4. Direcet Current

4.1. Two conductors, 7-3-5 and 2-4-6, connected points
with equal potentials on the resistors R, and R, so that
no current flows through either of them. Will there he
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currents flowing through them and through the 3-4 sec-
tion if the key K is closed? Will this lead to a change in
the reading of the ammeter?
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4.2. Tlow will the reading of the amieter change if the
key K is closed?

4.3. A voltage U, is applied to a polentiomeler whose
sliding contact is exactly in the middle. A voltmeter V
is connected between the sliding contact and one fixed
end of the potentiometer. It is assumed that the resis-
tance of the voltmeter is not very high if compared with
the resistance of the potentiometer. What voltage will the
voltmeter show: higher than, less than, or equal to U,/2?
4.4. A “black box” is an electric unit with four termi-
nals, 7, 2, 8, and 4, and an unknown internal structure.
The box shown in Figure (a) and (b) possesses the follow-
ing properties: if a constant voltage of 220 V is applied
to terminals 7 and 2, a voltage of 127 V appears across
terminals 3 and 4 (Figure (a)), while if a voltage of 127 V
is applied to terminals 8 and 4, the same voltage of
127 V appears across terminals 7 and 2 (Figure (b)).
What is inside the “black box”? The forinulation of the
problem is quite meaningful if the voltages are measured
by electrostatic voltmeters, which do not consume elec-
tric current. If voltmeters of the magnetoelectric, ther-
mal, or clectromagnetic type are employed, the voltages
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across the “out” terminals of the “black box” may some-
whal differ from the ones indicated in Figures (a) and (b).
4.5. Two potentiometers are connected in series, and
their sliding contacts are connected electrically, too. In
one potentiometer the sliding contact remains fixed at
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the midpoint. How will the reading of the ammeter vary
as the sliding contact of the second potentiometer is
moved from one end of the potentiometer to the other?
4.6. A constant voltage U, is applied to a polentiome-
ter of resistance R connected to an ammeter. A constant
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resistor r is connected to the sliding contact of the poten-
tiometer and the fixed end of the potentiometer (after an
ammeter). How will the reading of the ammeler vary as
the sliding contact is moved from one end of the poten-
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tiometer to the other? The resistance of the ammeter is
assumed to be negligible.

4.7. To measure a small emf (of, say, a galvanic cell or
a thermocouple) the so-called balancing method is em-
ployed. The circuit diagram of this method is shown in
the figure. Here &, is the sought emf, € is the source of
current whose emf is much higher than &,, G is a gal-
vanomeler with the zero in the middle of the scale, 4 is
an ammeter, and R is the resistance box. How should one
operate this circuit so as to ensure an accuracy in measur-
ing €. that is determined by the precision of the measur-
ing devices?

4.8. Two resistors with resistances R, and R, are con-
necled in series, and so are two capacitors with capaci-
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tances C; and C,. The two systems are connected in paral-
lel and an external voltage is applied to the new system
(see the figure accompanying the problem). What must
be the relationship between R,, R,, C,, and C, for the
potential difference between the points @ and b to be
zero?

4.9. All the resistances and emf’s shown in the figure
accompanying the problem are assumed known. How
many values of current can exist for such a circuit? How
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many equations for finding these values must we con-
struct on the basis of Kirchhoff's first law and how many
musl we construct on the basis of Kirchhoff’s second law?
4.10. Twelve conductors are connected in such a way
that they form a cube, and an emf source is connectcd
into an edge of the cube. All the resistances and the emf’s
are known. There are eight junctions (eight vertices of
the cube) and six loops (six faces of the cube) in the cir-
cuit. Construct the equations for determining all the cur-
rents in the circuit.

4.141. A source of electric current with an emf &, and
an inlernal resistance r is connected to an external circuit
with a resistance R. What must be the relationship be-
tween r and R for the power output in the external circuit
to be maximal? What is the efficiency of the current source
in this case, provided that the power output in the
external circuit is assumed to be the useful output?
4.12. In two circuits, each of which contains a DC
source and an external resistance, the maximal currents
are the same, while the maximum power output in the
external resistance of one circuit is twice that in the other.
In what parameters do these circuits differ?

4.13. ADC source is connected to a rheostat. When (he
sliding contact is x distant from either end of the rheo-
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stal (Lthe lenglh of the rheostat is set at unity), the power
outpul in the rheostat is the same in bolh cases. Deler-
mine the internal resistance of the PC source if (he re-
sistance of the theostat is R.

4.14. FHow musl a large number of galvanic cells, each
having the same emf & and the same internal resistance
r, be connected so that in an external circuit whose re-
sistance is R the power output is maximal?
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4.15. Can a circuit be constructed in which the displace-
ment current in the capacitor remains practically con-
stant over a definite time interval?

4.16. A DC source with known emf & is charging a ca-
pacitor C. After the charging process has been completed,
the capacitor is disconnected, via a key K, from the DC
source and is connected to a resistor R, through which
the capacitor discharges. The capacitance of the capacitor
and the resistance of the resistor are selected in such a
way that the charging process takes several minutes, so
that the discharge current can be registered by a measur-
ing device, G. The results of measurements are used to
draw a rough curve on a diagram in which the time of
discharge is laid off on the horizontal axis and the loga-
rithm of the current, on the vertical axis. Determine the
law by which the current varies and the curve represent-
ing the dependence of the logarithm of the current on
the time of discharge. How can the curve help in deter-
mining the parameters of the discharge circuit, R and C?
4.17. A capacitor of capacitance C is charged to a po-
tential difference U, and is then discharged through a re-
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sistance R. The discharge current gradually decreases,
with a straight line 7 corresponding to this process (see
the figure accompanying the problem, where time is laid
off on the horizontal axis and the logarithm of the cur-
rent, on the vertical axis). Then one of the three para-
meters, U,, R, or C, is changed in such a manner that the
In I vs. t dependence is represented by the straight line 2.
Which of the three parameters was changed and in what
direction?

4.18. A charged capacitor is discharged through a re-
sistor two times. The time dependence of the logarithm
of the discharge current obtained in the two experiments
is represented by the two straight lines, / and 2, in the
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figure accompanying the problem. The experimental con-
ditions differed only in one of the three parameters: the
initial voltage of the capacitor U, the capacitance C, or
the resistance R. Determine the parameter that was var-
ied in these experiments and in which case this para-
meter is greater.

4.19. Prove that when a capacitor of capacitance C that
has been charged to a potential difference U, is discharged
through a resistance R, the amount of heat liberated in
the conductors is equal to the initial energy stored in the
capacitor.

4.20. Prove that when a capacitor is charged through a
resistor R from a DC source with an emf equal to & half
of the energy supplied by the source goes to the capacitor
and half, to heating the resistor.

4.21. A charged capacitor is connected to an uncharged
capacitor with the same capacitance. Determine the
changes in the energies stored by the two capacitors and
explain the origin of these changes from the viewpoint of
energy conservation.

4.22. A conducting disk is rotating with an angular ve-
locity @. Allowing for the fact that clectrons are the cur-
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rent carriers in a conductor, determine the potential
difference between the center of the disk and the edge.
4.23. In the Tolman-Stewart experiment, a cylinder is
mounted on a shaft and is rotated very rapidly. The sur-
face of the cylinder is wound with many turns of wire of
length I in a single layer. After the cylinder has been set
spinning at a large angular velocity, it is braked to a
stop as quickly as possible. In the circuit consisting of
the wire and a measuring device, this braking manifests
itself in a pulse of current caused by the potential differ-
ence that appears between the ends of the wire. If the
potential difference is registered by an oscillograph, we
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obtain a curve similar to the one shown in the figure
accompanying the problem, where time is laid off on the
horizontal axis.* How, knowing the initial linear veloc-
ity of the winding, the length of the wire, and the vol-
tage oscillogram, can one determine the electron charge-

to-mass ratio?
* In the Tolman-Stewart experiment, the quantity measured
was not the potential difference but the amount of electricity

passing through the circuit. This was done using a device
called the ballistic galvanometer.

4.24, The section of a conductor between the points a
and b is being heated. Does this lead to a redistribution
of potential along the conductor (the arrow indicates
the direction in which the current is flowing)? Will the
passage of current change the temperature distribution in
the conductor?

4.25. A constant voltage is applied to a metal wire. The
current passing through the wire heats the wire to a cer-
tain temperature. Then half of the wire is cooled by a
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stream of air from a fan. How will the temperature of the
other half of the wire change in the process?

4.26. Two electric bulbs whose rated voltage is 127 V
and whose rated wattages are 25 and 150 W are connect-
ed in series to a DC source of 220 V. Which of the two
bulbs will burn out?

4.27. A conductor and a semiconductor are connected in
parallel. At a certain voltage both ammeters register the
same current. Will this condition remain as such if the
voltage of the DC source is increased?

4.28. A conductor and a semiconductor are connected in
series. The voltage applied to this system is selected in
such a way that the readings of the voltmeters VI and
V2 coincide. Will this condition remain unchanged if the
voltage of the DC source is increased?
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4.29. A thermionic valve, or diode, has a heated fila-
ment and a plate near it. The dependence of the current
flowing between filament and plate on the voltage applied
lo valve (the current-voltage characteristic) is as follows.
First the current grows with voltage, but then goes into a
plateau at a sufficiently high voltage. Why, notwithstand-
ing the fact that the filament may emit the number of
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electrons required for the saturation current to set in,
the latter does not manifest itself at an arbitrarily simall
voltage between the electrodes? In which respect does
curve I differ from curve 2 from the standpoint of the
experimental conditions if the two are obtained using the
same device?

4.30. A cutoff voltage is applied between the cathode and
the anode of a thermionic valve (“minus” at the anode and
“plus” at the cathode). The cathode temperature, how-
ever, is sufficient for thermionic emission to manifest itself.
If the direction of the elcctric field is reversed by applying
between the cathode and the anode a voltage at which
saturation current will flow through the valve, will the
temperalure of the cathode maintained in the cutoff di-
rection of the field remain the samec?
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4.31. Fora current passing through an electrolyte (Fig-
ure (a)), the distribution of potential between the elec-
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trodes is shown in Figure (b). Why, notwithstanding the
fact that the electrodes are flal and the distance belween
them is much smaller than their lincar dimensions, is the
field between the electrodes nonuniform? _
4.32. The distribution of potential between the cathodé
and anode in a glow discharge is shown in the figure accom-
panying the problem (the distance from the cathode is
laid off on the horvizontal axis). Within which regions of
space (see the numbers on the horizontal axis) is there a
positive volume charge, a negative volume charge, and
a volume charge that is practically zero?

4.33. In the plasma of a gas discharge, the concentration
of electrons and that of positive ions are practically the
same. Does this mean that the current densities created
by the motion of electrons and ions are also the same?
Will an ammeter connected in scries with the gas discharge
gap show the sum of the electron and ion currents or
their difference?

4.34. A negalively charged particle is accelerated in its
motion from a cathode C to an anode 4, passes through
an aperture in the latter, and moves toward a Faraday
cylinder I that is at the same potential as the anode
(Figure (a)). For the sake of simplicity it will be as-
sumed that the particle movesfrom A to F with a constant
velecity. Determine the moment of time when a measur-
ing device G in the circuit will register a current (the
time is reckoned from the moment when the particle
leaves the anode) and the form of the current, that is,
whether the current is in the form of a pulse when the
particle leaves the anode (Figure (b)) or whether it is a
pulse when the particle enters the Faraday cylinder (Fig-
ure (c)) or whether there are two pulses (one when the
particle leaves the anode and the other when the particle
enters the Faraday cylinder; see Figure (d)) or whether the
current is steady over the entire motion of the particle
from the anode to the Faraday cylinder (Figure (e)).
4.35. The behavior of the potential energy of an elec-
tron inside and outside a metal is shown for two metals
in Figures (a) and (b). The same figures indicate the limit-
ing kinetic energies Wy of clectrons in the metals (the
Fermi levels) at 7 = 0 K. If the metals are brought into
ccntact, what will be the values of the internal and exter-
nal contact potential differences? In which metal will the
electron concentration be higher?



4.36. The energy distribution function for electrons in a
metal at absolute zero can be written as follows:

1 (W) = CW/3, (4.36.1)
where C is a constant coefficient that is a combination of

universal constants. This function terminates at Wp,
which is the limiting energy, or the Fermi level. Using
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(4.36.1), establish how the limiting energy depends on
electron concentration.

4.37. The dependence of the logarithm of conductivity,
In 0, on T, where T is the temperature, for two semi-
conductors is shown in the figure. In which of the two
semiconductors is the gap (the forbidden band) between
the valence band and the conduction band wider?

4.38. The dependence of the logarithm of conductivity,
In o, on 1/T for two semiconductors is shown schematical-
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ly in the figure. In which respect do these semiconductors
difier?

4.39. The distribution of potential near the boundary
between two semiconductors with different types of con-
duction depends on the direction of the applied external
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voltage. Which distribution corresponds to the blocking
direction and which, to conduction? To what semiconduc-
tors do the left and right branches of the curves in the
figure belong?

4.40. The current-voltage characteristic of a semicon-
ductor diode based on the properties of the p-r junction
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has two branches: the upper right branch and the lower
left branch. Since the right branch corresponds to small
voltages and the left branch to considerably higher vol-
tages (with the currents in the conductive direction being
much higher than the currents in the blocking direction),
the two branches are constructed using different scales.
What is the explanation for the existence of the left
branch and in what manner does the current in the block-
ing direction depend on the temperature of the diode?
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4.41. The phenomenon of secondary electron emission
consists in the following. When electrons bombard a sol-
id surface, the surface emits secondary electrons (and
partially reflects the primary electrons, which impinge
on the surface). Secondary electron emission is character-
ized by the secondary emission coefficient o, which is the

0 _ -
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tatio of the secondary electron current to the primary
current. The dependence of the secondary emission coef-
ficient on the primary electron cnergy W, for a certain
dielectric is depicted in the figure. At 6 = 1 the surface
of the dielectric does not change its potential under elec-
tron bombardment, since the number of electrons leav-
ing the surface every second is equal in this case to the
number of electrons bombarding the surface every sec-
ond. The two points ¢ and b on the o vs. W, curve cor-
respond to ¢ = 1. At which point is the process stable
and at which is it unstable?

4.42. Under secondary eclectron emission (see DProb-
lem 4.41), the energy distribution function F (W,) for
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secondary electrons is represented sufficiently well by two
curves (I and 2) shown in the figure accompanying the
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problem. Which of the two curves represents the primary
electrons and which, the “true” secondary electrons?



4. Direct Current

4.1. The two conductors, 7-3-5 and 2-4-6, have different
potentials, with the result that when key K is closed, a
current will flow from & to 4, while the currents passing
through the resistors will flow from 7 to 3, from 5 to 3,
from 4 to 6, and from 4 to 2. The closing of the key leads
to an increase in the current flowing through the ammeter.
If the resistances of the conductors 7-3-5, 2-4-6, and
3-4 are extremely low, then the sections 7-2 and 5-6 of
the resistors will be shorted for all practical purposes.
4.2. Prior to closing the key, the circuit consists of two
resistors connected in parallel (the resistance of each re-
sistor being 3R). This means that the total resistance of
the circuit is 1.5R. After the key has been closed, the cir-
cuit consists of two sections connected in series, cach of
which has two resistors connected in parallel. The re-
sistance R’ of each section is given by the formula

1 1 1

R R "2R

and is cqual to 2R/3. The resistance of the entire circuit
is 4R/3. The current measured by the amimeter is higher
than that measured prior to closing the key.
4.3. If R is the resistance of the whole potentiometer
and R is the resistance of the voltmeter, the total resis-
tance of section ab of the potentiometer is
Ry (R/2) R R

vt RZ = ZAFRERY) 2 *

Ry -

The resistance of section bc is equal to R/2. The voltage
applied to the potentiometer will not be distributled even-
ly. Since the resistance of ab is less than that of bc, the
voltage applied to the first section is lower than that ap-
plied to the second. The higher the resistance of the volt-
meter, the closer the readings of the voltmeter are to one-
half of the applied voltage.
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4.4. Since the voltage applied to the “black box™” is sup-
plied by a DC source, it is natural to assume that there
are only resistances inside the “box”. The simplest way
to lower voltage is to use a polentiometer (see the figure
accompanying the answer). However, there is not a sin-
gle circuit employing only resistances that can raise vol-
tage. As the figure ac-
companying the answer
demonstrates, from the

1 {

v - 5 v - ; voltage applied to termi-
[ ) nals 7 and 2 one can al-

v = ‘ "N=" ways “take” a certain

: T g ] » fraction, e.g. 127 V,
i Vv ied

Fig. 4.4 while the 127 V applie

to terminals 3 and 4
will yield the same 127 V
on terminals 7 and 2. The remark (made in the
problem) that concerns the role of the measuring device
is important since a voltmeter, which always has a finite
resistance, redistributes the resistances in the circuit and,
hence, changes the voltages (see Problem 4.3).

4.5. Let us assume, for the sake of simplicity, that the
resistances of the two potentiometers are the same.
When the sliding contact of each polentiomeler is in the
middle, the total resistance of the circuit is R /2, where
R, is the resistance of each potentiometer. If the sliding
contact of the second potentiometer is in the extreme
(left or right) position, we have two resistances, R, and
R/2, connected in parallel (assuming that the wires
have no resistance), so that the total resistance is R =
R/3. The reading of the ammeter proves to be great-
er than when the sliding contact of the second potentio-
meter was in the middle position by a factor of 1.5.
Thus, when the sliding contact of the second potentio-
meter is moved [rom one extreme position to the other,
the readings of the ammeter pass through a minimum.
4.6. If z is the resistance of the potentiometer bhetween
point a and the sliding contact, the total resistance be-
tween a and the sliding contact is ra/ (r + xz), while the
resistance of the entire circuit is R — z 4 rz/(r + x).
The current supplied by the DC source is

I U,
- R—z-frz/(r+2)
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The potential difference between the sliding contact and
point a is
U— Ugrz . Ugrz
(R—=z)(r+z)+rx =~ Rx—2z®-+Rr

The current passing through the ammeter is

U,r
L= am (4.6.1)
To find the extremum, we take the derivative
I, —R+2 7 )
E‘-‘—_Uor [m]. (4.6.2)

Nullifying (4.6.2) yields
z = R/2. (4.6.3)

If we substitute (4.6.3) into (4.6.1) we find the minimal
current:

_ U

R(r+R/A)

Thus, as the sliding contact is moved, the current
through the ammeter passes through a minimum, and the

Imin:

0 02 04 06 0B 10 xR
Fig. 4.6

smaller the r the deeper the minimum. At z = 0 and
z = R, a current of I, = U,/R passes through the am-
meter. The ratio of Iy, to Imax is equal to (r/R) (1 +
r/R)-1. The I,/Iy.. vs. z/R curves for several values
of r/R are shown in the figure accompanying the answer.
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4.7. The cxact value of &, can be determined if one mea-
sures exactly the potential difference between points a
and b provided that the current passing through the
source in question is zero. This can be achieved by selecting
a proper ratio of resistances between points a and b and
points b and c using the resistance box. Knowing the re-
sistance R between points ¢ and b and the current I,
measured by the ammeter, we find the sought emf:

€. = IR.

4.8. Since the currents in the resistors R, and R, are
the same, we can wrile

UAa/Rl = UGB/RQ.’

The charges on capacitors connected in series are the
same, which means that

UA bcl = Ubacz-
Since

UAa/UaB = RI/B27 UAb/UbB = Czlclv Upo = UAb,

UaB = UbB’
we have
RI/R2 = szcl.

The resistances and capacitances are in inverse ratio.
Just as in Problem 3.27, where a DC source generates a
potential difference between points A and B, the solution
holds true only if the (active) resistances of the capacitors
are infinitely large.
4.9. The current remains unchanged on the entire
section from one junction to another. A junction is a point
in a circuit where more than three conductors meet. There
are seven such sections in the figure accompanying
the problem. If there are n junctions in a circuit, then
Kirchhofi’s first law yields » — 1 independent equations.
There are four junctions in the circuit in question (Z,
4, 5 and 7). Thus, to determine seven currents we are
lacking four equations, which Kirchhoff’'s second law
will yield. The simplest way to employ Kirchhoff's sec-
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ond law is to use loops that do not overlap, namely,
1-2-3-4-1, 1-4-5-1, 1-5-7-1, and 5-6-7-5.

4.10. There are eight junctions in the circuit. Since Kir-
chhoff’s first law yields only n — 1 independent equations
for n junctions, we have seven such
equations. If the circuit is trans- * ¢
formed onto a plane (see the figure
accompanying the answer), there are
five nonoverlapping loops, while the

loop 1-4-8-5-1 overlaps all other loops

and therefore can be obtained from " {
these. ! I
4.11. The current flowing in the Fig. 4.10
circuit is I = &/(R + r). The power

output in the external circuit is

P=1I2R=¢g?

R

The maximal power output can be found from the condi-
tion dP/dR = 0, or

AP ey (RED—2(R+NR _
iR = ¢ GEDT =

whence R = r. The fact that the resistances are equal
means that the power outputs must be equal, too:

I'r = I’R.

Hence, the efficiency is equal to 0.5.
4.12. The current is maximal when the circuit is shorted,
or when the external resistance is zero:

I, = &

Thus, in both cases the ratio of the emf to the internal
resistance is the same.

Maximal useful power output (the power output of Lhe
external resistance) is achieved when the exernal resistance
is made equal to the internal resistance (see Lhe answer
to Problem 4.11), that is, when the current is onc-half
the maximal current. This power output is

g g
P=p=17-

Since the ratio &/r is the same in both cases, a double
useful power output is achieved at a double electromotive
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force (for equal currents). Note that the internal resistance
of the DC source must also be doubled if we want the
ralio to remain unchanged.

4.13. 1If in one position of the sliding contact the rheo-
stat has a resistance R, and in the other, a resistance
R,, the current is &/(R, + r) in the first case and
&/ (R, + r) in the other. Correspondingly, the power out-
put in the exlernal circuit (the same in both cases) is

p__ &R &R,

(Ri+12 7 (Ret1)2 °

Dividing this expression by &2 and solving for r, we find
that

r=VRR,.

By hypothesis, in one case R, = xR and in the other,
R, = (1 — z) R. Whence

r=RVz(1—ux).

4.14. The likely circuit, apparently, consists of a combi-
nation of cells connected in parallel and in series. There
are Lwo possibilities here: several parallel groups of cells
connected in series or several in-series groups of cells con-

nected in parallel. First,

& & & & En it can be shown that the
-l|—-||—h—1l--|| ------- Ilﬂ two variants are equiva-
R lent. Indeed, in the first
"*I-;;||"b;“|"c:‘|""“"|“ variant, the potentials
e at the points a,, a,, a,,
Hh:'h:h?l 'l—‘ ® etc. coincide, i.(la. =
--------------- Usy = Uyy = Ugy=...;
_||-2:¢|-3"-'||-5'3|| ------- |}-4 the same is true of the

potentials at the points
by, b,, by, etc., i.e.
Ub, = Ub' = Ub:, = ..
This line of reasoning can be continued. The respective
points can be interconnected, and the entire circuit will
be transformed into the second variant. Suppose the over-
all number of cells is V. We connect these cells in such a
manner that groups of z cells that form m = N/n parallel

28
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groups are connected in series. In this case the current in
the external circuit is

I-- &n &ENn

R-+rn/fm — RN-+rn? °

The power outpul in the external circuil is

) 2R 2 n?
P-—=I’R-=(EN)2R RN T -
To find the maximal value, we nullify the derivative of
P with respect to n:
P 2€N%n

El-— W(RN'—I'N?‘):O.

Whence
n= VRNJr. (4.14.1)

But Lhis does not solve the problem completely. The num-
ber n should be one of the cofactors of N. To find a practic-
al value of n, we must compare the power outputs for
two values of n that are closest to the one given by
(4.14.1), that is, one must be smaliler than the calculated
value and the other must be greater, and yet the two must
be cofaclors of N. Here is an example. Suppose N =
400, R =16 Q and r =9 Q. The calculated value is

400 X 16
n— ]/—9— —26.7.

The closest cofactors of NV are 25 and 40. In this example
the greater power output is at n = 25. Thus, the circuit
consists of 16 parallel groups of 25 cells connected in
series in cach group.

4.15. Since the displacement current is defined as

dD
[(lis =8 TR

after performing certain manipulations we can write
ge dU _ dQ

Toe== T =3
where Q is the charge on the capacitor. Thus, the d}splgce-
ment current may be made constant over a definite time
interval if the capacitor is charged (or dlscharged)‘ by
a direct current. For this in the circuit of the capacitor
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being charged we must have a device that restricts the
current flowing through it within broad voltage limits
(Figure (a)). A diode operating in the saturation rpoc!e
may serve as such a device. For the case of a thex:mlor}m
valve (or diode) the appropriate circuit is shown in Fl_g—
ure (b), while for the case of a semiconductor diode the cir-

ﬂ_ C_—Té ﬂ_ C=L

Current limiter

(a) (b)

Fig. 4.15

cuit is shown in Figure (¢). The diode is introduced into
the circuit in the cut-off direction, and the voltage across
the diode is

Ud=go'— UC.

As long as Uy remains within the saturation region, the
current through the diode (and, hence, the charging cur-
rent) remains constant. The displacement current remains
constant in the process. Afler a cerlain Llime interval
has elapsed (the Jower the charging current the longer the
interval), the charging current rapidly falls off to zero.
The time dependence of the displacement current is illu-
strated schematically in Figure (d).

4.16. At each moment of time the capacilor voltage is
equal to the potential drop across the resistor:

U = IBo
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Bearing in mind that U = Q/C and I = —dQ/dt (the

minus sign shows that the capacitor’s charge decrcases)
we get

y

Q0 _ _pdw
[ R dt ?
or
1 1 \
fo—(’=_h,—c at. (4.16.1)

Integrating (4.16.1) from the initial charge Q, to Q and
from the initial moment ¢ = 0 to time ¢, we get

Q=Q,exp (— Ftc—) =U,C exp (—'7}%-)-

Accordingly, the current varies with time as follows:
I=TI,exp (—#) (4.16.2)

with I, = Uy/R. Taking logs, we can wrile (4.16.2) as
follows

Inf=Inl— (—137) t.

Thus, the time dependence of In I is represented by a
straight line with a nega-

tive slope, whose absolute .

value is 1/RC. The resist-

ance R determines the

current at the first moment

of discharge and the initial

capacitor voltage, which is

equal to the emf of the o [
source. The value of R de- \
termined in this manner
and the slope of the straight
line fix the value of C.
4.17. As shown in the answer to Problem 4.16, the
discharge current varies with time as

Fig. 4.16

I—:Ioexp(—— or In/=Inl,— (%C—) t.

7e)
RC )’

Initially, i.c. at ¢ = 0, both currents are the same (sep
the figure accompanying the problem). For a fixed capaci-
tance C this is possible if the other two parameters, U
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and R, change simultaneously. Since by hypothesis only
one parameter changes, we conclude that the capacilance
C varies. The fact that the slope of the straight line repre-
senting the In I vs. t dependence decreases means thal the
capacitance C increases.
4.18. The time variation of the current proceeds as fol-
lows:
1

Inl-=1In7l,— (7?(‘) t.
The fact that the two straight lines, 7 and 2, are parallel
indicates that the product RC must be constant. Since
by hypothesis the discharge processes differ only in the
value of one parameter, both R and C remain constant.
What is different is the initial capacitor voltage, and since
for straight line 7 the initial current is higher than for
straight line 2, so is the initial capacitor voltage.
4.19. The current flowing through the resistor with re-
sistance R will generate during a time interval d¢ the fol-
lowing amount of heat:

dg = I*Rdt.

The time variation of the discharge current of the ca-
pacitor is

t
I:IOexp ('—W) .
Thus,
dg=1I;R exp ( -T:i%) dt.

Integrating this expression with respect to ¢ from ¢ =
0 to t = oo, we get

q = IRC/2. (4.19 1)
At the first moment the discharge current is

I, = U,/R. (4.19.2)

Substituting (4.19.2) into (4.19.1), we obtain the initial
energy stored by the charged capacitor:

q = UXC/2.

4.20. According to Kirchhofi’s second law, at each mo-
ment of time the emf of the DC source is equal to the sum
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of the potential drop across the resistor and the capacitor
voltage:

&€=1R+ U.
Bearing in mind that I = dQ/d¢ and U = Q/C, we get
dQ Q daQ 1
€—R—=1+ =, or 0—%C = —Re dt.

Integration from Q = 010 Q and from ¢ = O to ¢ and ap-
propriate transformations yield

0-sc [t~ o ()]

whence

I:%’e"p( 7z ) =Toexp (— RTP)

The amount of heat generated by the current in the re-
sistor I? in the course of df is

dg=I?R dt=I*Rexp (_%%) ,

Integration from t = 0 to t = oo yields

q = I*R*C/2 = §*C/2.

The same amount of energy is stored by the capacitor
when the latter is charged to a voltage equal to the
source’s emf. The total energy used up by the source,

S?;’I dt =&, S o~ (RO ¢,

0 0

is equal to &C, which is the sum of two equal quanti-
ties &2C/2.

4.21. The energy stored by a charged capacitor can be
written in the form

Wy = Q¥2C.

After the second (uncharged) capacitor is connected to
the first, the total charge does not change while the capac-
itance doubles. Thus, the total energy stored by this
system becomes

= Q¥4C,
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which is one-half of the initial energy. So where did the
other half go to? As the charge is redistributed between
the two capacitors, a current flows through the conductors
connecting them and gencrales heal. In addition, there is
always a magnetic field around a conductor with current,
and this magnetic field carries energy, just as an electric
field does. If the resistance of the conductors is low (zero
in the case of superconductors), the difference between
the initial and the final energy will go Lo the magnetic
field. Eventually the second capacitor will become fully
charged while the first capacitor will become completely
discharged and the current will cease. Then the second
capacitor will begin to discharge, and charge will flow
to the first capacitor. This process will continue, that is,
there will appear eleclromagnetic oscillalions in which
the energy will alternate between that of the electric field
and that of the magnetic.

4.22. For an electron that is inside the disk al a distance
r fromn the axis to move along a circle, there should be a
force pulling it to the axis. According to Newton’s
second law,

I = mor.

This force is gencrated by a radial electric field caused by
the redistribution of the electrons in the disk and is such
that the force acting on the electron is

I' = el = mo?r.

If we substitute —d¢/dt for £ and integrate {rom ¢,
to ¢, and from O to R, where R is the radius of the disk,
we get

¢ do w? ¢
m
S—d-l—- __—-—-—e—S"dr.
@y 0
As a resull, we get the potential difference between the
center of the disk and the edge:

U:(Pi—(Pzz—zef‘_:—z—e—, (4.22.1)

where v is the linear velocily of points at the edge of the
disk. Theoretically formula (4.22.1) can be used to deter-
mine the electron’s charge-to-mass ratio. But actually
this constitules a problem, as shown by an estimate of
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the potential difference between the axis and the edge.
The electron charge is 1.6 X 10~ C and the electron
mass is 9.1 X 1073 kg. We set the electron linear veloci-
ty on the edge at 300 m/s. The potential difference then
proves to be less than 10 V. I{ is extremely difficult
to measure such a quantity in such a rotating system.
4.23. Moving logether with the cylinder, the electrons
in the wire have a momentum mv each. When the cylin-
der is braked, the electrons continue to move, but the
generaled potential difference creates a braking electric
field of strength £. The force acting on every electron in
the wire is

I = elU/l,
with U the instantaneous potential difference. According
to Newton’s second law,
t)
e

0

where Amv is the momentum lost by an electron during
the entire braking timne, which quantity is equal to the
initial momentum mv. The charge-to-mass ratio for the
electron is then

e vl

0o
SUdt
0

The integral in the denominator can be evaluated by cal-
culating the area under the voltage oscillogram.

4.24. 'The heating of the conductor will result in the elec-
tron diffusing into the neighborhood of section ab,
with the potential of the conductor somewhat increasing.
The current flowing in the conductor will have to overcome
a potential barrier at point a. This requires additional
energy, which will be taken from the metal. On the other
hand, when passing through the conductor at point 0,
the current goes Lo a region with a lower potential, and
in this place energy will be released to the metal. As a re-
sult, the point where the temperature is al a maximum
will shift in the direction of current flow.

4.25. Prior Lo cooling, the resistance of the wire was the
same over the enlire length of the wire (precisely, the
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resistivity was the same at all points of the wire). When
the fan is switched on, the resistance of the section that is
being cooled will lower. This leads to a redistribution of
the potential between the cooled and uncooled sections,
with the greater voltage applied to Lhe latter section, as a
result of which ils temperature increases. This phenome-
non is enhanced by the fact that the resistance of the un-
cooled section somewhat grows with temperature, which
leads to a still greater inhomogeneity in the distribution
of the potential in both sections.

4.26. The resistances of bulbs with the same raied volt-
age are ininverse proportion to the rated wattages. Hence,
the resistance of the bulb with the lower wattage is six
times the resistance of the bulb with the higher wattage.
When the bulbs are connected in series with the DC
source, the current isthe same and six-sevenths of the total
voltage of 220 V, or 189 V, is applied to the first (25 W)
bulb and one-seventh, to the second (150 W) bulb. Actu-
ally the difference is still greater hecause the resistance
of the first bulb will increase due to overhealing, while
that of the second will decrease. Hence, the 25-W bulb
must burn out.

4.27. Anincrease in voltage will lead to an increase in
the currents passing through the conductor and semicon-
ductor, and this will lead to an increase in temperature
of both. As a result the resistance of the conductor will
increase and that of the semiconductor will decrease.
Hence, the current through the semiconductor will increase
greater than in proportion to the voltage, while the cur-
rent through the conductor will increase lesser than in
proportion to the applied voltage, with the result that
the ammeter in the semiconductor circuit will register a
higher current than the ammeter in the conductor circuit.
4.28. Prior to an increase in voltage, the resistances of
the semiconductor and the conductor were equal. When
the voltage is increased, the current in the circuit in-
creases, too, and so does the temperatures of the semicon-
ductor and conductor. This leads to a drop in the resis-
tance of the semiconductor and an increase in the resis-
tance of the conductor. The voltage between the semi-
conductor and conductor will redistribute in such a man-
ner that the voltmeler connected to the conductor will
register a higher voltage than the voltmeter connected to
the semiconductor.

226 N



4.29. Theclectrons leaving the filament, or cathode, cre-
ate a negalive space charge whose field does not let
all the emitted electrons into the region. According to the
Child-Langmuir theory developed for parallel plane elec-
trodes on the assumption that the initial velocity of Lhe
electrons is zero, the current density between the elec-
trodes is

. 4V 2e, ]/_r_ U?/e
J= ] m 2

(the threc-halves power law). Tlere ¢ and m are Lhe elec-
tron charge and eleclron mass, U is Lhe voltage drop ac-
ross the electrodes, and d is the distance between the elec~
trodes. On the current-voltage characteristic, the initial
segment of the curve agrees with the three-halves power
law. Then, as the electron cloud is dissipated, the current
gradually reaches a plateau and saturation sets in, with
the saturation current heing the total flux of electrons
thal the cathode can deliver at a given temperature. The
temperature dependence of the current densily is given
by the Richardson-Dushman equation

i AT ey (= ).

The quantity P in the numerator of the exponent is the
so-called work function, or the work that an electron must
do to leave the metal. The other quantitiesin the equa-
tion are as follows: 7 the thermodynamic temperature, %
the Boltzmann constant, A4’ = 6.02 X 10> A/m?.K? is
a constant that is a combination of universal constants.
The difference in the curves in the figure accompanying
the problem lies in the temperature of the cathode, which
is higher for curve 2.

4.3'. When thermoclectric current flows from Lhe cathode
to the anode, the electrons leaving the cathode cavry
away an energy required for overcoming the polential
barrier that exists at the metal-vacuum interface (the work
function of the electrons), with the result that the cath-
ode cools off. To maintain a constant cathode Lemperature,
the filament current must be increased.

4.31. When the potential difference between the elec-
trodesisnil, the concentration of positive and negative ions
(cations and anions) is Lhe same in practically the entire
volume. When an external vollage is applied, a current
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generated by the motions of cations to the cathode and
anions to the anode begins to flow in the electrolyte. As
a result, the regions near the elecirodes prove to be
depleted of ions whose sign is that of the electrode. Cati-
ons leave the anode and anions leave the cathode. For
this reason, near the anode an excess of negative charge is
formed, while an excess of positive charge is formed in
the region near the cathode. All this leads to a distortion
in the electric field. The enhanced field near the electrodes
imparts an enhanced velocity to the ions. This ensures
the flow of current under lower charge carrier concentra-
tions.

4.32. Thesign of the volume charge is determined by the
direction of convexity of the U vs. z curve.* The volume
charge is positive where the curve is convex upward and
negative where the curve is convex downward, while the
volume charge is nil where the U vs. £ dependence is re-
presented by a straight line. Hence, the entire region be-
tween the cathode and the anode is divided, within the
first approximation (i.e. ignoring certain details), into
the cathode space (from point 0 to point / in the figure
accompanying the problem) with a surplus positive charge,
the Faraday dark space (from point I to point 2)
with a negative charge, and the region of the “positive
column” (from point 2 to point 3), which constitutes a
plasma with practically equal concentrations of elec-
trons and positive ions and, hence, with a net charge
that is practically nil.

* Sce Problems 3.28 and 3.29.

4.33. The conduction-current, density is given by the
formula

je 2 RyU Ly, (4.33.1)
h

where ¢ is the magnitude (without taking into account
the sign) of the elementary charge (the electron charge),
ny the concentration of the given type of charge carriers,
u, the average directional velocity of the carriers, and
Zy the charge number, or valence, of the carriers. For
an electron Z = —1, while for a positive doubly charged
ion (say, Het+) Z = +2. Eleciron velocities exceed ion
velocities by a factor of 10 or even 100, with the result that
even at equal concentrations the electron current is
much stronger than the ion current. Since in an electric
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field electrons and ions move in opposite direclions, we
can assume that the clectron velocity is negalive if the
ion velocity is set positive. Since the number Z for elec-
trons is negalive, the signs of the products in (4.33.1)
coincide, with the result that the ammeter in the gas dis-
charge gap circuit will register the total current of
electrons and ions.

4.34. As the particle moves from the anode Lo the Fara-
day cylinder, the ficld in the region between A and F
constantly changes. When the particle leaves the anode
(through the aperture) and is moving toward the Faraday

A

—— tl

F A ty F A ty F

e
O e

Fig. 4.34

cylinder, it induces positive charges on these electrodes,
and the magnitude of these charges constantly changes.
The densily of these charges on the anode decreases while
that on the Faraday cylinder increases (Lhe variation in
the distribution of electric charge for three moments in
time is shown in the figure accompanying the answer).
For this reason, in the region of space between A and I
there appears a continuous displacement current, which
means that an exact replica of this current appears in the
circuit. The current in the circuit can be graphically re-
presented as a consequence of the fact that in approach-
ing the Faraday cylinder the particle repels, so to say,
the electrons which, in effect, move toward the anode
through the measuring device G. Thus, the current in the
circuit exists during the entire time of motion of the par-
ticle between the anode and the Faraday cylinder, as
shown in Figure (e) accompanying the problem.

4.35. If two metals are brought into contact, the limiting
energies of the electrons will establish themselves al a
common Jevel (the common Fermi level; sce the figure
accompanying (he answer). The difference between the
height of a potential barrier and the Fermi level deter-
mines the external work function e. The difference between
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the two work funclions (for the two barriers) is equal to
the external contact potential difference. To transfer an
electron from the surface of metal 2 to the surface of
metal I requires performing an amount of work equal Lo
eA¢. The distance belween

L the levels of minimal eleclron

ey, ey, . F

energy in the metals deter-

.= A _—lw, - - mines theinternal contact po-
- h W tential difference AWy, Ac-
— cording to the quantum theory

Fig. 4.35 of metals, the Fermi level

at 0 K is pinned at (h%/2m) %
(3n/7)*/?, where h is the Planck constant, m the electron
mass, and n the clectron concentlration in a metal.
Hence, the concentration of electrons in metal 7 is higher.
4.36. The concentration of electrons whose energy ranges
from Wilo W -- AW is
dn = [ (W) dW = CWAdW,

in accordance with Eq. (4.36.1). Integraling this expres-
sion from zero Lo Lhe limiting energy, we obtain the con-
centration of electrons in the entire energy range:
W
n=c | wieaw -
0

2

—CWil,

Hence, Wy oc n?/3. As is proved in the quantum theory
of metals, Wy is given by the following formula (wilh
due regard for universal constants):
h? 3n \2/3
Wp= 2m (T) .
4.37. The clectrical conduclivity (specilic conductance)
of a semiconductor depends on temperature according Lo
the following law:
G- 0y CX]p (—i) or Ino=Ing v
Yo | rr ] - 0 kT
where W is the width of the forbidden band. This law im-
plies that the wider the forbidden band, the steeper the
straight line representing the In o vs. 7' dependence.
Hence, semiconduclor 7 has a wider forbidden band.
4.38. Since the upper sections of the curves for the two
semiconductors coincide and the slopes of the lower sec-
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tions are smaller than those of the upper, the intrinsic
conduclivilies are the same. Also, since the lower sections
of the curves slope in the same manner (i.e. the slopes are
equal), the width of the forbidden band for the impuri-
ties is the same for both semiconductors. Thus, these dia-
grams can be interpreted as a characteristic of impurity
semiconductors with different concentrations of the same
impurities. For a fixed temperature, a higher conductivity
corresponds to a higher located characteristic, Z, and,
hence, a higher concentration of impurities.

4.39. The diffusion of electrons from an n-type semicon-
ductor into a p-type one and of holes from the p-type
semiconductor to the n-type one leads to the appearance
of a positive potential on the n-type semiconductor
(the left branch of curve 0) and a negative potential on the
p-ltype semiconductor (the right branch of the same
curve). If we now apply a positive potential to the n-type
semiconductor and a negative potential to the p-type,
the potential difference between the two semiconductors
will increase (curve ), whence the boundary between the
two semiconductors is depleted of charge carries as a re-
sult of electrons bheing drained to the n-type semiconduc-
tor and holes, to the p-type. Such a direction of the po-
tential difference is the cut-off one. When the exlernal
voltage is applied in the reverse direction (curve 2), the
potential difference lowers, and it proves easier for the
electrons to move to the p-type semiconductor and the
holes, to the n-type. This direction is the conducting one.
4.40. Every semiconductor possesses intrinsic conduc-
tion in addition to extrinsic (or impurity) conduction. In-
trinsic conduction is caused by the transfer of electrons
from the valence band to the conduction band and by
simultancous formation of holes in the valence band. In-
trinsic conduction is pf a mixed nature for this reason, and
because of this the n-type semiconductor carries a small
number of holes while the p-type semiconductor carrics a
small number of elecirons. When a voltage is applied in
the cut-off direction, these charge carriers constitute
the so-called reverse current. As the temperature of a
semiconductor diode isincreased, the electron and hole
concentrations grow, as a result of which conductivity in
the cut-off dircclion grows, too. The reverse current
reaches a plaleau when practically all the “alien” charge
carriers (holes in the n-type semiconductor and electronsin
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the p-type) participate. Usually this current is several or-
ders of magnitude less than the direct current, with the
plateau reached at relatively high voltages. The direct
current grows with voltage very rapidly, since as the vol-
tage is increased, it becomes easier for the charge carriers
to pass through the junction.

4.41. Let us suppose that there is a small deviation from
the state with o = 1. If o drops at point @, the number of
electrons impinging on the surface is smaller than the
number of electrons leaving the surface, with the surface
acquiring a negative potential, which brings down o
still further. And this leads to a further increase in the
negative potential. The process continues until the cur-
rent of primary electrons becomes totally cut off. If at
the same point the value of o increases somewhat, the
surface acquires a positive potential, the velocity of
the electrons increases, and the current continues to
grow, which leads to an increase in o, up to the maxi-
mum on the curve, and then to point b, where ¢ = 1,
just as at point a. Similar reasoning leads us to the con-
clusion that small variations in ¢ at point b change the
potential of the surface in such a way that o returns to
its initial value 0 = 1. Thus, point a corresponds to an
unstable state, while point b corresponds to a stable state.
For a small deviation from the state of equilibrium
corresponding to point a, the surface acquires a potential
that either completely cuts off the current of the primary
electrons or corresponds to that at point b.

4.42. The reflected electrons retain practically all their
initial energy and, hence, correspond to curve 2 in the
figure accompanying "the problem. Secondary electrons,
on the other hand, are freed from the solid bombarded
with the primary electrons at the expense of the energy
of the primary electrons, and this energy is distributed
between the emitted electrons. The energy of the latter
is, as a rule, considerably less than that of the primary
electrons. Moreover, while all the reflected electrons have
velocities that are concentrated within a narrow interval
and have energies close to those of the primary electrons,
the secondary electrons form a broad spectrum of veloci-
ties. The “true” secondary electrons are represented by
curve I in the figure accompanying the problem.
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