energy levels of a hypothetical one electron atom are given by
18.0
En == :T eV

wheren=12,3,...

(a) Compute the four lowest energy levels and construct the energy level diagram.

(b) What is the excitation potential of the stage n =27

(c) What wavelengths (4) can be emitted when these atoms in the ground state are bombarded by~
electrons that have been accelerated through a potential difference of 16.2 V? fed

(d) :"{ these atoms are in the ground state, can they absorb radiation having a wavelength ﬂﬂﬁﬂd’ I

?
(e) What is the photoelectric threshold wavelength of this atom?
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Solution (a E,§———=-18.0eV
! { ) 1 :.:;_;‘ (1}2 2
| g, w80 LR <oV
(2 e=A
—18. ”
E:.! - gzu = 2.5]' EV
(3) Ny
and E4=_lg;ﬂ=—l'.l25§ v
(4) % o
The energy level diagram is shown below : “ A o
E;=-1.125 eV
E;=-2 :
E,=-4.5eV ™
E, =~-18.0 eV
Fig. 30.20 i
(b) The excitation potential of stage n =21s,18.0 — 4.5=13.5 volt Ans.

(c) Energy of the electron accelerated by a potential difference of 16.2 V is 16.2 ¢V. With this
energy the electron can excite the atom fromn=1ton=3as

E,-E, =-1125-(-18.0)=16.875eV>16.2eV

and Ey—E =-20-(-18.0)=16.0eV<16.2eV
12375 12375
NﬂWi ?L 1= =
E;—-E, -20-(-45)
=4950 A Ans.
12375 12375
Ay = = =773 A Ans.
NTE,E 16 w
1237 12375
and }"11 — > =
E,-FE, -45-(-18.0)
=917 A ~ Ans.
(d) No, the energy corresponding to A =2000 A is,
12
E= % =6.1875eV ~ Ans.
The minimum excitation energy is 13.5eV (n=1 to n=2). 4 i
(e) Threshold wavelength for photoemission to take place from such an atom s, |
A el =687.5A " Ans.

mio ~Tyg :
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Example 4 [n a photoelectric effect setup, a point source of light of power 3.2x107° W emits
monoenergetic photons of energy 5 eV. The source is located ara d:smnce 0f 0.8 from the centre of a
stationary metallic sphere of work function3 eV and of radius § x 10 ~The'efficiency of photoelectron

emission is one for every10° incident photons. Sphere is initially hﬁuﬂ;ﬂf and that the pﬁafae.’ecrmm
are instantly swept away after emission. ¥

(a) Calculate the number of photoelectrons emitted per second. "

(b) It is observed that the photoelectrons emission stops at a certain nme 3 {ier the light source is

switched on. Evaluate time t. >

o
i

Solution (a) Intensity of light at a distance 0.8 m from the source
(3.2x107 J/s)

= =4.0x107"% — v
4m (0.8)° m* m* s
Energy incident on the metallic sphere in unit time %ﬂ“
E, =m(8x107)% (4.0x104)=8.04x10° W TR
Energy of one single photon %

E,=50x1.6x10""J=8.0x10"
Therefore, total number of photons incident on the sphere per second

E, 8.04x10°

E, 80x10" e

?‘I|=

Since, the efficiency of photoelectric emission is one for every 10°. Hence, total number of
photoelectrons per second,

ﬂ'] [DI I 5
Mo = = =10 Ans.
© 108 10
(b) Maximum kinetic energy of photoelectrons
Koo =E-W=2eV

Stopping potential ¥, =2 volt.

Total positive charge on the sphere after time 1 is,
g =(ne)t=(10°)(1.6x107"")
=(1.6x107") ¢
I g

‘htf.ﬂ '

Potential on the sphere V=

Photoemission will stop when this potential becomes the stopping potential. 4

-14
ie. 1 ‘ﬂ.ﬁ}{lﬂ }I=2
41:5“
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{gnqlngycl.axln"”u“z

or % 3
o (Bx107) _
t =11 Lsécond Ans.

or
.
Example 5 In a photocell the plates P and Q have a separation’of 5 cm, which are connected through

a galvanometer without any cell. Bichromatic light of wavelengths 4000 A and 6000 A are incident on
plate Q whose work function is 2.39 eV. If a uniform magnétic field B exists parallel to the plates, find

the minimum value of B for which the galvanometer show$ zero deflectigp.
Solution Energy of photons corresponding to light of v:ra;rf;!ength A, =4000 A is
7 t .
E, = L] =3. l‘e\#

' 4000 y%

and that corresponding to A, =6000 A is, ¥y
12375 " B

E,= =206eV - - )

6000 oo
E,<W and E,>W

L

(W = Work function)

As
Photoelectric emission is possible with A, only.
Photoelectrons experience magnetic force and move along a circular path. The galvanometer will
P
—
o8 |
QED u r d
8 | u J_

Fig. 30.21
indicate zero deflection if the photoelectrons just complete semi-circular path before reaching the plate

[ o
s r=5em=0.05m

Thus, d=r=5cm

Further r=—mn=
Bq  Bq
q
Here K=E, -W=(3.1-239)=0.71eV
Substituting the values, we have 5 .
2x0.71x1.6x10™° x9.109 x 10

Bmin g
(0.05) (1.6 x10°"")
=568x10°T



EXERCISES

ou
r'!

For JEE Maln i

Subjective Questions 1‘

Note You can take approximations in the answers. . L

s

h=6.62x107 J-5,¢=3.0x10% m/s, m, =9.1x107" k andlehl.ﬁx,lﬂi‘gj
e g

Electromagnetic Waves

1. Find the energy, the mass and the momentum of a photon of ultraviolet rh;tmn of 280 nm
wavelength., .

2. A small plate of a metal is placed at a distance of 2 m from a monochromatic llghf source of
wavelength 4.8 X107 m and power1.0 watt. The light falls normally on the plate. Find the umber

of photons striking the metal plate per square metre per second.

3. A photon has momentum of magnitude 8.24 x10** kg-m/s. "
(a) What is the energy of this photon? Give your answer in joules and in electron volts.
(b) What is the wavelength of this photon? In what region of the electromagnetic spectrum does it
lay?
4. A 75 W light source emits light of wavelength 600 nm.
(a) Calculate the frequency of the emitted light.
(b) How many photons per second does the source emit?

5. An excited nucleus emits a gamma-ray photon with energy of 2.45 MeV.

(a) What 1s the photon frequency? (b) What is the photon wavelength?

6. (a) A proton is moving at a speed much less than the speed of light. It has kinetic energy K, and
momentum p . If the momentum of the proton is doubled, so p, =2 p,, how is its new kinetic
energy K, related to K, ?

(b) A photon with energy £, has momentum p, . If another photon has momentum P> that is twice
Py, how is the energy E, of the second photon related to E, ?

Momentum and Radiation Pressure

7. A parallel beam of monochromatic light of wavelength 500 nm is incident normally on a perfectly

absorbing surface. The power through any cross-section of the beam is 10 W. Find
(a) the number of photons absorbed per second by the surface and
(b) the force exerted by the light beam on the surface.

8. A beam of white light is incident normally on a plane surface absorbing 70% of the li ght and
reflecting the rest. If the incident beam carries 10 W of power, find the force exerted by it on the _
surface.



9.
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A parallel beam of monochromatic light of wavelength 663 nm is incident on a totally reflecting
plane mirror. The ang]e: of incidenice is 60° and the number of photons striking the mirror per
second is1.0x10". Calculate the furce cxﬁrﬁ;d by the light beam on the mirror.

10. A 100 W light bulb is placed at the centre afa! kpherical chamber of radius 20 cm. Assume that 60%
of the energy supplied to the bulb is converted into light'and that the surface of the chamber is
perfectly absorbing. Find the pressure exerted by the light on the surface of the chamber.

' Iy
de-Broglie Wavelength 5
11. Wavelength of Bullet. Calculate the de-Broglie wavelength of a g.{lﬂ g bullet that is moving at
340 m/s. Will it exhibit wave like properties?
12. (a) An electron moves with a speed of 4.70 x10° mfsﬁWhat is its de- Br{}g]m wave]ength"
(b) A proton moves with the same speed. Determine ltwe-ﬂmghe wavelength.

13. An electron has a de-Broglie wavelength of 2.80 x 10~ 10 m. bmermme ‘
(a) the magnitude of its momentum, T )
(b) its kinetic energy (in joule and in electron volt).

14. Find de-Broglie wavelength corresponding to the root-mean square velocity of hydrogen
molecules at room temperature (20°C).

15. An electron, in a hydrogen-like atom, is in excited state. It has a tﬂta] energy of 3.4 eV, find the
de-Broglie wavelength of the electron.

16. Inthe Bohr model of the hydrogen atom, what is the de-Broglie wavelength for the electron when it

IS in
(a) the n=1level?
(b) the n=4level? In each case, compare the de-Broglie wavelength to the circumference 2nr, of

the orbit.

Bohr’'s Atomic Model and Emission Spectrum

17.
18.

19.

20.

21.

Find the ionization energy of a doubly ionized lithium atom.

The total energy of an electron in the first excited state of the hydrogen atom is -3.4 eV,

(a) What is the kinetic energy of the electron in this state?

(b) What is the potential energy of the electron in this state?

(¢) Which of the answers above would change if the choice of the zero of potential energy is
changed?

The binding energy of an electron in the ground state of He atom is equal to £, = 24.6¢V. Find the

energy required to remove both electrons from the atom.
A hydrogen atom is in a state with energy —1.51eV. In the Bohr model, what is the angular
momentum of the electron in the atom, with respect to an axis at the nucleus?

Hydrogen atom in its ground state is excited by means of monochromatic rad1atmn of wavelength
1023 A. How many different lines are possible in the resulting spectrum? Calculate the longest
wavelength among them. You may assume the ionization energy of hydrogen atom as*13.6 eV.



236 Optics and Modern Physics

22,

23.

24,

26.

27.

. The energy levels of a hypothetical one electron atom are "

A doubly ionized lithium atom is hydrogen-like with atomic number 3. Find the wavelength of the
radiation require to excite the electron in Li"~ from thesfirst to the third Bphr orbit (ionization
energy of the hydrogen atom equals 13.6 eV). ; i . g

Find the quantum number n corresponding to nth excited stamgr_“iie* ion if on transition to the

ground state the ion emits two photons in succession with wavelengths 108.5 nnvand 30.4 nm. The
ionization energy of the hydrogen atom is 13.6 eV.

=3

A hydrogen like atom (described by the Bohr model) is observed to I!q;;'mit ten wavelengths,
originating from all possible transitions between a group of levels. These levels have #ergies
between —~0.85 ¢V and —0.544 eV (including both these values). ;

(a) Find the atomic number of the atom. _

(b) Calculate the smallest wavelength emitted in these transitions. A ]

(Take ground state energy of hydrogen atom =—-13.6¢eV) B%M

.

o 0eV
shown in the figure. n=5 — 080 eV
(a) Find the ionization potential of this atom. n=4 -1.45eV
(b) Find the short wavelength limit of the series terminatingat n=3 ~3.08 eV

”_:2- o _ n=2 -530 eV
(¢) Find the excitation potential for the state n = 3. ne1 158 eV

(d) Find wave number of the photon emitted for the transition
n=3ton=L

(a) An atom initially in an energy level with E = — 6.52 eV absorbs a photon that has wavelength
860 nm. What is the internal energy of the atom after it absorbs the photon? (b) An atom initially
in an energy level with £ =-2.68 ¢V emits a photon that has wavelength 420 nm. What is the
internal energy of the atom after it emits the photon?

. : : 1 :
A small particle of mass m moves in such a way that the potential energy U/ = > m’®’r® where wis

a constant and r is the distance of the particle from the origin. Assuming Bohr's model of
quantization of angular momentum and circular orbits, show that radius of the nth allowed orbit is

proportional to Jn.

X-Rays

28.

29.

Wavelength of K, line of an element is A ;. Find wavelength of K line for the same element.

X-rays are produced in an X-ray tube by electrons accelerated through an electric potential
difference 0of 50.0 kV. An electron makes three collisions in the target coming to rest and loses half ;
its remaining kinetic energy in each of the first two collisions. Determine the wavelength of the
resulting photons. (Neglecting the recoil of the heavy target atoms).

- From what material is the anode of an X-ray tube made, if the K, -line wavelength of the

characteristic spectrum is 0.76 A?
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32,

33.

34.
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A voltage applied to an X -ray tube being increased 1 =1.5 times, the short wave limit of an X-ray

continuous spectrum shifts by AA =26 pm. Find the initial voltage applied to the tube.

The K, X-rays of aluminium (Z=133 and zinc (Z=30) have wavelengths 887 pm and 146 pm
respectively. Use Moseley’s equation ﬁn—.atz b) to find the wavf:length of the K, X-ray of
iron (Z =26). X

Characteristic X-ray of frequency 4.2 x10'® Hz afe produced when transitions from L shell take
place in a certain target material, Use Mnseley s law anﬁ determine the atomic number of the target
material. Given Rydberg constant R =1.1 x 10" m v

The electric current in an X-ray tube operating at 40 kV is 10 mA.. Assume that on anaverage 1% of
the total kinetic energy of the electrons hitting the targetﬁare converted into X-rays.

(a) What is the total power emitted as X-rays and
(b) How much heat is produced in the target every second "4,

-
b

Photoelectric Effect -, -

35.

36.

37.

The stopping potential for the photoelectrons emitted from a meétal surface of work function 1.7 eV

1s 10.4 V. Find the wavelength of the radiation used. Also identity the: energy levels in hydrogen
atom, which will emit this wavelength.

What will be the maximum kinetic energy of the photoelectrons ejected from magnesium (for
which the work function W =3.7eV) when irradiated by ultraviolet light of frequency

1.5%10" sec™

A metallic surface is irradiated with monochromatic light of variable wavelength. Above a
wavelength of 5000 A, no photoelectrons are emitted from the surface. With an unknown
wavelength, stopping potential of 3 V is necessary to eliminate the photocurrent. Find the
unknown wavelength,

. A graph regarding photoelectric effect is shown between the maximum kinetic energy of electrons

and the frequency of the incident light . On the basis of data as shown in the graph, calculate :

-2 - S10 20 30

e 14
4 4;: — f{:ﬂ: 10 HI}

(a) Threshold frequency, y ‘
(b) Work function, i )
(c) Planck’s constant
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39. A metallic surface is illuminated alternatively with light of wavelengths 3000 A and 6000 A. It is
observed that the maximum speeds of the photoelectronsunder these illuminations are in the ratio
3 : 1. Calculate the work function of the metal and the maximum speed of the photoelectrons in two
cases. \ '*

40. When a beam of 10.6 ¢V photons of intensity 2.0 Wm f'aﬂs {}’i’]‘ a platinum surface of area

1.0x10™* m? and work function 5.6 eV, 0.53% of the incident photons eject photoelectrons. Find
the number of photoelectrons emitted per second and their minimum 'aﬂLd maximum energies
(in eV). .

41. Light of wavelength 180 nm ejects photoelectrons from a plate of metal whose work function is
2 eV. If a uniform magnetic field of 5 x1 07° The applied parallel to the plate, what would be the

radius of the path followed by electrons ejected normally from the plate ﬁil;g:imum energy.

42. Light described at a place by the equation £ = (100 V/m) [sin(5 x 10" s~ in(8 x10"s " )]
falls on a metal surface having work function 2.0 eV. Calculate the maximum kmetl energy of the
photoelectrons. .

43. The electric field associated with a light wave is given by E = E,, sin [(1.57 x10" m 4} (x=ct)]

Find the stopping potential when this light is used in an experiment on photoelectric effect w:th the
similar having work function1.9¢eV.

Objective Questions

Single Correct Option

1. According to Einstein’s photoelectric equation, the plot of the maximum kinetic energy of the
emitted photoelectrons from a metal versus frequency of the incident radiation gives a straight line
whose slope
(a) depends on the nature of metal used
(b) depends on the intensity of radiation
(c) depends on both intensity of radiation and the nature of metal used
(d) is the same for all metals and independent of the intensity of radiation

2. The flilament current in the electron gun of a Coolidge tube is increased while the potential
difference used to accelerate the electrons is decreased. As a result, in the emitted radiation
(a) the intensity decreases while the minimum wavelength increases
(b) the intensity increases while the minimum wavelength decreases
(c) the intensity as well as the minimum wavelength increase
(d) the intensity as well as the minimum wavelength decrease

3. The velocity of the electron in the first Bohr orbit as compared to that of light is about
(a) 1/300 (b) 1/500 (c) 1/137 (d) 1/187

"

4, Hﬁhm — g4 B*'?, In this reaction how many o and P particles are emitted ?

(a) 60t,3P (b) 3o, 4B (c) 4a,3p (d) 3a, 6P
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6.

10.

11.

12.

131-

14.

lﬁi

17.
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An X-ray tube is operated at 20 kV. The cut off wavelength is

(a) 0.89 A (b) 0.75 A 3 (c) 0.62 A (d) None of these
An X-ray tube is operated at 18 kV. The maximum veldcity of electron striking the target is
(a) 8 %107 m/s (b) 6x10"ms. = (c) 5x10" m/s (d) None of these

. What is the ratio of de-Broglie wavﬂlengi::f'i "E}&]Eﬂl‘ﬂn in_the second and third Bohr orbits in the

hydrogen atoms ?

(a) 273 (b) 3/2 - (©) 43 (d) 3/4
The energy of a hydrogen like atom (or ion) in its gm&and state is — L22.4 eV. It may be
(a) hydrogen atom (b) He™ (c) Li® (d) Be™*

. The operating potential in an X-ray tube is increased by 2%. The percentage change in the cut off

7

wavelength is

(a) 1% increase (b) 2% increase (c) 2“{ crease. - (d) 1% decrease
The energy of an atom or ion in the first excited state is —{%76 eV_ It may be
(a) He" (b) Li** (¢c) hydrogen. . " (d) deuterium  *

In order that the short wavelength limit of the continuous X-ray spectrum be 1 A, the potential
difference through which an electron must be accelerated is

(a) 124 kV (b) 1.24kV (c) 12.4kV ~(d) 1240 kV
The momentum of an a X-ray photon with L. = 0.5 A is .

(a) 13.26 x107%® kg m/s (b) 1.326 x107%° kg m/s

(c) 13.26 X107 kg m/s (d) 13.26 1072 kg m/s

The work function of a substance is 1.6 eV. The longest wavelength of light that can produce photo
emission from the substance is

(a) 7750 A (b) 3875 A (c) 5800 A (d) 2900 A

Find the binding energy of an electron in the ground state of a hydrogen like atom in whose
spectrum the third Balmer line is equal to 108.5 nm.

(a) 54.4eV (b) 13.6 eV (c) 1124 eV (d) None of these

Let the potential energy of hydrogen atom in the ground state be zero. Then its energy in the first
excited state will be

(a) 10.2 eV (b) 13.6 eV (c) 23.8 eV (d) 27.2 eV

Light of wavelength 330 nm falling on a piece of metal ejects electrons with sufficient energy with
requires voltage ¥, to prevent them from reaching a collector. In the same setup, light of
wavelength 220 nm, ejects electrons which requires twice the voltage V;, to stop them inreaching a

collector. The numerical value of voltage V}, is

16 15 15 8

— ¥ b) —V —V d)y —V
(@ 75 (b) = ©) 3 {}15 ,
Maximum kinetic energy of a photoelectron is E when the wavelength of incident light is . If
energy becomes four times when wavelength is reduced to one-third, then 'work function of the
metal is

3 he he he he -

— b) — — d) — ;
@ = ®) o ©) 3 (@ >
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If the frequency of K, X-ray emitted from the element with atomic number 31 is f; then the
frequency of K, X-ray emitted from the element with atomic number 51 would be

f Slf (c) 2L f {d} lﬁf

~— b
(a) (b) —— 25 . .
Acmrdmg to Moseley’s law the ratio of the slope of gmph behﬂ'am Jf and Z fﬂrr Kg and K,

.:f
(a) J~ (b) J_ (c) £ 4., @ \/—
36

If the electron in hydrogen orbit jumps from third orbit to secﬂnd nrbyh the waveleggth of the

emitted rachatmu is given by ; 3% ~

(a) R-E (b) l—E (c) l-SR . @) A= 36 ‘
A potential of 10,000 V is applied across an X-ray tube. Find the ratio nﬂtﬁ:nmg_lw wavelength
associated with incident electrons to the minimum wavelength associated withX-rays.

(Given e/m =1.8 %10 C/kg for electrons) . k

(a) 10 (b) 20 (¢) 1/10 (d) 120 »

When a metallic surface is illuminated with monochromatic light of wavelength A, the stopping
potential is 5 V. When the same surface is illuminated with the light of wavelength 3A, the
stopping potential is V. Then the work function of the metallic surface is "

(a) hc/6A (b) hc/5A (c) hc/4h (d) 2hc/4n

The threshold frequency for a certain photosensitive metal isv ;. When it is illuminated by light of

frequency v =2V, the stopping potential for photoelectric current is ¥';. What will be the stopping

potential when the same metal is illuminated by light of frequency v =3v,
(a) 1.5V, (b) 2V, (c) 2.5V, (d) 3V,

The frequency of the first line in Lyman series in the hydrogen spectrum isv. What is the frequency

of the corresponding line in the spectrum of doubly ionized Lithium?
(a) v (b)3v (c) 9v (dy2v

Which energy state of doubly ionized Lithium (Li*") has the same energy as that of the ground

state of Hydrogen?
(a) n=1 (b) n=2 (¢c) n=3 (d) n=4

Two identical photocathodes receive light of frequencies v, and v,. If the velocities of the
phnmelectmns (of mass m) coming out are v, and v, respectively, then

2 oy 2h
(@) vy —vy =] — (v, “‘“'z]':l (b) "iz“"g‘:_{vi -V,)
| m m
1/2
[ 2h 2h
(C} Vi +l-’3= ;{‘UI —\'1}] {d] FF‘I‘UIE =;I‘:\’| —vz}

The longest wavelength of the Lyman series for Hydrogen atom is the same as the wavelength of
a certain line in the spectrum of He ™ when the electron makes a transition from n — 2. The value

of nis
(a) 3 (b) 4 (c) 5 (d) 6
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The wavelength of the K - line for the Uranium 1s (£ =92) (R = 1.0973 X 10'm™")
(a) 1.5 A (b 0.5A (c) 0.15A (d) 2.0 A
The frequencies of K, Kj and L, X-rays of a material are Y,.Y > and vy ; respectively. Which of

F-
-—vf

the following relation holds good 7 it

(@) Y2=v"173 (b) Y,=v,+7Y; (Gj?z=m @ yi=y Y2

2
A proton and an o-particle are accelerated through .Em?.e potential difference. Then the ratio of
de-Broglie wavelength of proton and a-particle 1s L
(a) wfl_ (b) TJ% (c) ZJE ‘ (d) None of these

If E,,E, and E; represent respectively the kinetic energigg of an electron , an alpha particle and a
proton respectively each having same de-Broglie wavelengdh then =

{ﬂ) E1 }Ej }EI (h} EE :-"‘E3 :’.E| (E} Ei :’EE :!ﬁ : {d:l .E| =.Ez =E3

If the potential energy of a hydrogen atom in the ground state is assumed to be zero, then total
energy of n = == 1s equal to -

(a) 13.6eV (b) 27.2 eV (c) zero (d) None of these

A 1000 W transmitter works at a frequency of 880 kHz. The number of photons emitted per second
IS "
(a) 1.7 x10%° (b) 1.7 x10% (c) 1.7x10% (d) 1.7x10%
Electromagnetic radiation of wavelength 3000 A is incident on an isolated platinum surface of
work function 6.30 eV. Due to the radiation the

(a) sphere becomes positively charged

(b) sphere becomes negatively charged

(c) sphere remains neutral

(d) maximum kinetic energy of the ejected photoelectrons would be 2.03 eV

The energy of a hydrogen atom in its ground state is — 13.6 eV. The energy of the level
corresponding to the quantum number n=351s

(a) —0.54 eV (b) —5.40 eV (c) —0.85eV (d) —-2.72eV
Ultraviolet radiation of 6.2 eV falls on an aluminum surface (work function = 4.2,‘3“]. The kinetic
energy in joule of the fastest electrons emitted is

(a) 3.2x107% (b) 3.2x107" (c) 3.2x107" (d) 3.2x107"

What should be the velocity of an electron so that its momentum becomes equal to that of a photon
of wavelength 5200 A?

(a) 700 m/s (b) 1000 m/s (c) 1400 m/s (d) 2800 m/s _
Photoelectric work function of a metal is 1 eV. Light of wavelength A =3000 A falls on it. The
photoelectrons come out with maximum velocity ! :
(a) 10 m/s (b) 10° m/s (c) 10* m/s (d) 10° m/s

i

-
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Assertion and Reason \ .

For JEE Advanced

LN [ 3

Directions : Choose the correct option. "t e

e e

(a) Ifboth Assertion and Reason are true and the Reason is correct explanation of the Assertion.
(b) If both Assertion and Reason are true but Reason is not the correcf, expfmmmm of Assertion.

(¢) If Assertion is true, but the Reason is false. : N
(d) If Assertion is false but the Reason is true. X .
1. Assertion: X-rays can’t be deflected by electric or magnetic fields. -
Reason : These are electromagnetic waves. o 4
2. Assertion : If wavelength of light is doubled, energy and mﬂmenmm nfﬁhﬂtnns are reduced to
half. aﬁ‘r . |
Reason : By increasing the wavelength, speed of photons will decrease. ! )
3. Assertion : We can increase the staturation current in photoelectric experimant,ev;:n without
increasing the intensity of light. - -
Reason : Intensity can be increased by increasing the frequency of incident photons.
4. Assertion : Photoelectric effect proves the particle nature of light.
Reason : Photoemission starts as soon as light is incident on the metal surface, ﬁ}nvided
frequency of incident light is greater than or equal to the threshold frequency.
5. Assertion : During de-excitation from n =6 to n =3 total six emission lines may be obtained.
. nin=-1) . . .
Reason : From n=nton=], total > emission lines are obtained.
6. Assertion : If frequency of incident light is doubled, the stopping potential will also become two
times.
Reason : Stopping, potential is given by
. h
Vo=—(V—=v;)
e
7. Assertion : X-rays can’t be obtained in the emission spectrum of hydrogen atom.
Reason : Maximum energy of photons emitted from hydrogen spectrum is 13.6 eV.
8. Assertion : Ifapplied potential difference in coolidge tube is increased, then difference between
K. wavelength and cut off wavelength will increase.
Reason : Cut off wavelength is inversely proportional to the applied potential difference in
coolidge tube.
9, Assertion: Inn=2, energy of electron in hydrogen like atoms is more compared to n=1.
Reason : Electrostatic potential energy in #n =2 is more.
10. Assertion: In continuous X-ray spectrum all wavelengths can be obtained.

Reason : Accelerated (or retarded) charged particles radiate energy. This is the cause of
production of continuous X-rays.
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Cbjective Questions ,
Single Correct Option 3 .

1.

10.

L 1

If we assume only gravitational attractiombetwegn proton am:l electron in hydrogen atom and the
Bohr’s quantization rule to be followed, then mc-mrﬂssmn for the gmund state energy of the atom

will he (the: mass of proton is M and that c:-f electron is m. g 2y

2622 3023 s 2
(a) G M’m’ (b) _21!: Ghz {c] - i“ m’ (d) None of these

P

An electron in a hydrogen atom makes a transition frm} first excited state to ground state. The
magnetic moment due to circulating electron

(a) increases two times (b) decreases two times iy
(c) increases four times (d) remains same

The excitation energy of a hydrogen-like ion to its first excit¢d state is 40.8 eV. The energy needed
to remove the electron from the ion in the ground state is Yoy,

(a) 54.4 eV (b) 62.6 eV (c) 72.6 eV . (d) 58.6eV
. An electron in a hydrogen atom makes a transition from first excifed state to ground state. The
equivalent current due to circulating electron -7
(a) increases 4 times (b) decreases 4 times
(¢) increases 8 times (d) decreases 8 times

In a sample of hydrogen like atoms all of which are in ground state, a photon beam containing
photons of various energies is passed. In absorption spectrum, five dark lines are observed. The
number of bright lines in the emission spectrum will be

(assume that all transitions take place)

(a) 21 (b) 10 (¢) 15 (d) None of these

Let A, be the area enclosed by the nth orbit in a hydrogen atom. The graph of In (4, / A, ) against
In (1)

(a) will not pass through origin (b) will be a straight line with slope 4

(c) will be a rectangular hyperbola (d) will be a parabola

. In the hydrogen atom, an electron makes a transition from n=2to n=1 The magnetic field

produced by the circulating electron at the nucleus
(a) decreases 16 times (b) increases 4 times (c) decreases 4 times  (d) incréases 32 times

A stationary hydrogen atom emits photon corresponding to the first line of Lymann series. If R is

the Rydberg’s constant and M is the mass of the atom, then the velocity acquired by the atom is

3Rh 4M Rh aM
@ Iu ®) 3zn © 30 @ 2 ’

Light wave described by the equation 200 V/msin (1.5 X 10" s ) rcos (0.5%10" s ) 7 falls on
metal surface having work function 2.0 eV. Then the maximum kinetic energy of photoeleetrons is

(a) 3.27 eV (b) 2.2 eV (c) 2.85eV (d) NGI:‘IE: of these

A hydrogen like atom is excited using a radiation. Ennsequently six spectral linés are observed in

the spectrum. The wavelength of emission radiation is found to be equal or smaller than the

radiation used. This concludes that the gas was initially at :
(a) ground state (b) first excited state (c) second excited state (d) third excited state
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11.

12.

13.

14.

15.

16.

17.

18.

19,

20.

21.

The time period of the electron in the ground state of hydrogen atom is two times the time period of
the electron in the first excited state of a certain h}rdmgen like atom [Atﬂmm Number Z). The value
of Z1s \ o

(a) 2 (b) 3 2 B L Ay L {d] None of these

The wavelengths of K, X-rays from lead isotopes szmﬂ*‘ﬁmﬁ. and Pbma_.}arﬂ A A, and A,

respectively. Choose the correct alternative. )

(@) A; <A, <Ay (b) Ay >A, > A, () Ay =A,=A; " 4d) None of these
In case of hydrogen atom, whenever a photon is emitted in the Balmer sn;'if:s,
(a) there is a probability of emitting another photon in the Lyman series~.
(b) there is a probability of emitting another photon of wavelength 1215 A
(c) the wav e]ength of radiation emitted in Lymen series is always shnrtﬁ.'r than the wavelength”

emitted in the Balmer series | ,ﬁ |
(d) All of the above %g& )

An electron of Kinetic energy K collides elastically with a stationary hydrogen atom inthe ground

state. Then -
(a) K>13.6eV (b) K>102¢eV (c) K<10.2eV (d) datadnsufficient

In a stationary hydrogen atom, an electron jumps from n=3 to n=1. The recoil speed of the

L

hydrogen atom is about .
(a) 4 m/s (b) 4 cm/s (c) 4 mm/s (d) 4x10™* m/s™

An X-ray tube is operating at 150 kV and 10 mA. If only 1% of the electric power supplied is
converted into X-rays, the rate at which the target is heated in calorie per second is

(a) 3.55 (b) 35.5 (c) 355 (d) 3550

An electron revolves round a nucleus of atomic number Z. If 32.4 eV of energy is required to excite
an electron from the n = 3 state to n = 4 state, then the value of 7 is

(a) 5 (b) 6 (c) 4 (d) 7

[f the de-Broglie wavelength of a proton is 10" m, the electric potential through which it must

have been accelerated is
(a) 4.07x10* v (b) 8.15x10* V (c) 8.15x10° V (d) 4.07x10° V

If £, and L, denote the total energy and the angular momentum of an electron in the nth orbit of
Bohr atom, then i ]
(@) E, <L, (b) E, o< — (c) E, oI (d) E, o« —
L, L
An orbital electron in the ground state of hydrogen has the magnetic moment p,. This orbital

electron 1s excited to 3rd excited state by some energy transfer to the hydrogen atom. The new
magnetic moment of the electron is 1 5, then

(@) u, =4, (b) 2pu, =u, (c) 16p, =u, (d) 4y =u,

A moving hydrogen atom makes a head-on collision with a stationary hydrogen atom. Before
collision, both atoms are in ground state and after collision they move together. The minimum
value of the kinetic energy of the moving hydrogen atom, such that one of the atoms reaches one of

the excitation state 1s
(a) 20.4 eV (b) 10.2 eV (c) 544 eV (d) 13.6eV



CHAPTER 30 Modern Physics-1 245

22. In an excited state of hydrogen like atom an electron has total energy of — 3.4 eV. If the kinetic
energy of the electron is £ and its de-Broglie wavelength is A, then
(a) L=6.6 A (b) E=3.4eV (c) Both are correct  (d) Both are wrong
Passage : (0. 23 to 0. 25) ; .

23.

24,

25.

When a surface is irradiated with .":gﬁr qf mvﬂ'engrﬁ 4950 A, a photocurrent appears which
vanishes if a retarding potential greater than 0.6 volt is" applied across the phototube. When a
second source of light is used, it is found that the anr-::ai retarding potential is changed to 1.1 volt.

The work function of the emitting surface is - }

(a) 2.2eV (b) 1.5eV {c] 9eV « (d) l.1eV

The wavelength of the second source 1s |

(a) 6150 A (b) 5150 A (c) 4111 A (d) 4500 A

If the photoelectrons (after emission from the source) g _;uhjected to a magnetic field of 10 tesla,

the two retarding potentials would _
(a) uniformly increase (b) uniformly decrease (c¢) remai e same (d) None of these

b

Passage : (0. 26 to 0. 28) -, -

26.

27.

28.

In an experimental set up to study the photoelectric effect a point-source of light of power
3.2 x107° W was taken. The source can emit mono energetic photons of energy 5 eV and is located

at a distance of 0.8 m from the cem‘rf of a stationary metallic sphere of work function 3.0 eV. The
radius of the sphere is r=8x107" m. The efficiency of photoelectric emission is one for every
10° incident photons.

Based on the information given above answer the questions given below.

(Assume that the sphere is isolated and photo-electrons are instantly swept away after the
emission).

de-Broglie wavelength of the fastest moving photo-electron is

(a) 6.63 A (b) 8.69 A (c) 2A (d) 5.26 A

It was observed that after some time emission of photo-electrons from the sphere stopped. Charge
on the sphere when the photon emission stops is

(a) 16me yr Coulomb (b) 8me r Coulomb  (c) 15me 4 Coulomb  (d) 20me 4+ Coulomb

Time after which photo-electric emission stops is ,
(a) 100 (b) 121 s () 111s (d) 141s

More than One Correct Options

11-

If the potential difference of coolidge tube producing X-ray is increased, then chﬂﬂse_the correct
option (s)

(a) the interval between A, and A P Increases

(b) the interval between A, and A, increases

(c) the interval between A ;g and A, increases

(d) A, does not change i )

Here A, is cut off wavelength and A and A = are wavelengths of K, and K characteristic
X-rays.
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2. In Bohr model of the hydrogen atom, let R, v and E represent the radius of the orbit, speed of the

electron and the total energy of the electron respﬂctwety Which of the following quantities are
directly proportional to the quantum number n ? J .-

L]

V " )
R b) RE — \ = (d) —
(a) v (b) (c) £ g -.Fa'-..,., ( } £
3. The magnitude of angular momentum, orbital radius and time period of revolution of an electron in

a hydrogen atom corresponding to the quantum number » are L, » and quspectwely Which of the

following statements is/are correct? = : L
rL . L 1
(a) — is independent of n (b) = o< — y o
T T HE .
T | ;oo
() —e=n : (d) Lrec—
r n '

4. In which of the following cases the heavier of the two particles has aﬁmler de-Broglie
wavelength? The two particles b ¢ 3
(a) move with the same speed .

(b) move with the same linear momentum - -

(¢) move with the same kinetic energy
(d) have the same change of potential energy in a conservative field |
5. Hydrogen atom absorbs radiations of wavelength A, and consequently emit radiatiohs of
6 different wavelengths, of which two wavelengths are longer than A,. Choose the correct
alternative(s).
(a) The final excited state of the atoms is n =4
(b) The initial state of the atoms is n =2
(¢) The initial state of the atoms is n=3
(d) There are three transitions belonging to Lyman series
6. Incoolidge tube, if fand A represent the frequency and wavelength of K, line for a metal of atomic

number Z, then identify the statement which represents a straight line

(a) J? versus Z (b) :JIIT versus £ (c) In fversusInZ  (d) In J? versus 2

Match the Columns
1. Match the following two columns for hydrogen spectrum.
Column I r Column II
(a) Lymen series (p) infrared region
(b) Balmer series (q) visible region
(c) Paschen series ' (r) ultraviolet region

(d) Brackett series : (s) X-rays
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2. lonization energy from first excited state of hydrogen atom is £. Match the following two columns

for He™ atom.

C::Iilmn 1

A

(a) lonization enerﬂiﬁ-ﬁuh

ground state

(b) Electrostatic potential

energy in first excited state. - i

*

% Column II
(p) 4E
| <F

“|(q) ~16E

(¢) Kinetic energy of electron | (r) -8 E
in ground state, |
(d) lonization energy from E._*{s:} 16 E T .
farst excited state. | ﬁ |
X Vi .
3. I('““ il .
/ 1 a |
- »f ~7 > f
f‘r}f ’#J'
_"I.l"ll -"'F __'?"2 -'; »

Maximum kinetic energy versus frequency

of incident light and stopping potential versus

frequency of incident light graphs are shown in figure. Match the following two columns.

Column |

(a)
(b)
(c)
(d)

Slope of line-1
Slope of line-2
f
5

Column 11

(p) hle
(@ A

()
i{s} Wie

W

Here, h = Planck’s constant, e=1.6x10"'" Cand W = work function.

4. For hydrogen and hydrogen type atoms, match the following two columns.

Column I ;
(a) Time period
(b) Angular momentum
(c) Speed
(d) Radius

(r) Proportional to n*/Z*

Column 11

(p) Proportional to n/Z
(qQ) Proportional to n’/Z N

(s) None of these

L
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5. In hydrogen atom wavelength of second line of Balmer series is A. Match the following two
columns corresponding to the wavelength.

e

I

; .
Column 1 i Column 1T .
L™

- ,.rl:
(a) First line of Balmer series (p) (27/20) T = A,

(b) Third line of Balmer series | (q) (A/4)

(c) First line of Lymen series () @5N2)x - A &
(d) Second line of Lymen series | (s) None of these :"‘ &

6. Match the following (Give most appropriate one matching)

Column I Column I1 g ,ﬂ
(a) Characteristic X-ray I{p] Inverse process of rf_
photoelectric effect . X
(b) X-ray producticn (q) Potential difference -

(c) Cut-off wavelength | (r) Moseley’s law

(d) Continuous X-ray | (s) None

7. In aphotoelectric effect experiment. If fis the frequency of radiations incident on the metal surface
and / is the intensity of the incident radiations, then match the following.

——

Column I Column II

(a) If fis increased keeping [ andf[p} Stopping potential increases
work function constant

(b) If distance between cathode and (q) Saturation current increases
anode 1s increased

(¢} If I is increased keeping f and (r) Maximum kinetic energy of
work function constant - photoelectron increases

(d) Work function is decreased (s) Stopping potential remains
keeping fand / constant . same

——rmmee— = i

Subjective Questions

1. A hydrogen like atom of atomic number £ is in an excited state of quantum number 2n. It can emit a
photon of maximum energy 204 eV. If it makes a transition to quantum state », a photon of energy
40.8 eV is emitted. Find n, Z and the ground state energy (in ¢V) for this atom. Ground state energy
of hydrogen atom i1s -13.6 eV.

2. A beam of light consists of four wavelengths 4000 A, 4800 A, 6000 A and 7000 A, each of t
intensity 1.5 %10~ Wm ™. The beam falls normally over an area 10~ m?

on a clean metallic

surface of work function 1.9 eV. Assuming no loss of light energy, calculate the number of
photoelectrons liberated per second. Assume that each capable photon emits an electron.
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A source emits monochromatic light of frequency 5.5 x10'* Hz at a rate of 0.1 W. Of the photons
given out, 0.15% fall on the cathode of a photocell which gives a current of 6 uA in an external

cricuit, ‘ .
(a) Find the energy of a photon. o "L

(b) Find the number of photons leaving the snﬁrce per second.
(c) Find the percentage of the photons falling onsthe cathode which produce photoelectrons.

The hydrogen atom in its ground state is éicitedfﬂy means of monochromatic radiation. Its
resulting spectrum has six different lines. These radjations are ind¥dent on a metal plate. It is
observed that only two of them are responsible for photoelectric effect. If the ratio of maximum
kinetic energy of photoelectrons in the two cases is 5 then find the work function of the metal.

. Electrons in hydrogen like atoms (Z =3)make transilidﬂ%;m the fifth to the fourth orbit and from

the fourth to the third orbit. The resulting radiation are incidénd normally on a metal plate and eject
photoelectrons. The stopping potential for the photoelectrons ejected by the shorter wavelength is
3.95 volts. Calculate the work function of the metal and the. stopping potential for the
photoelectrons ejected by the longer wavelength. '

Find an expression for the magnetic dipole moment and magnetic field induction at the centre of
Bohr’s hypothetical hydrogen atom in the n™ orbit of the electron in terins of universal constant.

An electron and a proton are separated by a large distance and the electron approaches the proton
with a kinetic energy of 2 eV. If the electron is captured by the proton to form a hydrogen atom in
the ground state, what wavelength photon would be given off ?

Hydrogen gas in the atomic state is excited to an energy level such that the electrostatic potential
energy of H-atom becomes —1.7 eV. Now, a photoelectric plate having work function W =23eVis
exposed to the emission spectra of this gas. Assuming all the transitions to be possible, find the
minimum de-Broglie wavelength of the ejected photoelectrons.

A gas of hydrogen like atoms can absorb radiation of 68 eV. Consequently, the atom emits
radiations of only three different wavelengths. All the wavelengths are equal or smaller than that of
the abosrbed photon.

(a) Determine the initial state of the gas atoms.

(b) Identify the gas atoms.
(¢) Find the minimum wavelength of the emitted radiations.

(d) Find the ionization energy and the respective wavelength for the gas atoms.

A photon with energy of 4.9 eV ejects photoelectrons from tungsten. When the ejected
electron enters a constant magnetic field of strength B =2.5m T at an angle of 60° with the
field direction, the maximum pitch of the helix described by the electron is ‘fﬁund tobe 2.7 mm.
Find the work function of the metal in electron-volt. Given that specific charge of electron 1s

1.76 x10"" C/kg.
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11. For a certain hypothetical one-electron atom, the wavelength (in A) for the spectral lines for
transitions originating at n = p and terminating at n =1 are given by

1500p° where p=23,4 "

p’ -1 a3

(a) Find the wavelength of the least energetic and the most energetic photons’in this series.

(b) Construct an energy level diagram for this element showing the-energ:es of the lowest three

levels. - : L

(c) What is the ionization potential of this element? ey .

12. A photocell is operating in saturation mode with a photocurrent 4.8 mA when a monochromatic
radiation of wavelength 3000 A and power of 1 mW is incident. When anuther monochromatic *
radiation of wavelength 1650 A and power 5 mW is incident, it is observed ﬂmammum \-'EI{I-EIT}'
of photoelectron increases to two times. Assuming efficiency of photoele ron generation per
incident photon to be same for both the cases, calculate, 1
(a) threshold wavelength for the cell
(b) saturation current in second case
(c) efficiency of photoelectron generation per incident photon

13. Wavelengths belonging to Balmer series for hydrogen atom lying in the range of 450 nmto,750 nm
were used to eject photoelectrons from a metal surface whose work function is 2.0 ¢V. Find [m eV)
the maximum kinetic energy of the emitted photoelectrons.

14. Assume that the de-Broglie wave associated with an electron can form a standing wave between
the atoms arranged in a one dimensional array with nodes at each of the atomic sites. It is found that
one such standing wave is formed if the distance d between the atoms of the array is 2 A. A similar
standing wave is again formed if d is increased to 2.5 A but not for any intermediate value of d.
Find the energy of the electron in eV and the least value of d for which the standing wave of the
type described above can form.

15. The negative muon has a charge equal to that of an electron but a mass that is 207 times as great.
Consider hydrogen like atom consisting of a proton and a muon.

(a) What is the reduced mass of the atom?

(b) What is the ground-level energy (in eV)?

(c) What is the wavelength of the radiation emitted in the transition from the n =2 level to the n =1
level?

16. Assume a hypothetical hydrogen atom in which the potential energy between electron and proton
at separation r is given by U =[k In r— (k/2)] where k is a constant. For such a hypothetical
hydrogen atom, calculate the radius of n " Bohr’s orbit and energy levels.

17. An electron is orbiting in a circular orbit of radius » under the influence of a constant magnetic field
of strength B. Assuming that Bohr’s postulate regarding the quantisation of angular momentum
holds good for this electron, find
(a) the allowed values of the radius r of the orbit.

(b) the kinetic energy of the electron in orbit

&

A=



18.

19.

20.

21.
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(c) the potential energy of interaction between the magnetic moment of the orbital current due to
the electron moving in its orbit and the magnetic field B.

(d) the total energy of the allowed énergy levels. v

(e) the total magnetic flux due to thelrpagnctig field B passing through the n™ orbit.

(Assume that the charge on the electron is :-'f'iﬁl.l‘]d the mass of the electron is m).

A mixture of hydrogen atoms (in their ground state) and h¥drogen like ions (in their first excited
state) are being excited by electrons which have been accelerated by same potential difference V
volts. After excitation when they come directly. intﬁ- ground state, the wavelengths of emitted light
are found in the ratio 5 : 1. Then find: .

(a) The minimum value of ¥ for which both the atoms§: get excited after collision with electrons.
(b) Atomic number of other ion.
(c) The energy of emitted light. A _
When a surface is irradiated with light of A = 4950 A a photocurrent appears which vanishes if a
retarding potential 0.6 V is applied. When a different sourcé®f light is used it is found that critical
retarding potential is changed to 1.1 volt. Find the work function of emitting surface™and

wavelength of second source. If photoelectrons after emission from surface are subjected to a
magnetic field of 10 tesla, what changes will be observed in the above two retarding potentials?

In an experiment on photoelectric effect light of wavelength 400 nm is incident on a metal plate at
the rate of 5 W. The potential of the collector plate is made sufficient]y positive with respect to
emitter so that the current reaches the saturation value. Assuming that on the average one out of

every 10° photons is able to eject a photoelectron, find the photocurrent in the circuit.

A light beam of wavelength 400 nm 1s incident on a metal of work function 2.2 eV. A particular

electron absorbs a photon and makes 2 collisions before coming out of the metal

(a) Assuming that 10% of existing energy is lost to the metal in each collision find the final kinetic
energy of this electron as it comes out of the metal.

(b) Under the same assumptions find the maximum number of collisions the electron should suffer
before it becomes unable to come out of the metal.
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 ANSWERS .

L]

Introductory Exercise 30.1 . A
1. (a) 1.31pum, (b) 164 nm 2. 656 nm i ,*’.m'
3. (a) 6.58x 10" Hz, 0.823x 10'® Hz; (b) 2.46x 10" Hz (c) 8.23x 10° revolutions ~*
4, (a) 2.55x 1073 m, (b) 2.81 keV 5.(a) 48x 10* m, =« (b)7.3x10Mm
6. (a) 102 nm, 122 nm, 653 nm (b) No lines 7. 5.59 nm 8. Efé -451%-’&“, E; =-2650eV
9. 3 1 e .
4'4
Introductory Exercise 30.2 o 1
1. 19V 2. 0.48puA 3. K., =(f-§) 4 Zero, 3.19eV 5. 1-15;:;1%;
if-.!ﬁ
For JEE Main , i
Subjective Questions -
1. 46eV,82x 107 kg, 2.45x 1077 ‘LE;E 2. 4.82x 10" perm®:s
(a) 247x 1072 J =154 eV (b) 804 nm, infrared a

(a) 5.0x 10" Hz (b) 2.3x 10%° photons/s 5. (a) 5.92x 10%° Hz (b) 5.06x 1073 m
(a) K, =4K, (b) E,=2E, 7.(a)252x 10" (b) 3.33x 108 N

43x10%N 9.10°N 10. 40x 107 N/m?  11. 3.90x 10 m, No

12. (a) 1.55x 1079 m (b) 8.44x 107 m

13. (@) 2.37x 102%™ (1) 3.07x 108 J=19.2ev  14. 1.04A 15. 6.663A
5

ook w

16. (a) 3.32x 107" m (b) 1.33x 10 m  17. 122.4eV

18. (a) 3.4eV (b) -6.8 eV (c) potential energy will change 19. 79eV
20. 3.16x 10°* kg-m?/s 21, 3,1023A 22, 113.74A 23, n=5
24, (a) z=4 (b) A, = 40441A

25. (a) 15.6 VoIt (b) 2335 A (c) 1252V (d) 1.01x 10" m™

26. (a) -5.08eV (b)-563eV  28. % Ao 29. 49.5pm, 99.0 pm 30. z=41

31. 15865V 32, 198pm 33. z=42 34. (a) 4W (b) 396 J/s
35. 1022A, n=3ton=1 36, 248eV 37. 2260A

38. (a) 10'°Hz (b) 4eV (c) 6.4x 107 J-s

39. 1.81eV,9.0x10° m/s, 3.0x 10° m/s  40. 6.25x 10''s7! zero, 5.0 eV
41, 0.148m 42, 3.27eV  43. 1.2V

Objective Questions

1. (d) 2.() 3.() 4 () 5 () 6 (@ 7.@ 8 (¢ 9 (c) 10 (a),
11. (¢) 12. (¢) 13. (a) 14. (a) 15. (c) 16. (c) 17. (b) 18. (d) 19. (a) 20. (c)
21. (c) 22. (@) 23. (b) 24 (c) 25 (c) 26, (b) 27. (b) 28. (c) 29. (b) 30. (c)
31. (a) 32. (b) 33. (b) 34. (c) 35 (a) 36. (b) 37. (c) 38. (d)
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For JEE Advanced

Assertion and Reason %z M

1. (3 2. () 3. (ab) 4. (a) 5.(ab) . 6. (d) .7.(ab) 8. (b) 9. (b)  10.(d)
Objective Questions A PO

1. (b) 2. (b) 3. (a) 4, (c) 5. (c) 6. 'i;r;; 7. (d) - 8 (a 9. (d) 10. (c)
11. (¢) 12. (¢) 13. (d) 14. () 15 (a) 16. (c) 17. (d) . (b) 19. (d) 20. (d)
21 (@ 22. (c) 23. (c) 24. (c) 25. (c) 26. (b) 27. (b) 28. (c)
More than One Correct Options s 2

1.(b,c) 2.(a,c) 3.(a,b,c) 4.(a,c) 5.(a,b,d) 'a*'(aib.::}‘

Torg

Match the Columns TN X
1. @)->r (b)— g (c)—=p (d)—p .o

2. (a)> s (b)—>r (c)— s (d)— p -

3. (A= q (b)— p (c)—=r (d)— s

4, (a)—=r (b)— s (c)— s (d)y— g

5. @->p ()-=s (€)= q (d)—> s .

6. (a)—>r (b)y—=p (c)—=q (d)—q

7. (a)- p,r (b)—>s (c)— q,s (d)—= p,r
Subjective Questions

1. n=2,z=4,-2176eV 2, 1.12x 10'* 3. (a) 2.27eV (b) 2.75x 10'7 (c) 9%

H'Eh uuﬂmze;'

dnm Eﬁﬂhsnﬁ
9, (a)n =2 (b)z=6 (c) 28.43 A (d) 489.6eV,25.3A 10. 45V

11. (a) 2000 A, 1500 A (b) E;=-8.25€eV,E, =-205eVandE; =-0.95eV (c) 8.25V
12. (a) 4125 A (b) 34pA (c) 5.19 13, 0.55eV  14. 150eV, DEA

4, W=11925eV 5. 2eV, 0754V 6. 7. 7933A 8. 38A

) h
15. (a) 1.69x 102 kg  (b) -2.53 keV (c) 0.653nm  16. r, =  E, = kIn Jl n }
& m" 2 mk
h nhE’E nheB nheB ’
17. L K = BliEe et d) E = nh
@ f 2nBe ®) nm © 4drm (@) 2rm (E} 2&

18. (a) 10.2wvolt (b) Z2=2 {c} 10.2 eV and 51 eV
20. 16pA 21, (a) 0.31eV (b) 4

19. 1.9 eV, 4125 A, No change is observed
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| EX®1 Nuclear Stability and Radioactivity

#
Among about 1500 known nuclides, less than 260 are stable. The others are unstable that deca}r to
form other nuclides by emitting o and B-particles and y- electmmagncm:: waves. This process is called

radioactivity. It was discovered in 1896 by Henry o .
Becquerel. 50 e

Whilst the chemical properties of an atom are s20l. %
governed entirely by the number of protons in the 110l
nucleus (i.e., the proton number Z), the stability of an 100
atom appears to depend on both the number of protons g 90
and the number of neutrons. For light nuclei, the S 80
greatest stability is achieved when the numbers of £ 7o}
protons and neutrons are approximately equal (N = Z). o 60

: o . 2 &

For heavier nuclei, instability caused by E
electrostatic repulsion between the protons is Zz49
minimized when there are more neutrons than protons. ‘:g

Figure shows a plot of N versus Z for the stable sl .
nuclei. For mass numbers upto about 4 =40, we see |l B N O O O S O 0 SO

0 1020 30 40 50 80 70 80 90

that N = Z. 40Ca is the heaviest stable nucleus for ,
which N = Z. For larger values of Z, the (short range) Number of protons "
nuclear force is unable to hold the nucleus together Fig. 31.1 The stable nuclides plotted on a graph
against the (long-range) electrical repulsion of the ©f neutron number, N, versus proton number, Z.
¢ I the number of irons: exceeds. thie Mote that for heavier nuclides, N is larger relative
protons uniess um ncu xC to Z. The stabie nuclides group along a curve
number of protons, At Bi (Z =83, 4 =209), the neutron  called the line of stability.
excess is N — Z =43, There are no stable nuclides with

Z > 83,
The nuchde :.:.;. Bi 1s the heaviest stable nucleus.

Atoms are radioactive if their nuclei are unstable and spontaneously (and randomly) emit various
particles, the a, P and/or v radiations. When naturally occuring nuclei are unstable. we call the
phenomena natural radioactivity. Other nuclei can be transformed into radioactive nuclei by various
means, typically involving irradiation by neutrons, this is called artificial radioactivity.

A radioactive nucleus is called a parent nucleus, the nucleus resulting from its decay by particle.
emission is called daughter nucleus. Daughter nuclei also might be granddaughter nuclei, an so on. There
are no son or grandson nuclei. For unstable nuclides and radioactivity following points can be made.

(i) Disintegrations tend to produce new nuclides near the stability line and continue until a stable
nuclide 1s formed.
(i1) Radioactivity is a nuclear property, i.e., o, [} and y emission take place from the nucleus.

(111} Nuclear processes involve huge amount of energy so the particle emission rate is independent of
temperature and pressure. The rate depends solely on the concentration of the number of atoms
of the radioactive substance.

(iv) A radioactive substance is either an o-emitter or a f-emitter. y-rays emit with both. |

Alpha Decay

An alpha particle is a helium nucleus. Thus a nucleus emitting an alpha particle loses two protons
and two neutrons. Therefore, the atomic number Z decreases by 2, the mass number A decreases by 4 ané
the neutron number N decreases by 2. The decay can be written as,
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where X is the parent nucleus and Y the daughter nuc:]eus As Examples U**® and Ra**® are both alpha
emitters and decay according to, %

u-."""'n.

233[] — 23"Tth 1HE
m‘Ra N EsznH- *He

As a general rule in any decay sum of mass numbers A and atomic n#mbers Z must be the same on
both sides.

Note that a nuclide below the stability line in Fig. 31.1 disintegrates in such a-way that its proton
number decreases and its neutron to proton ratio increases. ﬁ’l heavy nuclides this can occur by alpha

emission. %ﬁ .

If the original nucleus has a mass number A that is 4
times an integer, the daughter nucleus and all those in the
chain will also have mass numbers equal to 4 times an
integer. (Because in o-decay A decreases by 4 and in
B-decay it remains the same). Similarly, if the mass number
of the original nucleus is 4n +1, where n is an integer, all
the nuclei in the decay chain will have mass numbers given
by 4n +1 with n decreasing by 1 in each a-deczy. We can
see therefore, that there are four possible ct-decay chains,
depending on whether 4 equals 4n,4n+1,4n+2or4n+3
where nis an integer.

Series 4n+1 is now not found. Because its longest
lived member (other than the stable end product Bi*") is
Npm which has a half life of only 2 x10° years. Because

this is much less than the age of the earth this series has
disappeared.

. : i Fig. 31.2 The uranium de-:a},r series
Figure shows the Uranium (4n + 2) series. (A= 4n+ 2). The decay of “}Bi may proceed

The series branches at Bi*'* which decays either by either by alpha emission and then beta

(210 emission or in the reverse arder.

ct-decay to TI*'"" or B-decay to Po*'*. The branches meet at

the lead isotope Pb*'’. Table 31.1 lists the four radioactive
series.

Table 31.1 Four Radioactive Series.

———— e e g R IR W LA B x il —

Mass Numbers Series Parent | Half-Life, Years t St:hle Product
4 Thorum | 22Th | 139x10° | Wpy

4n +1 . Neptunium EE,-T,_ Np 2.25x10° . I* zg?“ Bi

4n +2 - Uranium | U 447x10° | 2 Pb

4n+3  Actinium | U 7.07%10° K 207 pb
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Beta Decay

Beta decay can involve the emission of either electrons or positrons. A positron is a form of
antimatter. Which has a charge equal to + e and mass equal to that of an ‘electron. The electrons or
positrons emitted in B-decay do not exist inside the nucleus. They 4re only created at the time of
emission, just as photons are created when an atom makes a transition ffom a higher to a lower energy
state.,

Inp~ decay a neutron in the nucleus is transformed into a proton, an electgon and an antineutrino.

n— P+e +V L -

To conserve energy and momentum in the process, the emission of an antitteutrino (V) (alongwith
proton and electron) was first suggested by W. Pauli in 1930, but it was first observed experimentally in _
1957. i

Thus a parent nucleus with atomic number Z and mass number 4 decays @E emission into a
daughter with atomic number Z + 1 and the same mass number A. g

A ﬂ'_ : | ",
F 4 A e Z +1I Y i

- o~

B~ decay occurs in nuclei that have too many neutrons. An example of B~ decay is the decay of
carbon-14 into nitrogen,
IEC — !#N'ff. +V s
InB" decay, a proton changes into a neutron with the emission of a positron (and a neutrino)

P — n+e +v

Positron (¢* ) emission from a nucleus decreases the atomic number Z by 1 while keeping the same
mass number A.
ﬂ+
A
X =y LY

B" decay occurs in nuclei that have two few neutrons. A typical B decay is,

!,3N — {'..,3C+e" +v

Electron capture : Electron capture is competitive with positron emission since both processes
lead to the same nuclear transformation. This occurs when a parent nucleus captures one of its own
orbital electrons and emits a neutrino.

A -1 A
P g o guikee sl R

In most cases, it is a K-shell electron that is captured, and for this reason the process is referred to as
K-capture. One example is the capture of an electron by 4, Be !

_ ; JE
iBe+e —— ;Li+v

Gamma Decay

Very often a nucleus that undergoes radioactive decay (o or B decay) is left in an excited energy state
(analogous to the excited states of the orbiting electrons, except that the energy levels associated with the
nucleus have much larger energy differences than those involved with the atomic electrons). The typical
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half-life of an excited nuclear state is10 "-ff} s. The excited nucleus (X ") ;.

then undergoes to a lower energy state, by emitting a high energy
photon, called the y-ray photon. The following Sequence of events
represents a typical situation in which y-decay ec¢curs.
‘ _ ¥

PB—— C" +e 4V

IEC* —_ 1§C+T | .-"'.L
Figure shows decay of B'? nucleus, which undergoes -decay to
either of two levels of C'2. It can either decay directly.to the ground Gamma dE"-‘f;}'
"Fg. 31.

state of C'* by emitting a 13.4 MeV electron or undergo [-decay to an
excited state of '2C" followed by y-decay to the ground stateﬂe

e latter process results in the emission of

a 9.0 MeV eclectron and a 4.4 MeV photon. The various pathw#¥ys.by whn:h a radioactive nucleus can
undergo decay are summarized in Table 31.2, | ~

LSS ]

Note In both oo and P decay, the Z value of a nucleus changes and n'h: fducleus of one element becomes the

nucleus of a different element. In y-decay, the element does not change, the nucleus merely goes from an
excited state to a less excited state.

Table 31.2 Various Decay Pathways
Alpha decay X4 — g: ;}’ + 3He
Beta decay (B°) X — , Y +e+V
Beta decay (B*) | W — , +e +v
Electron capture | X +e — S Y+ v
Gamma decay X — X4y

e

] The Radioactive Det:ay Law

Radioactive decay is a random process. Each decay is an independent event and one cannot tell
when a particular nucleus will decay. When a particular nucleus decays, it is transformed into another
nuclide, which may or may not be radioactive. When there is a very large number of nuclei in a sample,
the rate of decay 1s proportional to the number of nuclei, N, that are present, -

dN
(2 ()
dt dt

where A is called the decay constant. This equation may be expressed in the t:ﬁnn d—l;l-ﬁ:- =— Adt and

mtegrated,



260 Optics and Modern Physics

where N is the initial number of parent nuclei at ¢ =0. The number that survive at time ¢ is therefore,

N=Nge™ ‘ (D)
This function is plotted in Fig. 31.4. AR o :
N RN A
Ng “,
b .
0.5N, %,
0.37 N, i
-t ﬁ%{ _
#os
Fig. 31.4 T

Half-Life : The time required for the number of parent nuclei to fall to 50% is called halflife tia
and may be related to A as follows. Since,

0.5N, = Nye ™12

We have Aty =In (2) =0.693
In(2) 0.693
2 = ;E }= i ...(i1)
Mean life : The average or mean life 7, is the reciprocal of the decay constant.
s | (i)
av l .

The mean life is analogous to the time constant in the exponential decrease in the charge on a
capacitor in an RC circuit. After a time equal to the mean life time, the number of radioactive nuclei and
the decay rate have each decreased to 37% of their original values.

Activity of a radioactive substance

The decay rate R of a radioactive substance is the number of decays per second. And as we have seen
above

N .
LA s i gad i, il oy
dt dt
Thus, R:—Efi or Rec N
dt
or R=AN  or R=MANge™ -*
or R =Rﬂe'l" LL(iv)

where R, = AN, is the activity of the radioactive substance at time ¢ = 0. The activity versus time graph is
shown in Fig. 31.5.
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0.5 R,
0.37 R,

Fig. 31.5

Thus, the number of nuclei and hence the activity g the radioactive substance decrease
exponentially with time. i e

Units of activity : The SI unit for the decay rate is the begﬁﬁeml (Bq), but the curie (Ci) and

rutherford (rd) are often used in practice. ;oo 8

1 Bq =1decays/s, 1Ci=3.7x10"°Bq and 11d=10° Bq

o /mportant Points in Radioactivity

1. After n half lives,

n
(a) number of nuclei left = N, (%)

n
(b) fraction of nuclei left = (1) and
2 Number of nuclei decayed

2 $
(c) percentage of nuclei left =100 (—;] &
Ty R ————

2. Number of nuclei decayed after time ¢,
=Ny -N
=Np = Nog ™' =N (1- &™)
The corresponding graph is as shown in figure.

— time

Fig. 31.6
P(Survival)

3. Probability of a nucleus for survival of time t,

N
P (survival) = = -
( ) Ny N,

The corresponding graph is shown in figure.
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P (disintegration)
l

&

4. Probability of a nucleus to disintegrate in time tis, \ | T T R————
P (disintegration) = 1— P (survival) =1- ™ Yo n | :
The corresponding graph is as shown. e -
¢ ~ time
h w
‘. Fig. 31.8

5. Half life and mean life are related to each other by the relation,

ty, =0.6931t,, or 1, =1.444, _
6. As we said in point number (2), number of nuclei decayed in time tare N, (1- ﬁi."l‘his expression
involves power of e, "%
So, to avoid it we can use, . .
AN = ANAL - i
where, AN are the number of nuclei decayed in time At, at the instant when total number of nuclei are N.
But this can be applied only when At << ;..
7. In same interval of time, equal percentage (or fraction) of nuclei are decayed (or left undecayed).

"

Sample Example 31.1 At time t =0, number of nuclei of a radioactive substance are 100, At t =15
these numbers become 90. Find the number of nuclei at t =2 s.

Solution In 1 second 90% of the nuclei have remained undecayed, so in another 1 second 90% of 90
i.e., 81 nuclei will remain undecayed.

Sample Example 31.2 At time t =0, activity of a radioactive substance is 1600 Bg, at t =8 sactivity
remains 100 Bq. Find the activity at t =2 s.

Solution R = Rn[%)
Here. n is the number of half lives.
Given, R =-‘i}-
16
R, 1Y
— R —
1 “(2)
or n=4

Four half lives are equivalent to 8 s. Hence, 2 s is equal to one half-life. So in one half-life activity
will remain half of 1600 Bq i.e., 800 Bqg.

Sample Example 31.3 Prove mathematically that mean life or average life of a radioactive .
substance is t,, =1/A.

Solution Let N be the number of atoms that exist at time ¢. Between ¢ and ¢ + dr let dN atoms are
decayed, then
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0
_ vl dN
Mean or average life = —2 .
. ‘.J‘Nﬁw .
dN “Taly
Further, - —t;t— = AN or dN = — ANdt ’ 2y
Mean average life =
g JNﬂ "":\. .
But N = Nye ™. Hence e _ ..
J“" IJLN{]E' . 1
Mean life = =2 -
N, R
Sy .
This integration is done by parts. The result is, ; i
l
Loy = X Hence proved.

Sample Example 31.4 Uranium ores on the earth at the present time typ'fca!{y have a composition
consisting of 99.3% of the isotope ¢, U*® and 0.7% of the isotope ¢, U™, The half lives of these

isotopes are 4.47x10” yr and 7.04 x10* yr respectively. If these isotopes were equally abundant
when the earth was formed, estimate the age of the earth.
Solution  Let Ny be number of atoms of each isotope at the time of formation of the earth (¢ = 0)and N ,
and N, the number of atoms at present (¢ = ¢). Then

N, =Nge M ()
and N,=Nye ™ (i)
N
.,N_;=£le A , ... (i)
Further it 1s given that
N, 993 _
= 1)
N, 07 *
Equating Eqgs. (iii) and (iv) and taking log both sides, we have
99.3 .
Ay —A ) t=In|—
(A, 1) “( 0.7 ) .

] (99.3] }
= In| —
Ay — A, 0.7
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Substituting the values, we have

! = 1 .E-J“ 29_% 4
~0.693 0.693 07, -
704x10°  447x10° - x5 A
or t=5.97x10" yr N | Ans,

Intrnductur} Exercise EE0E1 |

1. Activity of a radioactive substance decreases from 8000 Bq to 1000 Bq in 9 da}rs What is the half-life and
average life of the radioactive substance?
2. A radioactive substance has a half-life of 64.8 h. A sample containing this isote ]_'las an initial activity

-

(t = 0) of 40 uCi. Calculate the number of nuclei that decay in the time interval ntt- = 10.0 h and
=12.0 h.
3. ﬁ. freshly prepared sample of a certain radioactive isotope has an activity of 10 mCi. Mter 4.0 hits activity
is 8.00 mCi. . .
(a) Find the decay constant and half life - *

(b) How many atoms of the isotope were contained in the freshly prepared sample?
(c) What is the sample's activity 30.0 h after it is prepared?
4. A radioactive substance contains 10'* atoms and has an activity of 6.0 x 10*! Bq. What is its haif-life?

5. Two radioactive elements X and Y have half-life periods of 50 minutes and 100 minutes respecuvely
Initially both of them contain equal number of atoms. Find the ratio of atoms left Ny /N, after
200 minutes.

'EX¥] Successive Disintegration

Suppose a parent radioactive nucleus A (decay constant = A ) has number of atoms N ; at time ¢ =0.
After disintegration it converts into a nucleus B (decay constant = A ;) which is further radioactive,
Initially (r =0), number of atoms of B are zero. We are interested in finding NV, , the number of atoms of B

Fig. 31.9
at time /.
Ati=0 Ny 0
Atfzf N” = NDE_;‘LGI a'“l'rf.l, :?

At time 1, net rate of formation of B = rate of disintegration of A - rate of disintegration of B.

Ny =A N, -A, N,
dt
anN .
or —a';!l=}bﬂNﬂE :‘Lu[ —}hb.l"'l'rh {35 .h‘rﬂ =.|"||I'F,Df-.lﬂ:]

or dN, +A, N, dt=A_,Nge hat
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Multiplying this equation by ™' we have
E:'l.bdeb + Elhlhhrb{ﬂf — lﬁ Nue{lh -*jl.j}E
d{NbElH }_= lq ‘)Pﬁefl'ﬂ, -_:"uﬂ}f.df

Integrating both sides, we get gl . .
; A
Apl _ a (Ap=A )t :
N,e (—_-lb X ]H f,ff +c ...(1)
where cis the constant of integration, which can be found as under. "
Attime, r=0, N, =0 oo
A . ol
| -2 |y
’ [?"'.'r o ] %% |
Substituting this value in Eq. (1), we have oy
N\ S, .
Ny =l fmey (i)

Now following conclusions may be drawn from the above discussion.

(1) From Eq. (ii) we can see that N, =0at time # =0 (it was given) and at 1 = o (because B is also
radioactive) .

(2) N, will continuously decrease while N, will first increase (until A , N, > A, N, ), reaches to a
maximum value (when A N, =4, N,) and then decreases (when A, N, >A N ). The two
graphs for N, and N, with time are shown below.

N, N,

MaNa ANy N>R,
Fig. 31.10

(3) From equation number (ii) it seems as if A ;, should be greater than A , for this equation to hold

good but it is not so. Because if A, > A, then e tal 5 ¢ and N, will be poditive and if

A —lhi

L, >A,thene "' <e " and again N is positive.

Sample Example 31.5 A radio nuclide X is produced at constant rate o. At time t f{f, number of

nuclei of X are zero. Find 4 2
(a) the maximum number of nuclei of X. S
(b) the number of nuclei at time t. .~
Decay constant of X is . i
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. , : Rate =
Solution (a) Let N be the number of nuclei of X at time ¢. il x Rate = AN
Rate of formation of X =« (given) % "——:———%-. ]

Rate of disintegration = AN ' .« Fig3ll

Number of nuclei of X" will increase until both the rates will hapnnfg equal Thcrefnrf:,

ow=AN .. <
o -
N rax =I ) '.L Ans.
(b) Net rate of formation of X at time ¢ is, TR -
dN
— =0 — AN
dl‘-‘ -1 .ﬁ
dN #
o - AN ff-i.h
Integrating with proper limits, we have L0
N - o~
Jﬂ o - lN _I -
oL
or N=—{1—E"U) . Ans.
l ®
This expression shows that number of nuclei of X are increasing exponentially from 0 to %.
N
}
@Af==mmm e

Fig. 31.12

' EX®3 Equivalence of Mass and Energy

in 1905, while developing his special theory of relativity, Einstein made the suggestion that energy
and mass are equivalent. He predicted that if the energy of a body changes by an amount E, its mass
changes by an amount m given by the equation,

E =mc*
where cis the speed of light. Everyday examples of energy gain are much too small to produce detectable
changes of mass. But in nuclear physics this plays an important role. Mass appears as energy and the two '
can be regarded as equivalent. In nuclear physics mass is measured in unified atomic mass units (u), 1 u

being one-twelfth of the mass of carbon-12 atom and equals 1.66 x 10" kg. It can readily be shown
using £ = me” that, 1 u mass has energy 931.5 MeV
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Thus, lu =931.5 MeV
or ¢; =931.5MeV/u -

A unit of energy may therefore be considered t,s;‘be a unit of mass. For example, the electron has a
rest mass of about 0.5 MeV. ol-s

If the principle of conservation of energy is to hold for nutlear reactions it is clear that mass and
energy must be regarded as equivalent. The implication _{lf E =mc* is that any reaction producing an

appreciable mass decrease is a possible source of energy.” 3¥

Sample Example 31.6 Find the increase in mass of waterwhen 1.0 kg aﬂvater absorbs 4.2 x10° Jof
energy to produce a temperature rise of 1 K. Ak

. E  42x10° " ‘
Solution m=— = : z{%
c (3.0x10%) »
ﬁ-‘-l..‘
=4.7x107" kg . _Ans.

'E2¥] Binding Energy and Nuclear Stabiiify'.

The existence of a stable nucleus means that the nucleons (protons and neutrons) are in a bound
state. Since the protons in a nucleus experience strong electrical repulsion, there must exist a stronger
attractive force that holds the nucleus together. The nuclear force is a short range interaction that
extends only to about 2 fm. (In contrast, the electromagnetic interaction is a long-range interaction). An
important feature of the nuclear force is that it is essentially the same for all nucleons, independent of
charge.

The binding energy (E, ) of a nucleus is the energy required to completely separate the nucleons.

The origin of the binding energy may be understood with the help of mass-energy relation, AE' = Amc?,
where Am is the difference between the total mass of the separated nucleons and the mass of the stable
nucleus. The mass of the stable nucleus is less than the sum of the mass of its nucleons. The binding
energy of a nuclide , X “is thus,

E,=[zm, +(A-z)my —m;]cl ..(1)

where mp = mass of proton, my = mass of neutron and m, =mass of nucleus.

#

Note (1) Am =[zm,+ (A -2)my — my] is called the mass defect. This much mass is lost during the

formation of a nucleus. Energy AE =(Am)c” is liberated during the making of the nucleus. This is
the energy due to which nucleons are bound together. So, to break the nucleus in its constituent
nucleons this much energy has to be given to the nucleus.

(2) It is better to write Eq. (i) as under,
E, =|zmy + (A - z) my —m,] c? ... (i)

where my; is the mass of H atom and m , the atomic mass. By using the masses of H atoms rather
than protons, masses of the electrons in the atom cancel out. We do this because it is atomic masses
that are measured directly by mass spectrometer. A slight error is mada by doing so but that is
negligible. :

(3) Stability : Although nuclides with z values upto z =92 (Uranium) occur naturally, not all of these
are stable. The nuclide 23Bi is the heaviest stable nucleus. Even though uranium is not stable,
however, its long lived isotope ***U, has a half-life of some 4 billion year.
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Binding energy per nucleon : If the binding energy of a -
nucleus is divided by its mass number, the binding energy per 2
nucleon is obtained. A plot of binding energy per nucleon £, / HH -
as a function of mass number 4 for various stable nuclei is - %L
shown in figure. e,
— a
Note That it is the binding energy per nucleon which is more > :
important for stability of a nucleus rather than the total g & - -
binding energy. R e e
4 24 : -
'’ 1 - T ... A i L | i
Fc_;rHﬂumg canc!usmn.s_' can be drawn from the above graph. E o B T4 éﬂ 60"
(1) The greater the binding energy per nucleon the more @ i, T
. . Mass number
stable is the nucleus. The curve reaches a maximum of Fie. 31.13 ke hind
' . 5 s . . e INg ene er
about 8.75 MeV in the vicinity of 3¢Fe and then racdoon, Eu@jafuﬁcuﬂﬁ,}; per
gradually falls to 7.6 MeV for 5" U. masTsgimoer A
(2) In a nuclear reaction energy is released if total binding energy is mcreasmg Let s take an

example.

Suppose a nucleus X, which has total binding energy of 100 MeV converts intd some another
nucleus ¥ which has total binding energy 120 MeV. Then in this process 20 MeV energy will be released.
This 1s bacause 100 MeV energy has already been released during the formation of X while in case of Y it
15 120 MeV. So the remaining 20 MeV will be released now. b

Energy is released if ZE, is increasing.

(3) ZE, in a nuclear process is increased if binding energy per nucleon of the daughter products
gets increased. Let us take an example. Consider a nucleus X (4, =100) breaks in two lighter
nuclei ¥ (A4, =60)and Z(A4, =40).

X=Y+Z

Binding energy per nucleon of these three are say, 7 MeV, 7.5 MeV and 8.0 MeV. Then total hmdmg
energy of X is 100 x 7=700 MeV and that of ¥ + Z is (60 x 7.5) + (40 % 8.0) = 770 MeV. So in this
process 70 MeV energy will be released.

(4) Binding energy per nucleon is increased if two or more lighter nuclei combine to form a heavier

nucleus. This process is called nuclear fusion.

+ —= @ + E ® —— + +E
] -
Fusion Fission
Fig. 31.14
E /A4

. a_ e b
In nuclear fission a heavy nucleus splits into two or N
more lighter nuclei of almost equal mass. Fusion Fission
* 4w

In both the processes £, / A is increasing. Thus, energy
will be released.

Fig. 31.15
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EZX3 Nuclear Fission (Divide and Conquer)

As we saw in the above article nuclear fission occurs when a heavy nucleus such as **° U, splits into
two lighter nuclei. In nuclear fission the combined mass of the daughter nuclei is less than the mass of the
parent nucleus. The difference is called the mass defect. Fission is initiated when a heavy nucleus

captures a thermal neutron (slow neutrons). Mhl&plﬂng the mass defect by ¢” gives the numerical value
of the released energy. Energy is released because the binding engrgy per nucleon of the daughter nuclei
1s about 1 MeV greater than that of the parent nucleus.
The fission of *** U by thermal neutrons can be ;cpﬁts;ptcd by the equation,
:}n + 33;[1 —_— ISEﬁU"' ﬂ ’!' +Y + neutrﬁgs
o

where “*°U *is an intermediate excited state that lasts only for 10 '? s before breaking into nuclei X and

Y, which are called fission fragments. In any fission Equaiiun. ere are many combinations of XYand Y
that satisfy the requirements of conservation of energy and clf§ge with uranium, for example, there are
about 90 daughter nuclei that can be formed. ¥

. : : "y
Fission also results in the production of several neutrons, typically two or three. On the average,
about 2.5 neutrons are released per event. A typical fission reaction foruranium is

2
on+ 5 U— H'Ba+ PKr +3(5nf

About 200 MeV is released in the fission of a heavy nucleus. The fission energy appears mostly as
kinetic energy of the fission fragments (e.g., barium and krypton nuclei) which fly apart at great speed.
The kinetic energy of the fission neutrons also makes a slight contribution. Irmaddition one or both of the

\arge fragments are highly radioactive and small amount of neutron
energy takes the form of beta and gamma radiation. i

Chain Reaction : Shortly after nuclear fission was U239
discovered, it was realized that, the fission neutrons can fission @// -{\\@ fission
cause further fission of *>*U and a chain reaction can be fragment / \ fragment
maintained. N B

In practice only a proportion of the fission neutrons is ;'L;z:ss“n {uza%}

another nucleus. The ratio of neutrons escaping to those

causing fission decreases as the size of the piece of s T
uranium-235 increases and there is a critical size (about the Wass g e sy
size of a cricket ball) which must be attained before a chain

reaction can start,

In the ‘atomic bomb’ an increasing uncontrolled chain
reaction occurs in a very short time when two pieces of graphite
Uranium-235 are rapidly brought together to form a mass greater
than the critical size.

Nuclear Reactors : In a nuclear reactor the chain reaction is
steady and controlled so that on average only one neutron from
zach fission produces another fission. The reaction rate is adjusted
ov inserting neutron-absorbing rods of boron steel into the
Uranium 235.

Graphite core i1s used as a moderator to slow down the

aeutrons. Natural Uranium contains over 99% of *** Uand less than

1% of *°U. The former captures the medium speed fission boron steel

=eutrons without fissioning. It fissions with very fast neutrons. On control rods
Fig. 31.17 Nuclear reactor

available for new fissions since, some are lost by escaping \@
from the surface of the uranium before colliding with f{; \ @/] (\\9

Fig. 31.16 A chain reaction

steel

concrete
shield
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the other hand *** U (and plutonium-239) fissions with slow neutrons and the job of moderator is to slow
q?swn the fission neutrons very quickly so that most escape capture by “*® Uand then cause the fission of
U.
A bombarding particle gives up most energy when it has an eiasnc collision witha particle of similar
mass. For neutrons, hydrogen atoms would be most effectivie but ﬂfey absorb' the neutrons. But
deuterium (in heavy water) and carbon (as graphite) are both suitable amnderatﬂr

To control the power level control rods are used. These rods are made of ‘materials such as

cadmium, that are very efficient in absorbing neutrons. “
The first nuclear reactor was built by Enrico Fermi and his team at the Uy'we:rmt}r of Chicago in

1942, < ¢
' EE®J Nuclear Fusion

Binding energy for light nuclei (4 < 20) is much smaller than the binding eneggy for heavier nuclei.
This suggests a process that is the reverse of fission. When two light nuclei combife to form a heavier
nucleus, the process is called nuclear fusion. The union of light nuclei into heavier nielei also lead to a
transfer of mass and a consequent liberation of energy. Such a reaction has been achieved i in ‘ltydrngﬂn
bomb” and it is believed to be the principal source of the sun’s energy.

A reaction with heavy hydrogen or deuterium which yields 3.3 MeV per fusion is,
TH+ H— 3 He+ yn |
By comparison with the 200 MeV per fission of *** U this seems small, but per unit mass of material

it is not. Fusion of two deuterium nuclei, i.e., deuterons, will only occur if they overcome their mutual
electrostatic repulsion. This may happen, if they collide at very high speed when, for example, they are

raised to a very high temperature (10° =10° K). So, much high temperature is obtained by using an
atomic (fission) bomb to trigger off fusion.

If a controlled fusion reaction can be achieved an almost unlimited supply of energy will become
available from deuterium in the water of the oceans.

Introductory Exercise EE0P |

1. When fission occurs, several neutrons are released and the fission fragments are beta radioactive. why?
2. (a) How much mass is lost per day by a nuclear reactor operated at a 10° watt power level?

(b) If each fission releases 200 MeV, how many fissions occur per second to yield this power level?
3. Find energy released in the alpha decay

28U— B3Th+ 3He
Given M (3°U) = 238.050784 u

M (3% Th) = 234.043593 u

M (3He) = 4.002602 u
4. Complete the nuclear reactions.

(a) gu+ ?——Be+ {n
() Ha+?— 325+ 3He 4
(c) ﬂBe+2He—> 3 (3He)+ ?
(d) EBr+iH— ?+2(0n)
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EZX] Q-value of a Nuclear Reaction (Optional)

Consider a nuclear reaction in which a target nl;_l‘h]eu's X is bombarded by a particle @ resulting in a
daughter nucleus ¥ and a particle b. Tk
a+X ->Y+b
L L&
X (a, b)Y §
The reaction energy O associated with a nuclear reactiofi-is defined as rhr: total energy released as a
result of the reaction. Thus, . .

Sometimes this reaction is written as,

O=(M, +My — My ~ My )c*

A reaction for which Q is positive is called exothermic. :&ljnn for which Q is negative is called
endothermic. ; A "

In an exothermic reaction, the total mass of incoming particles Es ‘éregter than that of the outgoing
particles and the Q value is positive. If the total mass of the incoming particles is less than that of the
outgoing particles, energy is required for reaction to take-place and the reaction is said to be
endothermic. Thus, an endothermic reaction does not occur unless the bombarding particle has a kinetic
energy greater than |Q|. The minimum energy necessary for such a reaction to occur is called threshold

energy K ;. The threshold energy is somewhat greater than | Q | because the out going particles must have

wome kinetic energy to conserve momentum.
Thus, Ky >0] (in endothermic reaction)

X Y
— .

E
Fig. 31.18

Consider a bombarding particle X of mass m, and a target ¥ of mass m, (at rest). The threshold
mergy of X for endothermic reaction (negative value of Q) to take place is,

m

Ko =10| [—I‘ : IJ
my
Sample Example 31.7 Find the minimum kinetic energy of an a-particle to cause thesreaction
“N (0, p)""O. The masses of "*N, *He, ' Hand '"O are respectively14.00307 1, 4.00260 1,1.00783 «

and16.99913 u

Solution  Since, the masses are given in atomic mass units, it is easiest to proceed -by finding the mass
&fference between reactants and products in the same units and then multiplying by931.5 MeV/u. Thus,
we have |
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@ =(14.00307 u +4.00260 u -1.00783 u —16.99913 u) (931.5 ME\’]

u
#
. .

=-1.20 MeV A

[ 3

F

' 4 W “ § .; o ]
Q value is negative. It means reaction is endothermic. i

-

So, the minimum kinetic energy of a-particle to initiate this reaction syould be,
: 2

K o =IQF(M“ +1) | i’ .

’H..\r' »
4.00260 e
=(1.20)| —— +1 By
(t:20) (H.ﬂﬂ?rﬂ? ) %’
=1.54 MeV UL Anms
Sample Example 31.8 Neon-23 decays in the following way .

D Ne — 77 Na + _{:e+ﬁ

Find the minimum and maximum kinetic energy that the beta particle {_'i e) can have. The atomic
masses of “Ne and *Na are 22.9945 u and 22.9898 u, respectively.

Solution Here, atomic masses are given (not the nuclear masses), but still we can use them for
calculating the mass defect because mass of electrons get cancelled both sides. Thus,

Mass defect Am =(22.9945 - 22.9898) =0.0047 u
O =(0.0047 u) (931.5 MeV/u)
=4.4 MeV
Hence, the energy of beta particles can range from 0 to 4.4 MeV. Ans.

Classification of Nuclei :

The nuclei have been divided in isotopes, isobars and isotones on the basis of number of protons
(atomic number) or the total number of nucleons (mass number). .

Isotopes : The elements having the same number of protons but different number of neutrons are
called isotopes. In other words isotopes have same value of atomic number (Z) but different value of
mass number (4). Almost every element has 1sotopes. Because of the same atomic number isotopes of an
element have the same place in the periodic table. The isotopes of some elements are given below.
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| " %1 -
; . Numberof = Number of
Element | Isa;!:}pﬂ f Protons ; neutrons
R e T v e L 1. S BN L s o 34 TR e
H}rdmgen H' & o 0
- o
H? § ] ; l
1]_]3 = I 2
. — P
o 8y, 8
: -
Oxygen ;0" B . 9
(0" 8 10 “.

Chlorine 7 C17 17 'ﬁ% {18

17C1%7 17 e 20

4 L -
Uranium P § 92 = 143
U™ ' 92 146

In nature, the isotopes of chlorine (,,C1** and 17Cl 37y are found in the ratio 75.4% and 24.6%. When
“=lorine is prepared in laboratory, its atomic mass is found to be,
M =(35%0.754) + (37 x0.246) =35.5
Hl!— Since, the isotopes have the same atomic number, they have the same chemical properties. Their

physical properties are different as they have different mass numbers. Two isolopes, thus cannot be
separated by chemical method, but they can be separated from the physical methods.

Isobars : The elements having the same mass number (4) but different atomic number (Z) are

=2led isobars. They have different places in periodic table. Their chemical (as well as physical)
soperties are different.

'H? and ,He?, ;0'7 and ,F'" are examples of isobars.
Isotones : Elements having the equal number of neutrons (4 — Z) are called isotones.
Li’ and ,Be®, \H* and ,He" are examples of isotones.

Nuclear Forces : In nucleus the positively charged protons and the uncharged neutrons are held
z=ther in an extremely small space (=10~ 's m ) inspite of the strong electrostatic repulsion between the

«tons. Obviously there are some strong attractive forces operating within the nucleus between the
-leons. The nuclear forces are nonelectric and non gravitational forces. These forces are extremely
port-range fﬂﬁ:es They become operative only when the distance between two nucleons is a small

siple of 10" m. They do not exist when the distance is appn:mahl}r larger than ]IZ} 15 m and become
Isive when the distance is appreciably smaller than 10™"* m. Nuclear forces hetween pmtuns and

sons between neutrons and neutrons and between protons and neutrons are all essentially the same in
snitude. Thus we can say that nuclear forces are charge independent. :



