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culeulate the specific charge of the particles.
' X 1
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Calelate the radii of the path follawed by the three isotope: of masses 24, 25 and 26 when the

¥ deflecting magnetic field is 0.5 tesla.
Sov. The mass of a nucleon is 1.67 = 1077 kg
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Experimental Procedure. The plates
are first connected together, so that the
clectric field between them is zero. A single
drop is observed through the microscope as
it descends under the action of gravity, As ll'H:
drop is moving in & viscous medium (air), o
will move with a constant terminal velocity v.
Using a stop watch, the terminal velocity of the
drop is measured. Let

v = terminal velocity of the free
[all,

a = radius of the drop,

p = density of oil,

g = density of air,

n = cocfficient of viscosity of air,
m = effective mass of the drop and
g = acceleration due to gravity.

Al)
Then by Stokes law, mg = 6 ® nav 2)
Of : na’ (p-0)g = b KTjav
1 (2
’311”__]’ 5
of u 2p-0) 8 5 ?
: A . i ny ? (p-0) ed B)
e effective mass of the drop = m = Za” (p=0) = 3% lzip—u}s]

Thus, by measuring v, we can calculate the effective mass m of the chosen oil drop.

Mow an electrostatic field X 18 applicd steadily, so “““. the d_mp moves upwards with a steady
velocity If the total charge on the drop % N, ¢ (where n, is an integer),
|

the resultant upward force on the drop = Xne - mg

Ac .,;4'.r1hllg 10 Elﬂ'kﬂ IHW. ..-rﬂ lll'!" - Mg = 6 m l'-“'l {5]
Xne-mg v Xme w+v
e e 23 i SR
i Dividing (3) by (1), s y ol - "
]
[v, +V)
: ne = ﬂ'-'.}IT_.. _(6)

Now, tie air between the plates is iradiated with X-rays. X~riays jonize the air molecules. The

oil drop under observation may pick up one or more jonic charges, Dug to the acquisition of charges,

the velocity of the drop changes suddenly, when X is constant. Let the new velocity of the drop be
V, and the I::Hr'l‘tﬁpq.‘.lnﬂlllﬂ n‘:hnrgi: on the IIﬂ:l"l.'.li‘.l n, e ThEI‘I‘.,

me (v + ¥
l e =, (7
| l"f” i
| m
i’ (Ay=n e = = AR ¥ )
L Al'".' .
I vy = vy, (M5 = 1) € 1S positiveand if v, v Uy -

‘ n,) e 1s negative. Both are possible, as both
positive and negalive 10ns arc present.
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m Determination of the Electronic Charge : Millikan's

Experimental srrangement, The apparatus consists of two opﬁuﬂi plqllﬂ

nlates 4 and B (Fig. 4.1), separated by insulating rods of glass. The |Mm5 is m The
upper plate 4 can be charged to a positive potential of the order of 10000 volts, ﬁﬂm a high-

tension battery. This observation chamber is situated in a bigger chamber C which is completely
surrounded by a constant temperature bath of oil E. Tiny drops of & heavy non-volatile oil are
spraved into the chamber by an atomizer D, Some of the
ol drops enter the space between the pliates thruugh the
pinhole # in the top plate A These drops are charged, *

¢
S
-\

due 1o the frictional effect at the nozzle of the atomizer. . H-—%
Mhe air between the plates can be ionized by allowing Te{ | ’ % | (0 &S
X-rays to pass through it. Then the drops may pick up == Tl L
additional charges. The drops are iHluminated by [ighl from c
marc lamp S. The oil-drop is observed by means of a short- v ;
focus telescope T provided with a millimetre scale in the
evepicce P

35
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X-RAYS :
e The graph

different glancing angles. The graph ol ionisation current agamsi glancing angle 18 drawh.
obtained 15 as m Fig. 5.7 and 1s called an X-ray spectrum.
® The prominent peaks A, A, A, refer to X-rays T
of wavelength A, The glancing angles 0,.0,,0,
corresponding 1o the peaks 4,. 4,, 4, are obtained
tfrom the graph. It is found that
SN0, :sin0,:sin0,-1:2:3
® This shows that 4 oAy AL refer to the first, second
and third order reflections of the same wavelength.
B\, B,. B, are such peaks for the first, second and
third order for another wavelength (A,). Thus Bragg o
experimentally verified the relation
2dsm0 = nh,
@ The wavelength of X-rays is determined by using the equation 2d sin 0 = nh. The glancing
angle 0 1s experimentally determined as explained already for a known order. If d 1s known,
A can be calculated.
Calculation of d. Rocksalt (NaC/) possesses a cubic structure with sodium ions and chlorine
jons situated alternately at corners of a cube. I d is the distance between two neighbouring ions and
o is the density of the crystal, then mass of the unit cube = pd'. Now

each corner 1on is shared by 8 neighbour cubes. This is illustrated by
the 1on indicated by an asterisk in Fig. 5.8. Hence each ion contributes T

____._——-_

= — - ———
e — ——
T — = — om— ——

INTENSITY ——»

e B

(3l ANGING ANGIE —®
Fig. 5.7

I . . .
only —th of its mass to the cube. The unit cube is made up of 4 9

8 |
sodium 1ons and 4 chlonne 1ons. Hence, the mass of each cube = the
mass of -l—NaC:’ molecule. If M is the molecular weight of NaCl and

N, the Avogadro’s No.,

Mass of %Nu{:f molecule = M/2N |

pd’ = v or 1!:3\/ M
2N, 2N, p

Knowing M, N, and p, d can be found,
For NaCl, M= 5845 kg ; p=2170 kg m™ and N, 6.06 =10%,

5845
! - 3J__‘ T - =281 %10 b m.

2%(6.06x10°*)x 2170
EXAMPLE 1. The spacing between principal planes of NaCl crystal is 2.82 A. It is found that
first order Bragg reflection occurs at an angle of 10°. What is the wavele ngth of X-rays

SoL. By Bragg equation, 2¢ sin 0 = na.
Here,. d=2.82 %10 ""m: n=1and 0 =10°, A = 7

 2dsin® 2 % (2.82 x 107" gin 1 0°
e | 0 10,98 x J0 0
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Explanation, according to Bohr's theory. Bohr’s theory of hydrogen spectrum gi\'tt'. tﬁ‘

frequency of a spectral line ac \

9 .
n )

Lk Zzﬁr(l--!—

» R | Y
Here, /1S Rydberg's constant ang ¢ the velocity of light.

K, line originates from the transition of electron from second to first orbit.
Now, n, = | and ”I - 2'

ﬁEqUEnEF of Kn IITIE' =v=7 :H{‘ ( I | ] 3 Rzz

¥'s law. (1) According to this law, it is the atomic number and not atopy;,

sl S p—— hedﬂermina?: Its characteristic properties, both physical and chemicy
“Tanged in the periodic table according to their atomic numbers gnq

not according to their atom; : : i
elements from the point nri;""ﬂ"ﬂhtﬁ- T_hlﬁ would remove some discrepancies in the order of certyj,
CWw ﬂf Ihﬂ'lr thmiﬂ Wﬂlghtﬂ, FDI’ EIH“‘IFIE, EI‘EDH mﬂl'qﬂ 'E{JITIEE bﬁﬁ}u

: 19
potassium (oK), cobalt (,.(C o589 , _ _
in the order of atomic numzl;er_ ) comes before nickel (HNF“‘T), etc. So the arrangement is correg

(2) Moseley’s work
new elements, e.g., ha;niul:s ;IHU .h‘:"lp_":d to perfect the periodic table by (i) the discovery of
determination of the atomie -~ inium (61), masurium (43), rhenium (75), etc., and (i) the
umbers of rare-carths and fixing their positions in the periodic table.

POLARISATION OF X-RAYS

Experimental arrangement. F;
i - F18. 5.14 shows the experimental i
polarisation ofX-rays. A beam of X-rays travelling a'““gp.dz ﬂn:ﬂEE:Ent for showing the
< L

is allowed to strike at a scattering sheet Z. This scatters X-ra

in all directions. With the help of slits S, and S,, a beam T: A I E
the direction ZO which is perpendicular to the ;Erectinn OX . |
!'5 ilsul.glt-d. The beam ZO strikes another scatterer at O, An

ionization chamber /.C. is placed to receive X-rays in the

directions OX and OY. It is observed that the intensity of X-rays

scatlered in the direction QX is maximum and is nearly zero in

the Y direction. The beam ZO is said to be polarized. Y

Thus X-rays from the X-ray tube become completely Fig. 5.14
polarized after having been scattered in the direction at right o
angles to the initial direction. The scatterer at Z behaves like a polarizer and that at €2 as an analyser

BN SCATTERING OF X-RAYS (THOMSON'S FORMULA)

When an electromagnetic wave interacts with a single
free electron. the electron performs simple harmonic motion
and in so doing reradiates. The radiations thus emitted by the
vibrating electron under the influence of the incident X-ray
beam are called scatrered X-rays.

At any point O within the nmlr:rielil lgt L H;d B h;c::;*
electric and magnetic veclors of the mm.de,“-iien;r:iﬂﬂtinn
(Fig. 5.15). Both are Pﬁrpendi':UIﬂr m-‘ lht:',::nﬁ:ll experience an
of the beam. The electron al the point

adl
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PHOTOELECTRIC EFFECT AND PLANCK'S QUANTUM THEORY — -

ﬂ’lrﬂiﬂh[ line, the value of hie 15 obtamed. Then substituting the known value 'lhcr
value of i calculated in this way agrees fairly well with the value obtained by ©

the EISten’s equation can be verified experimentally

mPHoToELECTmc CELLS

Photoelectric  coll s

an - arrangement o converi
fight energy  into clecrrical eneryy. There are  three A C

tvpes ol photocells, photoemissive, photovaltaic  and
photoconductive,

(1) Photo-emissive Cell. g I

Comstruction. This consists of a glass or quartz bulb
(B) according as it s to be used with visible or ultraviolet
light (F1g. 6.11). " is the silver cathode in the form of a
semi-cylindrical plate. The anode (A4) 15 o rod mounted
vertically at the centre of the bulb and parallel to its axis.
A posiive potential of about 100 volts is applied to the
anode, the negative being connected to the cathode through

T

a galvanometer G = 0
Working. When light falls on the cathode C. electrons G
are ejected from the cathode. A small current flows through Fig. 6.11

the cell and can be measured by the galvanometer.

® The photoemissive cell is used for reproduction of sound from photo-films.
() Photo-voltaic Cell.

Construction. It consists of a layer of semiconductor material spread over a metallic surface by
heat treatment. The metal plate is made of copper. The semiconductor is cuprous oxide (Cu,0).

On the other side of the semiconductor, there is a very thin layer of a translucent deposit which
allows the semiconductor to be illuminated by radiations (Fig. 6.12).

Eur'laf:,elmm ) f ;;-f - s &
y W RS
Metal pla_l& o
HA
Fig. 6.12

Working. Light falling on the surtace film (of gold or stlver
photoelectrons from the semiconductor layer. These electrons lra
the direction of the incident light. The conventional curren.
the incident light. For small values of the resistance of (he g

) penetrates into it and ejects
vel in a direction opposite o
therefore, flows in the direction of
alvanometer, the current 1s directly
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e for all emitting surfaces and is found to be equal to ii. The value of v, however, depg a
s called the threshold frequency, as it represents the beginning ““hq

the san _
on the eniling surlace. v,

photoelectric activity of the ematter.

Definition. Threshold frequency is defined as the minimum value of frequency of incident light hﬂfﬂw

hich the photo-electric emission Stops completely, howsoever high the intensity of light may be.

o Al threshold frequency, the K. E. of emitted photo-electrons is just zero.

EXPERIMENTAL INVESTIGATIONS ON THE PHOTOELECTRIC EFFECY

Apparatus: Photoelectne effect can be studied in detail with the help of the apparatus shoy,

in Fig. 6.8

Light W T T e—— P
- ——
T | )
G
oo
2 1
Fig. 6.8

It consists of an evacuated glass tube T with a quartz window W. P is a photoelectrically sensitive
pﬂlntjc L 15 a hollow cylinder and it has a small hole that permits the incident light to fall on the plate
F Pis connected 1o the negative end. C1s connected to the positive terminal of a battery 8.

Working. When | ght from some source falls on the plate P, the photoelectrons are ejected
out of the plate P. These photoelectrons are attracted by the positively charged cylinder C. Hence a
photoelectric current flows from 2 to C in the bulb and from C to P outside the bulb. This current
can be measured from the deflection produced in the galvanometer G. It is found that the strength
ol the photoelectnic current increases as the potential of C is more and more positive with respect (o
I The deflection i G decreases when the potential of C is negative with respect to P The results
obtained are summarised into four statements. They are called the laws of photoelectric emission.

{ Laws of photoelectric emission. (/) For every metal, there is a particular minimum frequency
of the incident light, below which there is no photoelectric emission. whatever be the l'ﬂﬂﬁ.ﬁﬂ* u,r'mlr
radiation. This minimum frequency, which can cause photoelectric emission, is called the ;h}-.;{-.:!mﬁ.-'
frequency,

(1) The strength of the photoelectric current is directly proportional to the intensity of the
incident light, provided the Jreguency s greater than the H':;t*.mm"dﬁwqm'm'l'. o

(iid) The velocity and hence the energy of the emitted photoelectrons is independent of the
ttensity of light and depends only on the frequency of the incident light and the hature of the |

(1v) Photoelectric emission is an instantaneous process. The time lag, if any, betw
of radiation and emission of the electrons, is never more than 3 * 107 see.

metal

een incidence

Failure of the elﬂtrumagnglic llu:ury.ﬁ !’Iu: above experimental facts could not be explained
on the basis of the electromagnetic theory of lLight.

(1) Calculations showed that it would require about 500 days to dislodge a photoelectron from
sodium by exposure 1o violet light of wavelength 4000 A, Experimentally, however, we observe that

electron ejection commences without delay.

L s e " s et T S
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or V = f’.-.,..?. Y
{ e

L = a Y
¢ is constant for a given metal: 4 and e are also constants.

Hepce. Eq. (1) represents a straight line. V is measured
for d[ﬁerenl values of v. A graph is then plotted between the v
stopping potential () taken along the Y-axis and the [requency

nf.light (V) taken along the X-axis. The graph is a straight line
(Fig. 6.9). The slope of the straight line

X
l‘c’ll‘lﬂ'—'ﬂ N A /

¢ O Yo

h = etan O (2) Fig. 6.9

Hence the value of 4 (Planck’s constant) can be calculated. The intercept on the X

the threshold frequency v, for the given emitter. From this, photoelectric work function
Is calculated.

_axis gIves
=p=hV,

Fig. 6.10
Experiment. Millikan's apparatus is shown in Fig. 6.10. [t
Alkal rm:talls.' are employed as emitters, since they readily exhibit p
photoelectric emission even with visible light, Cylindrical [0

blocks (C) of sodium, potassium or lithium are mounted on a
spindle 5 at the centre of the glass flask . The flask is evacuated
o a very high vacuum to free the metals from all absorbed
gases and to prevent their oxidation. The spindle can be rotated
from outside by an electromagnet. As each metal block passes
by the adjustable sharp edge K, a thin layer of it is removed.
thus exposing a fresh surface of the metal to the irrachiating light
entering the flask through a quartz window W. Monochromatic
light provided by a spectroscope is used to illuminate the fresh
metal surfaces. The photoelectrons are collected by a Faraday
cylinder . The Faraday cylinder is made of copper oxide which
Is not photosensitive. The photocurrent 18 measured bv an
electrometer connected to the Faraday cylinder. :

| | e Rol B
Ihe stopping potential of the liberated photolectrons i obert Andrews Millikan (1868-1953)

S measured by raising the emitter surf
) ek B e 1 sing er surface
10 a positive potential, just sufficient to prevent any of the electrons from reaching the collector (F)
I'he stopping potential is the positive potential applied to the emitter, which corresponds to zero

current m_lhﬂ c.lcclrnnn:u:r. Th{: stopping potential (V) is determined lor different wavelengths of the

incident light. The value of” ¥ should be corrected for any contact potential between th 1I:m ;tal (C)

and Faraday cylinder (F). On plotting V against v, we get a straight line, Measuring 1} LI L of the
: 1e slone
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- - 7 o K.E. to the
(2) Accnrdlng to the classical theory, light ol greater inlensity should impart greater K.h:]u[d nu:
liberated electrons, By this does not happen. Also, the velocity of the emitted electron §

depend on the ﬁ"-‘qllﬂlt}* ol the incidemt light. But it does
Thr: pl'lt"'l'lt'l'l'l'l[':nn“

theory of radiation

PHOTOELECTRIC EFFECT AND PLANCK'S QUANTUM THEORY

i —— —

e
— T

- s of ks Quantum
was adequately explained by Einstein on the basis of Planck’s Q

Quantum theory, According 1o Planck. the energy ol o monochromatic wave with frequency v

can only assume those values which are integral multiples of energy hv. ie. E, - nhv, where n is an
imteger referring to the

Foin number of “Phorons”. Thus the energy of a single PHOTC IN of frequency v
I B Fa

ﬂ EINSTEIN'S PHOTOELECTRIC EQUATION

According 1o Einstein, light of frequency v consists ol a shower of corpuscles or photons each

of energy Av. When a photon of light of frequency v is incident on a metal, the energy 15 completely
transferred to a free electron in the metal. A part of the energy acquired by the electron is used Lo
pull :J"“‘ the electron from the surface of the metal and the rest of it is utilised in imparting K.E. 10
the emitted electron, Let ¢ be the energy spent in extracting the electron from the emitter to which
t1s bound (photoelectric work function) and % »n? the K.E. of the photoelectron.

Then hv = ¢ + % HH’E cool ]]'

Thi:a rellalinn s called the Einstein’s Photoelectric equation, 1f v, is the threshold frequency
which just ejects an electron from the metal without any velocity then, ¢ = hv,_.

l
v = hv, +E mv> el 2)

mix

Here, v, 1s the maximum velocity acquired by the electron.

L
(.

or > MY ae = BV = vy) A3)

- ®  The work funciion of a metal is defined as the energy which is just sufficient to liberate electrons from
the metal surface with zero velocity,

/@ Equaton (3) suggests that the encrgy of the emitted photoelectrons is independent of the intensity of
the incident radiation but increases with the frequency,

<~ Experimental verification of Einstein’s Photoelectric Equation—Millikan’s Experiment.

Theory. Millikan's experiment is based on the “stopping potential®. The stopping potential
15 the necessary retarding potential difference required in order to just halt the most energetic
photoelectron emitted.

The K.E. of a photoelectron leaving o
the surface of a metal irradiated with } = 5 MV, = v — @,
light of frequency v I

Let V be the P.D. which is applied between the emitter and a collecting electrode in order to

prevent the photoelectron from just leaving the emitter, the emitter being maintained at a positive
potential with respect 1o the collector, Then,

| )
EV - E Iﬂl'rII"*I'II-II.'I.
eV = hv-¢
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PHOTOELECTRIC EFFECT AND PLANCK'S QUANTUM THE ORY m
(1} Relation between photoelectrie current and retarding potential. They first Hudm::}:—:
ralation between the Photoelectnic curren ! and the retarding potential | [rradiating the cathode

L “"h |'|“'I-I'll_'|1|.-rll-l'l.lll'“n||||l hHl“ of n RIven intensily, 1the l.'“”'HHI"

Wﬂfﬂllll (1) was vaned from a few volts positive upto zero and
negative values. The photoelectric curremt [ wpus measured lor
different values of I° The obyer ations were repented with the
tensity of thumination (v doubled, trebled. et

hl‘lll'l- f IR 6.5 shows the relation between 1 and )
® bor a gy

enomtensity of illomination (X,). there is
no photoelectric current when the positive potential
on the cathode s Reeater than a entical value + 'V,
Al potentials just less than Vi, o small current 1s X w O v
produced  As the polential decreases o zero, the Fig 65
current rapidly increases and reaches a maximum
value when 1”= 0. No further increases in current are observed when ¥ becomes negative.
Hence 1, 1s the maximum current due to illumination of mntensity X,

® When the intensity is doubled (X)) as i (2), the maximum current /, is double /,: But the
critical potential V,, is the same as before.

® When the intensity of illumination is increased three fold (X,). the corresponding maximum
current increases proportionately, but the critical
potential remains unchanged.

Result. The maximum current / is proportional to
the intensity of illumination X, ie., | o X The critical

Y

potential V, 1s independent of the intensity. i
(i) Relation between velocity of photoelectrons and 48
the frequency of light. Several monochromatic radiations |
of wavelengths A, A,, A,, etc., are allowed to fall on the :
emitter. The intensity of illumination for each wavelength :

is adjusted to give the same value ol /_ in each case. In each X'

case, the photoelectric current / for different values of V iy YV, V, VY, O V

determined. Fig. 6.6
Graph. Fig. 6.6 shows the nature of the curves.

® A =24, Ay the cnitical potentials are V, < V, < Vi
Hence, as the wavelength of light increases, the critical retarding potential decreases. This
means that the maximum K.E. of the photoelectrons (giIven by % ”’"'::; = ¢V, ) Increases

with increasing frequency of hight.

® Since "H'ru IS iﬂdﬂpﬂﬂdﬂﬂl ol the intensity ot illumination, we
conclude that the velocity and K. I of photoelectrons are
independent of the intensity of illumimation, but dependent T
on the frequency of the mcident light.

A linear relation is found to exist between the maximum
energy of emission (eV) and the frequency (v) of the hight, If eV,
s plotted against v, we get, for any emitting surface a straight Jine
(Fig. 6.7), whose intercept on the frequency axis gives the threshold Vo

frequency v, = ¢/, for this surface. The slope of the straight line is Frequency v —
Fig. 6.7

eV,

(F—-
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ariation of photoelectrie current with cathode potential lied to C. When the ¢y, ',

Lenand first studhed the relation between current and the potential app -2 there w d
potential was several volis positive, the currenl was zero. When V was +2 volts, the as a rEl.‘:h:_. 1
l
I

current showing that a few particles possessed enough velocity 1o overcome the l‘ﬂlzl‘t:llng POteny,
of 2 volts. When the potential was further decreased, the current increased and reached a saluray,
ith cathode potentjg|

value for 20 volis. Fig. 6.3 shows the variation of photoelectric current Wi
|

----H

1
S / ' o) -10 15 -20
v

0 Potential of cathode, volts
Fig. 6.3

Determination of e/m. Afier this preliminary investigation, Lenard applied to C a negative
potential I, very large compared to the potential of 2 volts. The velocity imparted by the accelerating
potentialis so large that the velocity of the particles in the act of emission is negligible in comparisor
to 1. Let I be the accelerating potential and v the velocity acquired by the photoelectrons. [hen,

. & =
] l"" i .i"
- mn el A1)

where ¢ 1s the charge and m the mass of the photoelectron.

Let R be the radius of the circular path described : : : ‘
magnetc field of strength 5. - by the photoelectrons in the region of uniform

Then o Bev
> *
L~ BeR
— il 2)
Substituting this value of v in Eq. (1), -I-m (BeR / m)* = eV
2
e 2V
= 3)

Knowing ¥, B and R, e/m is calculated. Lenard found the value of e/n to be the same as that for
clectrons. This clearly shows that the photoparticles are nothing but electrons

RICHARDSON AND COMPTON EXPERIMENT v
Apparatus: The apparatus used by them i1s shown wﬂ'

in Fig. 6.4. The emitter of photoelectrons (C) is a small
strip of the metal under study and is kept at the centre
of a spherical glass bulb B. B is silvered on the inner
side and can be evacuated through the tube 7" The silver W
coating on the inside of the bulb serves as the anode 4
and is connected to an electrometer £ which measures !
the photoelectric current. Monochromatic light L 15 n.mdc

to pass through a quartz window # and fall on C. C can E

( any desired potential ¥ relative to A and %

be maintained a .
ith a volimeter. -

this potential can be read W Fig. 6.4
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L] ] i b 1 4 ¥ 5 oW E i ]
® Planck’s formula reduces to Rayleigh Jean's tormuln fi lonper wavelengths.

MoAd
¢ e | | [ﬂ-Mﬂ
Henee Planck s law reduees 1o

When A is laige,

, hok "
K, A ~ Sn dA = RATA " A
A (he/AA T '

This s Ravlesgh-Jeans formula.

EXERCISE

1. Ihe veloeiny il I\'ll-l.‘lll.‘l'lt‘t-’lll'lll Lil."l‘ll‘llll!l Lpwon U e ol the ieident phnqnn |_'|-"|}r_
(B, April 2012) |Ans. Freg
2. s known as the Finstein's pPhotoclectne equation.
(B April 200 2) |Ans, v = 1 |
3. Atthreshold frequency, the Kinetic cnengy of enntted photoelectron 15 ..o
(B.U, Aprid 201 4) | Ans

4. The photoelectric work function | Ak R (B, April 2013) [Ans. ¢
S Millikan's experiment is based + |+ NS T AN
() developing potential (b) high potential () stoppmg potential () negative potent
(B.U., April 2013) | Ay
6. In photoconductive cell, as the ntensity of radiation inereases, ..o ol semiconductor
decreases.
() elasticity (M) hardness (') resistance () none ol these

(B.U., April 2014) | Ar
7. Explain the Richardson and Compton experiment 1o study the photoelectric phenomena.
(B.U., April

8. State and explain laws of photoelectric emission. (B.U., April
9. Denve Einstein’s photoelectric equation. (B.U., April
10.  Calculate the work function ol sodium, n electron-volts, given that the threshold wavelen
6800 A, and i = 6,625 ~ 10 Y )q, (B.U., April
|Sol, ¢ = hv, = he/d,
Here, b= 6.625 % 10 M s =3 % 10" ms ' and A, = 6800 x 10" m.
(0.625% 10"y 3x10%) J = 16.625%10 My3x10%)
- ——— - - x — - _— [
(6800 107" (6800 107"™)1.6x107")
= 1.827 eV]

. The photoelectric threshold for a metal is 3000 A. Find the kinetie energy of an electron cjecte
it by radiation of wavelength 1200 A,

[Sol. K.E. of the electron %rmr? My - v,)

helhg =A) _ (6.62x107)3x10%)(1800% 107"

= - =093 x 10" ) =62V
AA, (3000 107"™)1200% 107 ") OéeV]

12. Discuss the relution between photoelectric current and retarding potential in photoelectric effect
(B.U., April
13, With necessary theory, discuss the Millikan's expenmental verification of Einstein's photoelectric

Lion (B.U., April
I4.  Explain the action of a photoelectric cell, (B.U.. April
I5.  Describe construction und working of photovoltac cell, (B.U., April

16.  What is photoconductive cell”? Explain its work ing and important applications. (B.U., April
I7. Discuss the distribution of energy in the spectrum ol a black body and its results.  (B.U, April
18.  Derive an expression for Planck’s law of radiation. (B.U., April
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PHOTOELECTRIC EFFECT AND PLANCK'S QUANTUM THEORY
IZN 'NTRODUCTION

‘MWI‘u:ne'.-;:r light or electromagnetic radiations (such as X-rays, Ultraviolet rays) fall on a metal

. e | " T o p . TN ".".
gurface. 1 emils clectrons. Ths process of emission ”Jr"‘!"””””,f”"” a metal plate, W hen Hummalee
,l”-ﬁghl of suttable wavelength, is called :.-’n-_,n;,“;,,{,h,‘ tric effect¥The electrons cmitted are called ”'Il..l
pholo: lectrons. In the case of alkali metals. photoelectric emission occurs even ander the action ol

visible hight. Zie, cadmium ete.. are sensitive to only ultraviolet hight,
ThE Nature ol lih"““'ﬂﬂl'”ﬂl}!ﬁ

e ———

Experimental arrangement. The apparatns consists of two plates A and € placed - an
evacuated quartz bulb (Fig. 6.]),

Fig. 6.1

The galvanometer (G) and battery (F) are connected as shown, When ultraviolet Light 1s incident on
the negative plate C, a current flows in the circuit as indicated by the galvanometer. But when light

falls on the positive plate 4, there is no current in the circuit. These observations show that photo-
particle must be negauvely charged.

LENARD'S METHOD TO DETERMINE E/M FOR PHOTOELECTRONS

Apparatus. The apparatus used is shown in Fig. 6.2. 1t consists of a glass tube & which can he
evacuated through the side tube 7, Ultraviolet light passes through a quartz window H and falls on
an alumimium cathode C enclosed in G. An earthed metal screen 4 with a small central hole forms
the anode. The cathode () can be maintained at a desired potential, positive or negative relative 1o

the anode 4. 2, and P, are small metal electrodes connected to electrometers £ and £,.
I

UV light

Fig. 6.2

Working. When € 15 raised Lo a negative potential and illuminated. negatively charged particles
are produced and accelerated towards the anode. A Tew particles pass l|lruuL_-hF[||L- hole in A and
proceed with uniform velocity to P, Their arnival al P, 1s indicated by £.. By applying a umtorm
magnetic field B (represented by the dotted circle) perpendicular 1o the I|1lm.u: of the figure and
directed towards the reader, the photoelectrons can be deflected towa

rds 7.. Their arrival at /7, 18
indicated by the deflection they produce in £, 8 Iy 1IK
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LECTRIC EFFECT AND PLANCK'S QUANTUM THEDH"I“_’ ST — - —

P’.“'}T{}E . DL A ) RN T O ¥
Putting kT Y.
. N .-"."-i'\.’-'+|"i.|'1?'q.-----a"i"!"”
! ' i pt nt Y
N N, A1)
|-
Ihe total energy of Planck’s resonators 1s
T
: % g b oanes
f._ {. - .;"l;'“ i [ hr"r r | .;?l., w ,."q"“-F . § & rﬁ b H"F
i 4 o |y
|l:.|' l:-"’l',r-ll' :“' i :!": -."I"I”IH " = sin rl:wﬂl" v
Subtracting. £ (1 - ¢ ) = & Npe ™+ g Nye ™ 4 £ Nge " +
: ENe "
? B
| | —~¢
t Ih.' - L
| F = E_ s s {2)
 (1=e)
Average energy | - E g &
Ol a resonator N | -2 . {J-t -

i i

According 10 Planck's hypothesis, € = hv. Further v = ¢/,

Hence.
! E = b—{ and x-i-ji
A kT NkT
g = M/ -(3)
( e””“r-l)

Number of oscillators per umit volume in the wavelength range A and A + dA = 8x 2.~ db..
(4)

Hence, energy density of radiation between wavelengths A and A + @\ = (average energy of a
Planck ‘s oscillator) » (number of oscillators per unit volume).

E.dh = —TCA__ gmr4dn
< )

)

8thelh

E, dh = (Fhrfu'r : l)dl

Khy’
EQv = <o 4v  .l6)
- [1- / —I)

or v

Here £ dv s the energy density belongimg to the range dv. T

kq. (5) represents Planck’s radiation law in terms of wavelength.
Planck's formula fits the expernimental curve very closely [Fig, E,

6.18).
® Planck’s formula reduces to Wien's formula for small
wavelengths. When A 18 small, "™’ is large when
compared to 1. Hence Eq. (5) reduces to
E,d\ = 8nheh e T A7) A In Microns ——
Fig. 6.18
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| Locus of A,
Hadiation
irom black Flour-spar 2000 K
body / DASm
T 1750 K
Bolometer E,
| 1500 K
1250 K
ij‘ ;'rn'J- me :"'n'll
Wavelength i —»
Fig. 6.16 Fig. 6.17

(nv) Total energy e I : ‘
lal energy emitted per unit area of the source per second at a given temperature jg

[ E, dA . 1t will be represented by the total area between the curve for that temperature and the

-

A-axis. This area is found to be proportional to the fourth power of the absolute temperature. This
\-"Enﬁf::" .{jh‘h!r! 5 .Il.l”'l

Wien’s Displacement Law. The wavelength of the most strongly emitted radiation in the

COoORfiNUuoOLLs ﬂ-;}flf-f?'fl'n; fﬁl’!ﬂ: ﬂ'ﬁ-”Jilr f'{jtj"ﬂfr}r .t'.... f”‘-'E'}"EEJ{‘.';?Fﬂﬂl’ﬂ'ﬂﬂﬂuf o lllrllnlf ﬂhqnl’lire fE‘FﬂFE’F'ﬂ.’HH’ ”Jr
that bodv, 1.e., A, T = b.

Here, b 1s Wien's constant 2.898 x 10~ mk.

Planck’s hypothesis. According to the classical theory of radiation,
energy changes ol radiators take place continuously. The classical
theory failed to explain the experimentally observed distribution of
energy in the spectrum of a black body. Planck succeeded in deriving
a lormula which agrees extremely well with experimental results. He
discarded both the idea of radiation being a continuous stream as well
as the law ol equiparution of energy. He suggested the quantum theory
of radiation. His assumplions are:

(1) A black-body radiation chamber is filled up not only with
raciation, but also with simple harmonic oscillators or resonators of
molecular dimensions. They can vibrate with all possible frequencies. Max Planck (1858-1947)

(2) The oscillators or resonalors cannol radiale or absorb energy continuously, But an

oscillator of frequency v can only radiate or absorb energy in units or quanta of magnitute hv. h is a
universal constant called Planck's constant. The emission ol radiation corresponds 1o a decrease and

absorption 1o an increase in the energy and amphtude of an oscillator.
Derivation of Planck’s law of radiation. Let N be the total number of Planck's resonators and
E their total energy. Then, average energy per oscillator =€ = £ /N
i : 2kl - - relkl .
A N“ - N, e 5 v 1 t N, .

Here Ny

"

number ol resonators having U energy,
N. e “ — number of resonators having encrgy &,

N, e 2T~ number of resonators having energy 2e,

N, e AT — number of resonators having energy re and so on,
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PHOTOELECTRIC EFFECT AND PLANCK'S QUANTUM THEORY

...

the ejection of one or more secondary electrons from the surface. Suppose that a photoelectron
striking dynode | produces x electrons by secondary emission. These electrons are then directed
“‘“’m'd% dynade 2 by making its potential higher than that of dynode 1. Suppose x electrons are
agmin ejected by secondary emisston for each incident electron, Then, for each electron emitted by
the Ph“tf‘ﬂﬂﬂﬂiti\‘e plate, there are now x* electrons and so on. [f there are several dynodes, each at
a potential higher than the preceding one, an avalanche of electrons reaches the collector plate 4. A
strong current then flows in the outer circuit. This device is used to amplify very weak light signals.
+100 V +300 V

. - - e el il v N il

+200 V

Fig. 6.15

(#if) Photoelectric cells are used to compare the illuminating powers of two light sources. They
are also used in the measurement of the intensity of illumination of a light source.

(iv) Sound reproduction in films. The film is provided with a sound track at one edge. Light
passing through the sound track of the film falls on a photocell. Current is produced, which fluctuates

correspondingly with the intensity of sound recorded in the sound track. The current impulses are
converted to sound by speakers.

(v) Automatic operation of street lights. A photoelectric cell, located in a street light circuit,

switches off the street light when sunlight is incident on the cell. When sunlight fades and it becomes
dark, the photoelectric cell switches on the street lights,

A PLANCK'S QUANTUM THEORY

The distribution of energy in the spectrum of a black body. If the radiation emitted by a
black body at a fixed temperature is analysed by means of a suitable spectroscopic arrangement,

it is found 1o spread up into a continuous spectrum. The total energy is not distributed uniformly
over the entire range of the spectrum.

Experimental arrangement. The distribution of energy in various parts of the spectrum
was experimentally studied by Lummer and Pringsheim. The radiation from the black body was
rendered into a parallel beam by the concave mirror [Fig. 6.16]. It is then allowed to fall on a
prism of fluorspar to resolve it into a spectrum. The spectrum s brought to focus by another
concave mirror on to a linear bolometer. The bolometer 1s connected to a galvanometer. The
deflections in the galvanometer corresponding to different A are noted by rotating the prism table.
Then curves are plotted for £, versus A, The expeniment 15 done with the black body at different
temperatures. The curves obtained are shown in Fig, 6,17,

Results. (/) At any given temperature, £, first increases with A, reaching a maximum value
corresponding to a particular wavelength A, and then decreases for longer wavelengths.

(ii) The value of £, for any A INcreases as lemperature imcreases,

(iiiy The wavelength corresponding to the maximum energy shifis to shorter wavelength side as
the temperature increases, This confirms Wien's displacement law A, 7'= constant.
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ht. No external battery 18

= Photog .
pnnr.::pli: that the ﬂ-luulﬁgarndm

material decreases with yhe
incident upon it angd conductj

The photoconductive
(CdS) and cadmium selenjde

Construction: Fig. 6.13 shows the

graphical symbol of a photocond
semiconductor device. The tepm

with the intensity of the incig
photoconductive material conne
exposed to the incident light en

Working: As the
intensity, the energy sta
structure will also increase because of
of the photon packages of energy. Th
number of relatively “free™ electrons in the structure
decrease in the terminal resistance. ‘

Fig. 6.14 shows
photoconductive cell.

tive cell is based o

VIty is increased.

(CdSe),

nal resistance varies (lin

ergy,

the rerminal characteristics

R (log scale)

Average characteristics

Fig. 6.14

_'eSistance of a semiconductor
‘nerease of intensity of radiation

aterials used are cadmium sulfide

‘ construction
uctive cell. It is a two-terminal

ent light. A thin layer of the
cted between terminals is simply

tHlumination on the device increases in
te of a larger number of electrons in the
the increased availability
¢ result is an increasing

ﬁqui;:d (o operate a phﬂmvull&iﬁ

n the clear coating over

entire top surface

and

early)

Wire terminals

and a

Fig. 6.13. Photoconductive cej

of a (a)construction; (b) symbo|

e
1000 Hlumination

(footcandles)

Note the linearity (when plotted using a log-log scale) of the resulting curve and the large
change in resistance (100 k€ —» 100 €) for the indicated change in illumination.

Applications of Photoelectric cells. (7) Exposure mel

ers in photography. An exposure meter is

d de*‘riug Lo UHIE:UIH[L’ the correct Lime [jrt:.‘ll'.r}[.'lﬁlll't.'. The pl'll.'llﬂl:ll.'li:ll'llﬂ cell in the imnstrument I'JTDdUL'ES-ﬂ
current pmpnniﬂnai 1o the hgh[ falling on it. The current operates a gu]w-nmmclur. the scale of which

Is calibrated to read the time of exposure.

(i) Photo-multiplier. It is based on the principle of
the surface of photosensitive metal plate C, 1t Causes
(Fig. 6.15). These electrons are then attracted 10 metal s
between the cathode € and the dynode 1. High energy cle

secondary emission. When light strikes
the ejection ol photoelectrons from it
urface called a dynode, hy setting a P.D.
ctrons striking a metal svrface can cause

Scanned by TapScanner



X-RAYS s

This is known as Compton wavelength.
Case 3, When 0 = |80°, cos O | and hence dA = 2h/me = 0.0485 A. A has the maximum

value at 8 = |R0°.

Experimental verification. Monochromatic X-rays of wavelength A are allowed to fall on a
scattering material like a small block of carbon (Fig. 5.19). The scattered X-rays are rc::r:wlcd t?y
Bragg spectrometer and their wavelength is determined, The spectrometer can freely swing in
an arc about the scatterer. The wavelength of the scattered X-rays is measured for different values
of the scattering angle. The experimental results obtained by Compton are shown in Fig. 5.20.
In the scattered radiation in addition to the incident wavelength (), there exists a line of longer
wavelength (1'). The “Compron shift"d is found to vary with the angle at which the scattered rays
are observed.

Unmodified
radiation

D=(0°

—

.- " Bragg "> - 5 odified
_— spectrometer I radiation
Scattered d) 2=
X - rays £
o
9
E

| S
(
"\p=090°
) dy
¢ I
e ,* Path of (\8 = 135°
o “ Vs _ -~ spectrometer 2

monochroma wr——

-_- |
Scafttering Unscattered ;
substance X-rays |/

(3
!
il
LI
#
»

X - rays Wavelength
Fig. 5.19 Fig. 5.20
Direction of Recoil electron. Dividing Eq. (5) by Eq. (4), we get
VPRSI . A gL (12)

h(v-v'cosB) i (v—=v'cos0)
Using Eq. (10), we get

I l h .
— = — ~(l—cos H]:l+ - . 28in° 8
v V m,c° vVoom, ¢? 2
, vV
or v = . - —_— = : 7o where [} = le «(13)
| 4 [ hv_{ 2sin? 0 1+2P sin’ ( ] "o ¢
my c 2 2

Substituting this value of v' in Eq. (12), we get

winﬁf[HZﬁainz[gJ] ‘"’”'[2]

tan ¢ = = . ' -

v—{vmﬁﬂf[HEﬂsinz ﬂ]l»

2

)
col
tan ¢ = — 2

T LA14)
[ i
my 4a

Scanned by TapScanner



.

enerii

MODERN PHYSICg

Kinetic Energy of Recoll clectron, The K1 of recoil electron is the ditference between (),
es o incident and scatlered Plll"lh"q]h. [ e,

K1 hv - '

K| v - & N I 2[3sin’ Eﬂe’l]_ - (135)
4 2sm” (0/2) |1+ 2Psm’ (0/2)

5

where } = v M

EXAMPLE 1. \-ravs of w avelength (0. 7080 A are scattered from a carbon bhlock through gy
angle of N and are analvsed with a caleite crvstal, the interplanar distance of whose reflecting,
;rhi'ﬂr.'.i is 3.1 1' 4 Hr'hrrmml. ”'“. '—"',ET”.IH' separ, iion. in HTI' H-l"-"i'f “Hh’r- hl“fH'!."{'” HH' ;ﬂ“{ﬁﬁf’d Hﬂd ”H_'
LN dified ravs

h

SoL. Wavelength of the modified rays = A' = A+ —(1=cos0)

My, ¢

14
_663x10 |- 0.7323A
9.11x10°M x3x10

0.7080 < 10 ""'m +[

Let 8 and ©' be the angles of Bragg reflections corresponding to the wavelengths A and 2’
Then. for n = 1 (first order),

2dsind = A =0.7080 = 10" m

and 2dsin® = ah' =0.7323x 10" m.
Here. d =313 10"m: - 0=6°30" and 0’ = 6° 43"

"

The angular separation, in the first order,
between the modified and unmodified rays

1» =0'-0=13

EXERCISE

I'he minimum wavelength of continuous X-ray 18 given by ......oeeevevenns (B.U., April 20012)
I.ﬁ.lll. ;"I'Ilull- - ill_ ]

el

is the equation of Brageg's law (B.UL, April 2012) |Ans. 2d sin U = n A

According to Moseley's law, the lrequency of a spectral line in X-ray spectrum is directly proportional
o ... b
(a) £ (h) 2° (c) 2 () Z°

(B.UL, April 2014) | Ans. (0]
X-rays are more penetrative than visible hight. Why? (B.U., April 2011)
| Ans. Wavelength of X-rays 1s very small compared 1o the wavelength ot visible light i e., energy ol
X-ravs 15 very high compared to the energy ol visible Light. Hence X-rays are more penetrative than
visible Light. |
Explam the presence of unmodified hine i Compton scuttering, (H.PL [99U6)
[Hint. When a photon collides with a bound electron, its wavelength does not change. |

Explam why Compton eftect 1s expenimentally not observed for visible hight rays, (H.P.U, 2001)

[Ans. AL = ﬁ’: (1=cos 0) = 0.024 (1 -cosb). AL depends only on the scattering angle 0. Maximum
()

value of cos 8 = - 1 when 0 = 1807, Hence the maximum value of AL = 0.048 A This means that
Compton effect can be detected only lor those radiations whose wavelength is not greater than o few
A For visible light (A = 5000 A), (Ak) s anly about 0.001% of the imtial wavelength which cannot

be detected. |

|
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of momentum,

Considering the x and y COMponents of the momentum and applying the principle " FOnSEVation

hv v’
« T cos O+ mv cos ¢ ~2)
’
and _ W
0 = —{-— SN0 - my sin¢ ()

. ITl :L W - - . ’
From (2 mve cos ¢ = 4 (V- V' cos 9) (4)
From (3), mve sin ¢ = kv gin 0 (5)
Squanng and adding (4) and (5). |

mVie” = B2 (V= 2wy’ cos 0 + v cos’ 0) + Wy sin” 0
= & (V- 2wV cos 0) + hiv? =k {vz— 2wy’ cos 0 + v'%) +(6)

From (1), mc? = (V= V') + m?
_ mc! = hzwf—zw'w'?) £ 2h (v=v') myc® +mpc’ (7)
Subtracting (6) from (7).
pd A F A ,
| o F1tc ‘ V) = = 2wy {I*—rn:»s.ﬁl}wZa‘:(w—":.r']a'l'i‘,}t‘z'!'J'l'lcf*f*'l (8)
The value of m“c” (¢ - v*) can be obtained from the relativistic formula
m= M -
. Squaring,
J{l—vlfc'z) .
ﬂ'lz — ":6 =———-nl&fz
l=v°/e? o2 -y)2
m c” (¢ - V') = m{ff“ (9)
From (¥) and (9),
2
mact = -zh-"w{1-m59}+1h(u-v)mﬂc’+m§ ¢!
2h(v=v')m,c® = Zh:vv'{l-cnsﬂ)
v—=v'
or = o R T
— =g (1-cos) or g - (I1-cos0)
oF %*L = i (l-cos0)
v v My ©
- ; L - (I-cos0
: g ) (10)

h
The change in wavelength = dA = ;r,- (1-cos0)
)

This relation shows that d. is independent of the wavelength of the incident radiations a< well

as the nature of the scattering substance. dh. depends upon the angle of scattering only.

Case 1. When 0 = 0, cos 0 = | and hence dA. =0

Case 2. When 6 = 90°, cos 8 =0 and hence
h 6.63 x 107

__#*-—__

mac (9.11 x107") x I3# 10%)
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From Eq. (3), the number of electrons per Kilogram is 1

M ¥
: 1 107" electrons ky

‘1
The number of carbon atoms per Kilogrm 1s
- I d o .
Na 6.02 x 107" atoms/kmole ¢ 102 qroms/kg |
J 1 2 kg 'k mole |
I'he number of electrons 1 w0 (
- — = )
per carbon atom | § % 10%

The ratio of the pow er scattered to the primary intensity 1s called the scattering cross secnon (or
scattering coefficient) of the free electron, designated by o

1

W ] t'J ]‘
g, 3 L_ e
3 dne,me’

[ERE] COMPTON SCATTERING

The Compton Effect. Comprton discovered that when X-rays of a sharply defined frequency
were incident on a material of low atomic number like carbon, they suffered a change of frequency
on scattering The scartered beam contains two wavelengths. In addition to the expecited incident '
wavelength. there exists a line of longer wavelength. The change of wavelength is due to loss of
energy of the incident X-ravs. This elastic interaction is known as Compton effect.

In the case ol incoherent scattering. a scattered beam undergoes not only deviation in its
direction but also change of wavelength occurs. In Compton effect, there is a change in wavelength
of the scattered beam along with the change in its direction. Hence Compton effect is an incoherent
scattering.

This effect was explained by Compton on the basis of quantum theory of radiation. The whole
process Is treated as a particle collision event between X-ray photon and a loosely bound electron
of the scatterer. In this process, both momentum and energy are conserved. In the photon-electron
collision, a pornion of the energyv of the photon Y
is transferred 1o the electron. As a result, the
X-ray proceeds with less than the original energy
(and theretore has a lower frequency or a higher
wavelength).

The incident photon with an enegy hv and
momenium Av/c strikes an electron at rest. The

initial momentum of the electron is zero and its
y Incident photon

initial energy 1s only the rest mass energy, MUC™. e mih
The scattered photon of energy hiv' and momentum |

hv'/c moves off in a direction inclined at an angle
0 to the oniginal direction. The electron acquires
a momentum mv and moves at an angle ¢ to the
original direction. The energy of the recoil electron
i .h =
is me™ (Fig. 5.18).
According 1o the principle of conservation of energy
L
. o 2
v+ mye™ = hv' + me (1)

r
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- —— ""-\E
¥ A & [1+cos” 0]
¢ |5 - ] (E}
Let e 2)| (dney) m c r"_
el N = numbober - .
We assume that :: E[jecltmnﬁ Per unit volume of the scattering medium: |
ko ' N ~ -ravs, irrespect;
the presence of the others “ron is equally effective in producing scattered X-ray PeClive of
intensity :
The ensity of the SCattered }{-I‘a}as at the point P. per unit volume of the scatterer 1s
f.'n —n a’{_
(4 _ne_‘t (1 +cos” 0) - o)
x L (4 HE”): ?”: f'd ."': b

Equation (9) represents Thomsons scattering formula

ERE} oETERMINATION OF THE NUMBER OF ELECTRONS PER ATOM
Consid > S _ |
.y sc:l:;:lreiriz ZI:':;I*E of radius » with centre O (Fig. 5.17). Y

Take two points 4 and B o th _
€S 2 T
AB subtends an angle &0 at O, sories. The slensi

Surface area of the element

= 21 (A¢ V(AR
= 21 (r sin 0) r dO

—
r SR
= 21+ sin O O
The Ima! amount of energy scattered per unit volume of
the scatterer in unit time i<
n ’,’r
L e f I. 2n? sin0) g0~ <
’ | Fig. 5.17
- (IJ 2nnet 'f'{'“ ﬁ |
. AT E - ~dl +COS™ ) sin 8 ¢/ zof
\ 2 4 (4 &y }'j' m- ;'4 reo10 ) sinB o6 j
an ! ne
U — - —p (2)
\ 3 /| (4me,)" m° ¢ s
The linear scattering coefficient o of the material is
i/, 87 | ne’
9] S sl || g - 4
/ 3 | (dne,)” m'r'*'__ «(3)
{ 3 || (4 TEE:'nj'? m® ¢ ‘
7 = il .
HnJ | at (4)

By measuring o, the value of n can be determined.
nip represents the number of electrons per unit mass.

no_ [_3_] FM“E"H }_3 m” ¢ .[E .' ‘
l; Rt | [s‘l I‘IJ (3)

-

' STaY, ‘the scatterer 1s the mass scantering coeflicje
['he ratio of o to the density p ol [icient o,

Rarkla and hic cowoOrkers found that the value of o, 15 0.02 m*/kg for carbon
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charadeﬁsti::s of Sate"ite Iines

1. Satelhite lines have low intensity,

2. The excitation potential of certain satellites is greater than that of the corresponding
“parent” line

3. Siegbahn has shown that five satellites can be excited by the side of L, lin€ of Mo by
raising the excitation potential. Their appearance corresponds to singly, d“Uh]Y-‘ rebly
efc.. 1onized atoms, since the intensity of ionisation can be increased by increasing the
excuianon potential,

4. The intensity of K satellite lines decreases in a continuous manner with increasing atomic
number of radiating matenal. The mtensity of L, satelhtes decreases abruptly as the atomic
number increases from 47 to 50. The mlcnult}- again increases abruptly at 75. The L
satellites are absent between the atomic numbers 50 and 75.

5. It somehow or the other it is possible to avoid multiple ionisation, the satellites are found
to be absent

Explanation of Satellite lines

The explanation of satellites was put forward by Wentzel and Druyvesteyn on the principle of
multiple ionisation of the inner electrons. It is found in the case of K satellites that the energy of
excitation 18 equal 1o the energy required to eject a K electron and in addition an L electron from the
atom. Hence the initial state for the emission of K satellite is a state of double 10nisation. In this case,
the atom has an electronic vacancy both in K shell and L shell. Such a state of an atom is designated

as KL atomic state. In a similar fashion, other states of double ionisation are designated as KK, KM,
LL. LM eic.

An atom in AL atomic state may undergo a radiative transition as KL — KM (an electron
jumping from M shell to L shell) or KL — LL (an electron dropping from L shell 1o K shell). The
estimates of atomic energy indicate that the change in energy in the transition KL — LL is greater
than that which takes place in the transition K — L (the transition which gives rise to K, line). Hence
the former transition gives rise to satellites on the short wavelength side of K line. Similarly, the
ransiton KL — LM gives rise to satellites on short wavelength side of K line. If now we assume
that a cathode ray clectron ¢jects two electrons at once from the atom, the probability of this ejection
decreases with increasing atomic number of radiating material. This is found to be the case for K

SETICS

MOSELEY'S LAW

Moseley plotted the square root of the frequencies ( J; ) of a given line (say K, ) agamst the
atomic numbers (Z) of the elements emitting that line, Moseley
obtained a straight line as shown in Fig. 5.13. The same linear
relation was found to hold good for any line in any series, He
concluded. therefore, that atomic number (and not atomic
weight) 1s the fundamental property ol elements.

v Frequency

Moseley's law: statement. The frequency of a speciral

line in X-ray spectrum, varies as the square of the atomic
T 21

number of the element emitting it, gr v = Z°. Moscley's |law

may be written as J; = (Z—h}) Here, Z 1s the atomic 0 10 20 30 dﬂmﬁﬂ
: Atomic number S—

Fig. 5.13

number of the element and a and b are constants depending
upon the particular line.
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acceleration (a) in the dirm:ti;::n of the elm:trit; ﬁﬂld E. |

a = eE/m {t!]
According to classical electromagnetic theory, an accelerated charge radiates electromagnetic
waves. The electric vector of the scattered X-rays at a point ” with polar coordinates » and ¢ 15 given

by p . easin¢ _ Ee'sing +A2)
' dn e, ¢’r  4n € me’ r
E! e e’ sin ¢ w(3)
E dm e, me’r

Intensity is proportional to the square of the electric vector.
So the ratio of the scattered intensity at P to the incident intensity is

h (ELT ___¢'sin’¢
/ E (Ane,)’ m? o r?
Consider a case where the incident beam is along the
X-axis and its electric vector E is in the YZ plane (Fig. 5.16).

Resolve £ into two perpendicular components along the Y
and Z axes.

(4)

E* = E*+E°
s I=1+1
Here / and /_ are the components of the wave along the
Y and Z axes.

The incident beam is unpolarized.
/

fy =R =8 wi(3)
- i
Let /, and /, be the intensities of the scattered beam at
the point P due to the y and z components.
f 4 .2 " Fig. 5.16
A P =
" L@ney) mieT et
= e S
I > and sin” ¢, = cos” 0
Here 0 is the angle between » and the x-axis.
: g L ’
= 4 : Tﬁzﬂi 2 )
2 _{41!E[|) m-cr|

T ! - f -.._h_t:* Eiﬂz ¢1.—_-
Similarly 2 I (4 E"}z g g ]
/ galier o
But i - > and sin” ¢, = |,
Here the angle ¢, between OP and OZ is always n/2,
l, = (i] " 7
2| dre)im’
The total intensity of the scattered wave at P is given by
[ =1+
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Most of the electrons that generate X-ray photons give up only a parl of their energy in this way

Therefore, most of the X-radiation is of longer wavelength than & . Thus, the continuous Ep?ﬂm";
is the result of the inverse photoelectric effect, with electron kinetic energy (¢}) being trans y
into photon energy (/4v).

XA cHARACTERISTIC X-RAY SPECTRUM

There are two methods of producing characteristic X-rays,

(1) The characteristic X-rays of an element can be excited by using the element as the target
in the X-ray tube and thus subjecting it to direct bombardment by electrons. For each target there E
a minimum potential below which the line spectra do not appear. This critical P.D. below which the
line spectra do not appear, is different for different targets. Molybdenum shows up the line spectra
enly it the P.D. is above 35 k)

(2) Characteristic X-rays of an element can also be excited by allowing primary X-rays from
a hard X-ray tube to fall on the element. The primary X-rays must be harder than the characteristic
X-rays to be produced,

The peaks obtained in the X-ray spectrum (Fig, 5.12) give us the line spectrum which
Is charactenistic of the element used in the target. The group of lines of shortest wavelength
is called the K-series. Usually two lines of this series are detected. These lines are termed
as K, and Ky lines in the order of decreasing wavelengths. The next group is called the
L-series of longer wavelengths (L. Ly L., etc.). For heavier elements a third series, called the
M-series has been detected.

Origin of characteristic X-rays. This can be understood in terms of Bohr's theory,
Suppose an atom in the target of an X-ray tube is bombarded by a high-speed electron and a
K-electron is removed. A vacancy is created in the K-shell. This vacancy can be filled up by an
electron from either of L, M or N shells or a free electron. These possible transitions can result in
the K. K lines and the limiting line. Similarly, the longer wavelength L-series originates when an
L electron is knocked out of the atom, the M-series when an M electron is knocked out and so on

(Fig. 5.11).

Fig. 5.11

It is clear that continuous spectra and line spectra both emited by the same target are of different
origin. The continuous spectrum 1S the result ol the inverse photoelectric effect, with electron K.E.
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being transformed into photon energy hv. The line spectrum has its origin in electronic transitions

within atoms that have been disturhed by the incident electrons.
. : .
Fig. 5.12 shows a charactenistic spectrum superimposed upon continuous spectrur.

A
° Characteristic

K,

Characteristic ——————™*
spectrum

Continuous X-ray
specirum

\

Intensity

WEHEIEngih r >
Fig. 5.12

We .hat'r: seen that when a K-electron is knocked out from an atom either by high-energy
electron impact or through absorption of an X-ray photon, the vacancy thus created in the K-shell is
filled up by transition from an outer-shell (say, L) electron. The energy of the emitted characteristic
x-ray photon is hiv,, = E, - E,.

But Auger found that there are certain radiationless transitions.

I'he excess energy in such transitions may be directly absorbed by another L-electron which
gets emitied. There are now two vacancies created in L-shell and the energy level of the atom is
different from L-level. It we designate this as LL-level of energy £, ,, then the kinetic energy of the

emitted second electron 1s given by

I .
—mv- = E,.—-E
K~
2
Such a transition in which there is no emission of electromagnetic radiation. but emission of
two electrons from the same atom 15 called Auger transition or Auger effect. It is also called
radiationless transition.
Thus, the de-excitation of the atom may be accompanied cither by the emission of 2 photon

(characteristic radiation) or an electron (Auger electron).

SATELLITES

1S ﬂulllfl]]I]t_]rHriEh observed the x-l'ﬂ}‘ H|J-L:1.:[|'u| lines which were intense and

® Moseley and
easily resolva
can be easily |
Later on. with the improved resolving power ol the in:-;lrun‘mmz-.. many more lines were
discovered. Most of them were rather faint and were usually found close to and on the short
more intense lines. Hence they were called “satellites”, They could
level diagram. Hence the new lines are called nondiagram lines.

hle. These lines are due 1o transitions between slales Ul-ﬁ'fﬂghf ionization and

atted on an energy level diagram. Therefore, they are called diagram lines.

wavelength side of the
not be fitted in the energy

Scanned by TapScanner




HODEHH PHYSic A

“ PR ——— — e N sl ainl
IRl x-RAY SPECTRA
Urey and his co-workers analysed the 70 KV

X-ray beam emitted from an X-ray tube using
different potential differences and same target.

Using tungsten as the target and different 50 kY
potential differences, the intensities of the rays
produced arc plotted against wavelength. QY
Fig. 5.9 represents these graphs. For applied
PDs 3 kV, 40 kV and 50 kV, the spectrum is 30 kV
white. But, for the applied P.D. 70 &V, two sharp
peaks are seen. The sharp peaks show the Jine *
or characteristic radiation. The line spectra are O 0.2 0.4 06 08 15
absent, tll the P.D. is greater than a particular WAVELENGTH (A) —#®
value. The smoothly varying curves represent the Fig. 5.9
continuous spectrum. The superimposed lines on
the continuous background constitute the characleristic
Secrirum
Main features of continuous X-ray spectrum -
(1) For cach anode potential, there is a minimum = "
:’::Lm;tll: E::"} below whichﬁ no rqndiﬂim T cn'fin:ad. E 7.5
ot tical _vllqc, lhtrll'llﬂl'lilty of the radiation lso
-ascs rapidly with increasing wavelengths and after *
:::":i:h maximum, decreases gradually. The intensity 2.5
. €8 Zzero showing that the radiation contains all
possible wavelengths above the minimum limit, 0 10 20 30 40 50
| (2) When the voltage across the X-ray tube is el Ve o) 9
increased, A, is shifted towards smaller values. Duane and Fig. 5.10

Hunt showed that A is inversely proportional to the applied

:l.ngc }" or v 1s directly proportional 1o V., If the limiting frequencies (v, ) are plotted against
q:lpllml voltages (V), a straight line graph passing through the origin is obtained (Fig. 5.10). This
empincal law of Duane and Hunt is expressed analytically as

eV = hv _ he

.

| [hl-t-H--l_ Law: Statement. The short wavelength limis (Api) Of the X-ray spectrum is
inversely proportional to potential (V) applied across the tube terminal
I

Ilmlnn w =,
V

Explanation. ¢V is the K.E. of the bombarding electron. If the entire K. E. of the electron strikin
the target is converted into the energy of the X-ray photon, then, eV = by according 1o Einstein f
theory.

v
Hu' = JI'II"IIII
I he |
eV = J.,ml-n or ;'me Eﬁ: or J"-mm ’IF |
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a5 the two rays.fm\mQ\E

04 TP
drﬂ'“

e - . T hetween
longer path than the ray PUR. To compute the pﬂﬂl-dlﬁﬂfﬂﬂﬂﬂ

| ) 'R' respectively. *
normals OT and OS5 on P'( and (K" resp no= 2d sin 0.

'S AV iore = T"l' nssdsinﬂ-i-:‘fﬁl " ' :
Path-dhilerence Q' +0 maximum intensity, if

Hence the two rays will reinforee each other and produce

2dsin 0 = nh. A 1s the wavel
Here.n = 1,2, 3. The integer n gives the order of the scattered beam, A 13 velength
the X-rays used. This equation is called Bragg s law.

THE BRAGG X-RAY SPECTROMETER

E!Pt'ri.mt-nul arrangement. Fig. 5.6 shows the essential parts of a Bragg spectrometer.
md: :rn;smua of three parts. (1) a source of X-rays (2) a crystal held on a circular table which j
¥ a : . 3 J
i ed and provided with vernier and (3) a dﬂﬁﬂm (ionisation chamber).
e
(
L

X-ray

Fig. 5.6

® X -rays f .
X-rays from an X-ray tube, limited by two narrow lead slits § and §
upon the crystal C. ' S e allowed to fall

o Thc. crystal 1s mounted on the circular table 7, which can rotate about g yep;
position can be determined by the vernier V. “ical axis an Its

® The table is provided with a radial arm (R) which carrics an 1onisation ¢hy
arm also can be rotated about the same vertical axis as the crystal. The pn*-iilimbcr - This

SN of thig
ﬁ arm

connected to an clectrometer (£) to measure the iomsation current. Hence v d
4N m
Casure

the intensity of the diffracted beam of X-rays, diflracted in the direction of the ;

4 . s . : o DNicas:
chamber. S, is a lead slit, to limit the width of the dillracted beam. In practjee m:lﬂatmn
table is geared to the ionisation chamber so that the chamber turns through ¢ Wh'""?ﬂtm

n “'If;

crystal is turned through 0. | |
Working. To begin with, the glancing angle B lor the incident beam is kept very Smay
ionisation chamber is adjusted to receive the reflected beam till the rate of deflection is m“in-.:.]::
Tht‘:iblam:ing angle (0) and the intensity of the diffracted beam (/) are mtfﬂﬁll'_f'-‘:'- Lf‘;ill:ﬁli:mnu b
: ‘ VS = The 1onisalion curre nop
' - — steps. by rotating the crystal table. d for
is next increased in equal steps,

B ]
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X-rays are collimated by slits, rendered monochromatic by a Bragg reflection, and passed
through the material under study. The thickness of the absorbing material is varied and the

ransmitted intensity is plotted against thickness (Fig. 5.3). This is an exponential decay curve
v

5.2.1. X-ray Absorption Edges

The value of the linear absorption coefficient p depends upon the X-ray wavelength and on the
nature of the absorbing material. Let X-ray photons of sufficiently high energy (short wavelength)
he made to fall upon a material. A major part of
the incident energy of X-ray photons is spent in
ejecting electrons from the K-shell of the atom. The
energy of the X—ray beam is thus absorbed photo L, )
electrically, causing the ejection of the K-electrons. . L
But if the ncident radiation has a wavelength
slightly longer (or the energy slightly smaller) than
that required to eject the K-electrons. there is no
photo-electric absorption. At this stage, there is a
sudden fall in the value of the absorption coefficient

Linear absorption coeffcient u —»
"X
-

(Fig. 5.4).

A wavelength at which there is a sudden change —— Wavelength j.
in the absorption coefficient of a given material for («-Photon energy)
the X-ray beam is called absorption edge. Fig. 5.4

As the wavelength i1s further increased, the
absorption coefficient again increases. The X-ray photons now start ejecting electrons from the
I-shell. There is again a sudden decrease in the value of p at another definite wavelength A =A,,
Immediately after this there are two further discontinuities at two closely lying wavelengths A, ,,
and A, ... In the case of ionization from the L-shell there are three absorption edges (L,. L. L;;,).

indicating that the electrons in the L-shell can exist in three energy sub-group states.
>

BRAGG'S LAW

When monochromatic X-rays impinge upon the atoms in a crystal lattice, each atom acts as
a source of scattering radiation of the same wavelength. The crystal acts as a series of parallel
reflecting planes. The intensity of the reflected beam at certain angles will be maximum when the
path difference between two reflected waves from two different planes is an integral multiple of A.

Derivation of Bragg’s law. Consider a set of parallel planes of atom points at a spacing d
between two successive planes. Let a narrow monochromatic X-ray beam of wavelength A be
incident on the first plane at a glancing angle 0 (Fig. P R
5.5). Consider the ray PQ incident on the first plane.  pr A’
The corresponding reflected ray QR must also be
inclined at the same angle 0 to the plane. Since
X-rays are much more penetrating than ordinary
light, there is only partial reflection at each plane.

The complete absorption takes place only after d
penetrating several layers.

e Consider two parallel rays POR and P'QO'R’
in the beam. which are reflected by two atoms () and

Scanned by TapScanner



ODUCTION OF X-RAYS

The Coolidge tube. X-rays are produced when R
fast moving electrons are suddenly stopped by a solid
arget. A Coolidge tube is shown in Fig. 5.1. The tube
is exhausted to the best possible vacuum of the order of

10 mm of mercury. The cathode consists of a tungsten
filament (/) heated by a low tension battery. Thermionic

electrons emitted by the filament are accelerated tow- -\ 4
ards the target (7) by a high P.D. maintained between /' and / : \

7. The filament is placed inside a metal cup G to focus the A ‘3‘

electrons on to the target. The target must be cooled to remove v X t.“.

the heat generated in it by continuous electron-bombardment.
The usual method is to mount the target material on a hollow Fig. 5.1
copper tube through which cold water is continuously circulated. The target is made of a metal like
ungsten or molybdenum having a high melting point and a high atomic number. Metals with high
atomic number give more energetic and intense X-rays when used as targets.

Control of intensity and quality. In the Coolidge tube, the intensity and frequency of X-rays
can be easily controlled.

(1) The intensity of X-rays depends on the number of electrons striking the target per second.
The number of electrons given out by the filament is proportional to its temperature, which can be
adjusted by varying the current in the filament circuit. Therefore, the intensity of X-rays varies with
the filament current,

(2) The frequency of X-rays emitted depends on the voltage between the cathode and the
anode (target),

@ [ et V' be the accelerating potential across the tube.
® ¢ 1s the charge on the electron.
Work done on the electron in mnving} v

from the cathode to the anticathode

The electron thus acquires K.E. which is converted into X-rays, when the electron strikes the
larget.
@ Ifv__ 1sthe maximum frequency of the X-rays produced, then

PYIEL N

Iilil MIIH..I-"'. t‘i- '
. ¢ he
.. The minimum wavelength produced by an X-ray tube = A, = —— = .
U eV

Mils

® The mimimum wavelength of the X-rays lor a given voltage V across an X-ray tube 1s
i
“inin [;i_

|
"'“|1|||| B [T

/

This 1s Duane-Hunt law.

@ X-rays are electromagnetic waves of short wavelengths in the range of 1 nm to 0.05 nm.
The longer wavelength end of the spectrum is known as the “soft X-rays" and the shorter
wavelength end 1s known as “hard X-rays.”

Scanned by TapScanner



L i

92 —

c—

e
e
—_—

THE :
ABSORPTION OF X-RAYS | a sheet of any substance

some exIe

All materials through which X- rays pass absorb them lﬂl
nterposed in the path of a homogeneous beam of X -rays, its In

.ravys.
® High frequency X-rays are absorbed less and are called hard X-T2Y

B ) : sofl X-rays.
Low frequency X-rays are absorbed more and are called 50/ is defined as the amouny of

Intensity of X-rays, The intensity of X-ray heam, at any P“'.’TL ow of energy
energy carried per second per unit area, pemendicufar 10 the djrecﬂﬂﬂ Hfﬂ
® Let /, be the intensit INC| »
( sity of the incident X—-ray heam.  the absorber

® Let7be the intensity of the beam after it has traversed a thickn€ss dx 0

® The decrease in intensity (d/) hollows the equation, dl = — pldx.

Here u 1s called the linear absorption coefficient which depends on

used and the nature of the absorbing material. i has the dimensions of reciprocd

umits are therefore m '

the wavelength of X-ray
| length (L ) and ny

. il
hﬂ-“i {T — J— “ d“-
I= et A
II‘ Y = _:I_"F:_'r_l'l‘
H ¢

The Hngar ab._mrprmr? co-efficient of the material is, therefore, defined as the reciprocal of the
thickness after which the intensity of X-rays falls to /e of its original intensity.

Eq. (1) may be put in the form

f - ;ﬂe‘*{wﬂl‘ pr _ .I"DE' me

| Wp=p,,1s called the mass absorption coefficient and m is the mass of unit area of the absorbing
sheet. 'I*hf.'nﬂrr‘_',qr shows that the mass absorption coefficient (K,,) varies as the cube of the incident
wavel;ngm (A) E_nd also tbe atomic number (Z) of the absorber. Thus, T kA’Z’. This explains why
materials with high atomic numbers are preferred for shielding against X-rays.

Experimental study. An ionization chamber is used to study the penetrating ability of X-rays with
apparatus shown in Fig. 5.2.

lonization
chamber

M4— Monochromatic
X-rays

/

-
-
-
e
i
_
—
e
e
-
—
e
_

e

-

—

-
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Diffraction 519

951 CRITERION FOR RESOLUTION ACCORDING TO
LORD RAYLEIGH

To express the resolving power of an optical instrument as a numeri-
cal value, Lord Rayleigh proposed an wbitrary criterion. According to
him, two nearby images are sald to be resolved If the position of the
central maximum of one coincides with the first secondary minimum
of the other and vice versa. The same criterfon can be conveniently

applied to calculate the resolving power of a telescope, microscope,
grating, prism, eic.

In Fig. 963, A and B are the central maxima of the diffraction
patierns of two spectral lines of wavelengths A and A,. The difference in

»
m

.._‘

---_ -
'Il||.,,‘I
— R S

-—--'—'--

P

Al :
Fig. 9.61

the angle of diffraction is large and the two images can be seen as separate
ones. The angle of diffraction corresponding 10 the central maximum of
the image B is greater than the angle of diffraction comesponding to the
lirst minimum at the right of A, Hence the two spectral lines will appear
well resolved

In Fig. 9.64 the central maxima comesponding 1o the wavelengths
Aand L+dA are very close The angle of diffraction corresponding 10

C

| ‘. "*"'."- T
Aydhadi

Fig. 9 64

. .

F
28 / 33 -

Diffraction 3al

(D is the diameter of the aperture). In the side figure, A "and 8" are the
centres of the central bright discs of the diffraction patterns of A and

A’ A
A 8 | '
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are seen as scparate ones.
hmﬂmhmﬂulﬁimﬂmﬂmrﬁmu
termed as lts resolving power

hﬂu:udlmmmlylﬁumw*thtmmﬂﬂn‘
puwhmhmdlndwlhiﬁtynftrupﬁlmmmhlmrﬂﬂlwm
nearby spectral lines so that the two lines can be viewed or photographed

as separate lines.

) A Texbook of Oplics

the first minimum of A is greater than the angle of diffraction correspond-
ing to the central maximum of B. Thus, The two images overlap and they
cannot be distinguished as separale images. The resultant intensily curve
gives 8 maximum as at C and the intensity of this maximum is higher
than the individual intensitics of A and B. Thus when the spectrograph
is turned from A to B, the intensity increases, becomes maximum af e
and then decreases. In this case, the two spectral lines are nol resolved.

In Fig. 9,65, the position of the central maximum of A (wavelength
A\) coincides with the position of the first minimum of B (wavelength
) + d\) Similarly, the position of the central maximum of A coincides with

Fig. 9.5

the position of the first minimum of A. Further, the resultant intensity curve
shows a dip at C ie, in the middle of the central maxima of A and B
(Here, it is assumed that the two spectral lines are of the same iniensity)
The intensity at C is approximately 20% less than that at A or B If a
spectrograph is turned from the position comresponding to the central image
of A 10 the one corresponding to the image of B, there is noticeable de-
crease in intensity between the two central maxima. The spectral lines can
be distinguished from one another and according 1o Rayleigh they are said
t0 be just resolved. Rayleigh's condition can also be stated as follows.
mm;ﬂmuﬂmhjmtmﬂrﬂﬂﬂurﬂlhﬂulIhuﬂrﬂ
dhtnltlhlrpnmmhoqullmﬁtdlﬂmmmthtmmd
the two patterns.

9.52 LIMIT OF RESOLUTION OF A CONVEX LENS

lnﬁ;-'i.ﬁﬁl.illcmml::u-ﬂnndﬂnm-ﬂnhpclpuinulrﬂ
A‘and B’ are the corresponding image points. The distance between the
qb'ﬁclptﬁnuiihlm&mdhumubﬂnmnlhemgtpumi:h'.m
ﬁhmnfm:utximpninuﬁmnutlnmisumdlh:dmm:cdﬂu
image points is v. pandp’ are the refractive indices o* “od
image media. R is the radius of the aperture keptin 29 /33 §

524 A Texthook of Cpiici

g [ R et
h = 1000 °™ 100 ™™ approximately

061 A
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