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B30: The Electric Field Due to a Continuous Distribution of Charge on a Line

Every integral must include a differential (such as dx, dt, dq, etc.). An integral is an
infinite sum of terms. The differential is necessary to make each term infinitesimal
(vanishingly small). [ f(z)dz is okay, [ g(y)dy is okay, and [ h(t)d¢t is okay, but never
write [ f(z), never write [ g(y) and never write [ h(t).

Here we revisit Coulomb’s Law for the Electric Field. Recall that Coulomb’s Law for the Electric Field gives an expression for the
electric field, at an empty point in space, due to a charged particle. You have had practice at finding the electric field at an empty
point in space due to a single charged particle and due to several charged particles. In the latter case, you simply calculated the
contribution to the electric field at the one empty point in space due to each charged particle, and then added the individual
contributions. You were careful to keep in mind that each contribution to the electric field at the empty point in space was an
electric field vector, a vector rather than a scalar, hence the individual contributions had to be added like vectors.

A Review Problem for the Electric Field due to a Discrete Distribution of Charge

Let’s kick this chapter off by doing a review problem. The following example is one of the sort that you learned how to do when
you first encountered Coulomb’s Law for the Electric Field. You are given a discrete distribution of source charges and asked to
find the electric field (in the case at hand, just the z component of the electric field) at an empty point in space.

The example is presented on the next page. Here, a word about one piece of notation used in the solution. The symbol P is used to
identify a point in space so that the writer can refer to that point, unambiguously, as “point P.” The symbol P in this context does
not stand for a variable or a constant. It is just an identification tag. It has no value. It cannot be assigned a value. It does not
represent a distance. It just labels a point.
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There are two charged particles on the x-axis of a Cartesian coordinate system, ¢q; at z = z; and ¢y at z = x5
where x5 > x; . Find the  component of the electric field, due to this pair of particles, valid for all points on the
z-y plane for which z > x5 .

Linear Charge Density

Okay, enough review, now lets consider the case in which we have a continuous distribution of charge along some line segment. In
practice, we could be talking about a charged piece of string or thread, a charged thin rod, or even a charged piece of wire. First we
need to discuss how one even specifies such a situation. We do so by stating what the linear charge density, the charge per-length, A
is. For now we’ll consider the meaning of A for a few different situations (before we get to the heart of the matter, finding the
electric field due to the linear charge distribution). Suppose for instance we have a one-meter string extending from the origin to
z = 1.00m along the x axis, and that the linear charge density on that string is given by:

A=1.56-z.
m2

(Just under the equation, we have depicted the linear charge density graphically by drawing a line whose darkness represents the
charge density.)
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Note that if the value of x is expressed in meters, A will have units of %j, units of charge-per-length, as it must. Further note that
for small values of x, A is small, and for larger values of , A is larger. That means that the charge is more densely packed near the
far (relative to the origin) end of the string. To further familiarize ourselves with what A is, let’s calculate the total amount of
charge on the string segment. What we’ll do is to get an expression for the amount of charge on any infinitesimal length dx of the
string, and add up all such amounts of charge for all of the infinitesimal lengths making up the string segment.

dx
e
X | (1.00m, 0)

The infinitesimal amount of charge dq on the infinitesimal length dz of the string is just the charge per length A times the length
dz of the infinitesimal string segment.

dq = A\dz

Note that you can’t take the amount of charge on a finite length (such as 15¢m) of the string to be A times the length of the
segment because A\ varies over the length of the segment. In the case of an infinitesimal segment, every part of it is within an
infinitesimal distance of the position specified by one and the same value of x. The linear charge density doesn’t vary on an
infinitesimal segment because x doesn’t—the segment is simply too short.

dx
el
Y ! (1.00m, 0)

\dq—/ldx

To get the total charge we just have to add up all the dq’s. Each dq is specified by its corresponding value of . To cover all the dg’s
we have to take into account all the values of  from 0 to 1.00 m. Because each dg is the charge on an infinitesimal length of the
line of charge, the sum is going to have an infinite number of terms. An infinite sum of infinitesimal pieces is an integral. When we
integrate

dqg = Adzx

we get, on the left, the sum of all the infinitesimal pieces of charge making up the whole. By definition, the sum of all the
infinitesimal amounts of charge is just the total charge ) (which by the way, is what we are solving for); we don’t need the tools of
integral calculus to deal with the left side of the equation. Integrating both sides of the equation yields:

1.00m
Q= / Adz
0

Using the given expression A = 1.56%m we obtain
m

1.00m C C [1.00m C z2 1.00m C 1(1.00m)* (0)?
Q :/ 2.56“—2xdx=2.56“—2/ zdz =2.56 2 :2.56“_[ﬂ_ﬁ] —1.28uC
0 m m2 Jo m2 2 o m2 2
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A few more examples of distributions of charge follow:

For instance, consider charge distributed along the x axis, from & = 0 to = L for the case in which the charge density is given by
A = Apypax sin(rradz /L

where Apr4x is a constant having units of charge-per-length, rad stands for the units radians, « is the position variable, and L is the
length of the charge distribution. Such a charge distribution has a maximum charge density equal to Aps4x occurring in the middle
of the line segment.

Another example would be a case in which charge is distributed on a line segment of length L extending along the y axis from
y =a to y = a+ L with a being a constant and the charge density given by

_ 38uC-m

Y2
In this case the charge on the line is more densely packed in the region closer to the origin. (The smaller y is, the bigger the value
of A, the charge-per-length.)

A

The simplest case is the one in which the charge is spread out uniformly over the line on which there is charge. In the case of a
uniform linear charge distribution, the charge density is the same everywhere on the line of charge. In such a case, the linear charge
density A is simply a constant. Furthermore, in such a simple case, and only in such a simple case, the charge density A is just the
total amount of charge @ divided by the length L of the line along which that charge is uniformly distributed. For instance, suppose
you are told that an amount of charge @) = 2.45C is uniformly distributed along a thin rod of length L = 0.840m. Then A is given

by:
_Q
A= L
2.4
\— 5C
0.840m
A= 2.92g
m

The Electric Field Due to a Continuous Distribution of Charge along a Line

Okay, now we are ready to get down to the nitty-gritty. We are given a continuous distribution of charge along a straight line
segment and asked to find the electric field at an empty point in space in the vicinity of the charge distribution. We will consider the
case in which both the charge distribution and the empty point in space lie in the z-y plane. The values of the coordinates of the
empty point in space are not necessarily specified. We can call them z and y. In solving the problem for a single point in space with
unspecified coordinates (z, y), our final answer will have the symbols z and y in it, and our result will actually give the answer for
an infinite set of points on the z-y plane.

The plan for solving such a problem is to find the electric field, due to an infinitesimal segment of the charge, at the one empty
point in space. We do that for every infinitesimal segment of the charge, and then add up the results to get the total electric field.

Now once we chop up the charge distribution (in our mind, for calculational purposes) into infinitesimal (vanishingly small) pieces,
we are going to wind up with an infinite number of pieces and hence an infinite sum when we go to add up the contributions to the
electric field at the one single empty point in space due to all the infinitesimal segments of the linear charge distribution. That is to
say, the result is going to be an integral.

An important consideration that we must address is the fact that the electric field, due to each element of charge, at the one empty
point in space, is a vector. Hence, what we are talking about is an infinite sum of infinitesimal vectors. In general, the vectors being
added are all in different directions from each other. (Can you think of a case so special that the infinite set of infinitesimal electric
field vectors are all in the same direction as each other? Note that we are considering the general case, not such a special case.) We
know better than to simply add the magnitudes of the vectors, infinite sum or not. Vectors that are not all in the same direction as
each other, add like vectors, not like numbers. The thing is, however, the £ components of all the infinitesimal electric field vectors
at the one empty point in space do add like numbers. Likewise for the y components. Thus, if, for each infinitesimal element of the
charge distribution, we find, not just the electric field at the empty point in space, but the z component of that electric field, then
we can add up all the z components of the electric field at the empty point in space to get the 2 component of the electric field, due
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to the entire charge distribution, at the one empty point in space. The sum is still an infinite sum, but this time it is an infinite sum
of scalars rather than vectors, and we have the tools for handling that. Of course, if we are asked for the total electric field, we have
to repeat the entire procedure to get the y component of the electric field and then combine the two components of the electric field
to get the total.

The easy way to do the last step is to use i, 3, k notation. That is, once we have E; and E,, we can simply write:

E=E,i+E,j

@ 0 @ B30.5 https://phys.libretexts.org/@go/page/7888


https://libretexts.org/
https://creativecommons.org/licenses/by-sa/2.5/
https://phys.libretexts.org/@go/page/7888?pdf

LibreTextsw

Find the electric field valid for any point on the positive = axis due a 36.0cm long line of charge, lying on the y
axis and centered on the origin, for which the charge density is given by

C , Asusual, we'll start our solution with a diagram:
A= 0.00120—y
m

2=0.00120-5 "

3
m

Note that we use (and strongly recommend that you use) primed quantities (z’,y’) to specify a point
on the charge distribution and unprimed quantities (z,y) to specify the empty point in space at which

we wish to know the electric field. Thus, in the diagram, the infinitesimal segment of the charge
distribution is at (0,y") and point P, the point at which we are finding the electric field, is at (z,0).

Also, our expression for the given linear charge density A = 0.00120%312 expressed in terms of y’
rather than y is: :

c
A= 0.00120—2y'2
m

The plan here is to uie Coulomb’s Law for the Electric Field to get the magnitude of the infinitesimal

electric field vector dE at point P due to the infinitesimal amount of charge dqg in the infinitesimal
segment of length dy’.

_ kdq

P2

dE

The amount of charge dgq in the infinitesimal segment dy’ of the linear charge distribution is given by

dqg = My’
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¥ axis

+0.180 m

X axis

From the diagram, it clear that we can use the Pythagorean theorem to express the distance r that
point P is from the infinitesimal amount of charge dg under consideration as:

Substituting this and dg = Ady’ into our equation for dE (dF = %) we obtain

kAdy'

dE = 22 + o

Recall that our plan is to find E,, then E, and then put them together using E= Exi +Ey§'. So for
now, let's get an expression for E,.

Based on the vector component diagram at right we have
dE, = dFEcosf

X axis

The 6 appearing in the diagram at right is the same 6 that appears in the diagram above. Based on
the plane geometry evident in that diagram (above), we have:

€T

V7 +9?

Substituting both this expression for cos6(cosf =

T
cosf = — =
r

€T

) into the expression dE, = dE cos 6 from the vector component diagram yields:

) and the expression we derived for dE
kAdy'

(@492

above (dE =
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Also, let's go ahead and replace A with the given expression A = 0.00120%3/2

2 /
dE, = (0.001203) _MyTedy

M (2 4 y2)3

Now we have an expression for dE, that includes only one quantity, namely y’, that depends on
which bit of the charge distribution is under consideration. Furthermore, although in the diagram

V axis

+0.180 m

X axis

it appears that we picked out a particular infinitesimal line segment dy’, in fact, the value of y’ needed
to establish its position is not specified. That is, we have an equation for dE, that is good for any
infinitesimal segment dy’ of the given linear charge distribution. To identify a particular dy’ we just
have to specify the value of y’. Thus to sum up all the dE}s we just have to add, to a running total,
the dE, for each of the possible values of y’. Thus we need to integrate the expression for dE, for all
the values of y’ from —0.180m to +0.180m .

+0.180m 2
C k dy’
/dEz —/ 000120—3) - y

m +0.180m C k 2 dv'
osom (22 +y2)? / dE, = / 0 00120—3) o
0.180m m (932 +y/2)5

Copying that equation here:

we note that on the left is the infinite sum of all the contributions to the z component of the electric
field due to all the infinitesimal elements of the line of charge. We don’t need any special mathematics
techniques to evaluate that. The sum of all the parts is the whole. That is, on the left, we have E,.

The right side, we can evaluate. First, let's factor out the constants:

+0.180m 12 /
y dy

- :
(0 00120—) ke / .

The integral is given on your formula sheet. Carrying out the integration yields:

ki
2

(a2 +47)
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B, — (0001208 Voo — Y 4 in(y JE g o
z—(. %) w[ s +in(y +4/2°+y )i|—0.180m

E, = (.00120%)1@- { ({ = :E’f;’;()m)z + ln( +.018m + \[a* + (+.018m)2)} =

[ —.180m

——— In(—.180m + \/xz + (—.180m)2)} }

.360m | z? + (.180m)* + .180m
+ln }
22 + (.180m)? z? + (.180m)? — .180m

Substituting the value of the Coulomb constant k from the formula sheet we obtain

E, — (.00120%)@- {

N -m? { .360m z? + (.180m)? + .180m}

x- + In
C? Vz2 + (.180m)? V2?2 + (.180m)% — .180m

o )8.99 x 107

E, = (.00120$

Finally we have

.360m z? + (.180m)? + .180m }

+In
V2 + (.180m)? Va2 + (.180m)? — .180m

It is interesting to note that while the pasition variable x (which specifies the location of the empty
point in spaceat which the electric field is being calculated) is a constant for purposes of integration

(the location of point P does not change as we include the contribution to the electric field at point P
of each of the infinitesimal segments making up the charge distribution), an actual value z was never
specified. Thus our final result

N
E, = 1.08 x 107 {
« o C-m

.360m z? + (.180m)? +.180m ]

+1n
v/ 2?2 + (.180m)? v x? + (.180m)% — .180m

for E, is a function of the position variable x.

N
Ex=1.08><107c.ma:-[

Getting the y-component of the electric field can be done with a lot less work than it took to get E,, if
we take advantage of the symmetry of the charge distribution with respect to the = axis. Recall that
the charge density ), for the case at hand, is given by:

A= 0.00120%3/2
m

Because ) is proportional to y'?, the value of \ is the same at the negative of a specified 3’ value as it
is at the y’ value itself. More specifically, the amount of charge in each of the two samesize
infinitesimal elements dy’ of the charge distribution depicted in the following diagram:
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» X AXIS

is one and the same value because one element is the same distance below the z axis as the other is

above it. This position circumstance also makes the distance r that each element is from point P the

same as that of the other, and, it makes the two angles (each of which is labeled 6 in the diagram)
_>

have one and the same value. Thus the two dE vectors have one and the same magnitude. As a
— —

result of the latter two facts (same angle, same magnitude of dE), the y components of the two dE
vectors cancel each other out. As can be seen in the diagram under consideration:

» X axis

one is in the +y direction and the other in the —y direction. The y components are “equal and
opposite.”) In fact, for each and every charge distribution element dy’ that is above the z axis and is
thus creating a downward contribution to the y component of the electric field at point P, there is an
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element dy’that is the same distance below the x axis that is creating an upward contribution to the y
component of the electric field at point P, canceling the y component of the

former. Thus the net sum of all the electric field y components (since they cancel pair-wise) is zero.
That is to say that due to the symmetry of the charge distribution with respect to the z axis, E, = 0.
Thus,

Using the expression for E, that we found above, we have, for our final answer:

N [ .360m ,/ (.180m)% +. 180m}
Vv z? + (.180m)? 1/ (.180m)? — .180m

E=E,i

E—108><10‘

This page titled B30: The Electric Field Due to a Continuous Distribution of Charge on a Line is shared under a CC BY-SA 2.5 license and was
authored, remixed, and/or curated by Jeffrey W. Schnick via source content that was edited to the style and standards of the LibreTexts platform.
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