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Solution 1 - Circular charged wire

a) An element with length d l⃗ creates an E-field dE⃗ on the point z along the central axis
given by
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The components of dE⃗ along x and y cancel and only the projection on z remains
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where we used the fact that r 2 = z 2 + R2 and z = r cosα. The E-field thus becomes :
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The electric field is zero in centre of the ring, changes sign with the direction of z and
has the shape plotted in the figure
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b) From a symmetry consideration, the E-field at the centre O is pointed in the y-direction.

In addition, we can consider the y component E1,y of the E-field generated by only half
of the wire, as the total field will be E2,y = 2E1,y .

The line charge density λ is

λ =
Q

Rθ
(1)

For a small charge at α with a small wire piece of length R · dα,
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The total field is
E2,y = 2E1,y

=
Q

2πϵ0θR2
sin(θ/2)

(5)

For the semi circle (θ = π) we thus obtain

E⃗ =
Q

2π2ϵ0R2
ŷ

For the three quarter circle (θ = 3
2
π) it becomes

E⃗ =

√
2Q

6π2ϵ0R2
ŷ

It is also clear that for a closed ring the field becomes zero, in accordance with the result
of part (a). For the open ring the E-field away from the xyplane of the ring becomes
more difficult to calculate, but it is a good exercise to consider how one would approach
this problem.

Solution 2 - Electric field and potential of a straight wire/rod

a) From symmetry considerations it follows that the E-field is along the horizontal direction
of the rod towards point B. We will call this direction as x-axis and set the origin (x = 0)
of the x-axis at the right end of the rod.

The contribution of a small part of the rod dx with line charge density λ to the E-field
will be

dq = λdx (6)

dEx =
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=
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To find the potential we integrate from our reference where V = 0 (at ±∞) to the point
we are interested in (x0). To be able to integrate along the positive x -direction we start
at −∞. Thus the potential is

V = −
ˆ x0

−∞
Edx

= −
ˆ x0

−∞

λ

4πϵ0
(
1

x
− 1

L+ x
)

= − λ
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(
1

x
− 1

L+ x
)dx
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4πϵ0
(ln(x )− ln(L+ x )) |x0−∞
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ln(

x
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) |x0−∞

= − λ

4πϵ0
ln(
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The last step uses the formula

Limx→−∞ln(
x

x + L
) = ln(1) = 0 (10)

<latexit sha1_base64="W1A2ZG0LcwzAHdIW0Zbm6aAt/l4=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjNS1GXRjcsK9gHtUDKZTBuaZIbkjliGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknSAQ34LrfTmltfWNzq7xd2dnd2z+oHh51TJxqyto0FrHuBcQwwRVrAwfBeolmRAaCdYPJbe53H5k2PFYPME2YL8lI8YhTAlbqDySBsZZZOHsaVmtu3Z0DrxKvIDVUoDWsfg3CmKaSKaCCGNP33AT8jGjgVLBZZZAalhA6ISPWt1QRyYyfzSPP8JlVQhzF2j4FeK7+3siINGYqAzuZRzTLXi7+5/VTiK79jKskBabo4qMoFRhinN+PQ64ZBTG1hFDNbVZMx0QTCralii3BWz55lXQu6t5lvXHfqDVvijrK6ASdonPkoSvURHeohdqIohg9o1f05oDz4rw7H4vRklPsHKM/cD5/AOQakao=</latexit>

dx <latexit sha1_base64="XoShoJuMOLm02+96Tqea++1OPuY=">AAAB+XicbVDLSsNAFJ3UV62vqEs3wSK4KokUdVl047KCfUATymQyaYfOTMLMTaGE/okbF4q49U/c+TdO2iy09cDA4Zx7uWdOmHKmwXW/rcrG5tb2TnW3trd/cHhkH590dZIpQjsk4Ynqh1hTziTtAANO+6miWISc9sLJfeH3plRplsgnmKU0EHgkWcwIBiMNbdsXGMZK5NHchzEFPLTrbsNdwFknXknqqER7aH/5UUIyQSUQjrUeeG4KQY4VMMLpvOZnmqaYTPCIDgyVWFAd5Ivkc+fCKJETJ8o8Cc5C/b2RY6H1TIRmssipV71C/M8bZBDfBjmTaQZUkuWhOOMOJE5RgxMxRQnwmSGYKGayOmSMFSZgyqqZErzVL6+T7lXDu240H5v11l1ZRxWdoXN0iTx0g1roAbVRBxE0Rc/oFb1ZufVivVsfy9GKVe6coj+wPn8AL2SUBw==</latexit>

d✓

<latexit sha1_base64="dNaRbtHUcByh+nWByrC7ShFQ0BQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuqXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4A+M/w==</latexit>r

<latexit sha1_base64="79J1bXaVrPPqzBoY6cAgTIgqrUg=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjMi6rLoxmUF+4DpUDKZTBuaZIbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAU34LrfTmVtfWNzq7pd29nd2z+oHx51TZJpyjo0EYnuh8QwwRXrAAfB+qlmRIaC9cLJXeH3npg2PFGPME1ZIMlI8ZhTAlbyB5LAWMs8mulhveE23TnwKvFK0kAl2sP61yBKaCaZAiqIMb7nphDkRAOngs1qg8ywlNAJGTHfUkUkM0E+jzzDZ1aJcJxo+xTgufp7IyfSmKkM7WQR0Sx7hfif52cQ3wQ5V2kGTNHFR3EmMCS4uB9HXDMKYmoJoZrbrJiOiSYUbEs1W4K3fPIq6V40vavm5cNlo3Vb1lFFJ+gUnSMPXaMWukdt1EEUJegZvaI3B5wX5935WIxWnHLnGP2B8/kD2wKRpA==</latexit>

dr

<latexit sha1_base64="jqylwcxBagMhesCQ8VFOWEkScmo=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOknjQU=</latexit>x

<latexit sha1_base64="qzGgb515WziRGFAHD0KrPA2YMNY=">AAAB83icbVDLSgMxFL2pr1pfVZdugkVwVWakqMuiCC4r2Ad0hpJJM21oJjMkGaEM/Q03LhRx68+482/MtLPQ1gOBwzn3ck9OkAiujeN8o9La+sbmVnm7srO7t39QPTzq6DhVlLVpLGLVC4hmgkvWNtwI1ksUI1EgWDeY3OZ+94kpzWP5aKYJ8yMykjzklBgreV5EzDgIs7vZwB1Ua07dmQOvErcgNSjQGlS/vGFM04hJQwXRuu86ifEzogyngs0qXqpZQuiEjFjfUkkipv1snnmGz6wyxGGs7JMGz9XfGxmJtJ5GgZ3MM+plLxf/8/qpCa/9jMskNUzSxaEwFdjEOC8AD7li1IipJYQqbrNiOiaKUGNrqtgS3OUvr5LORd29rDceGrXmTVFHGU7gFM7BhStowj20oA0UEniGV3hDKXpB7+hjMVpCxc4x/AH6/AHfWpGW</latexit>

E1

<latexit sha1_base64="W1A2ZG0LcwzAHdIW0Zbm6aAt/l4=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjNS1GXRjcsK9gHtUDKZTBuaZIbkjliGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknSAQ34LrfTmltfWNzq7xd2dnd2z+oHh51TJxqyto0FrHuBcQwwRVrAwfBeolmRAaCdYPJbe53H5k2PFYPME2YL8lI8YhTAlbqDySBsZZZOHsaVmtu3Z0DrxKvIDVUoDWsfg3CmKaSKaCCGNP33AT8jGjgVLBZZZAalhA6ISPWt1QRyYyfzSPP8JlVQhzF2j4FeK7+3siINGYqAzuZRzTLXi7+5/VTiK79jKskBabo4qMoFRhinN+PQ64ZBTG1hFDNbVZMx0QTCralii3BWz55lXQu6t5lvXHfqDVvijrK6ASdonPkoSvURHeohdqIohg9o1f05oDz4rw7H4vRklPsHKM/cD5/AOQakao=</latexit>

dx

<latexit sha1_base64="jqylwcxBagMhesCQ8VFOWEkScmo=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOknjQU=</latexit>x

<latexit sha1_base64="sSx1ErCLXCgbd6B4VV/0j6lrqFo=">AAAB83icbVBNSwMxFHxbv2r9qnr0EiyCp7JbinosiuCxgq2F7lKyabYNzSZLkhXK0r/hxYMiXv0z3vw3Zts9aOtAYJh5jzeZMOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoq2WqCO0QyaXqhVhTzgTtGGY47SWK4jjk9DGc3OT+4xNVmknxYKYJDWI8EixiBBsr+X6MzTiMstvZoDGo1ty6OwdaJV5BalCgPah++UNJ0pgKQzjWuu+5iQkyrAwjnM4qfqppgskEj2jfUoFjqoNsnnmGzqwyRJFU9gmD5urvjQzHWk/j0E7mGfWyl4v/ef3URFdBxkSSGirI4lCUcmQkygtAQ6YoMXxqCSaK2ayIjLHCxNiaKrYEb/nLq6TbqHsX9eZ9s9a6Luoowwmcwjl4cAktuIM2dIBAAs/wCm9O6rw4787HYrTkFDvH8AfO5w/g3pGX</latexit>

E2

<latexit sha1_base64="/dDa1G+NLVuE4hmxdIiqR4yTaI8=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx7ByCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJYPZpygH9GB5CFn1Fipft8rltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+AK+PjN8=</latexit>

R

<latexit sha1_base64="jqylwcxBagMhesCQ8VFOWEkScmo=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOknjQU=</latexit>x
<latexit sha1_base64="/dDa1G+NLVuE4hmxdIiqR4yTaI8=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx7ByCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJYPZpygH9GB5CFn1Fipft8rltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+AK+PjN8=</latexit>

R
<latexit sha1_base64="EsUXQCVtBq4y73jg2L4sJIh3P3Q=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqGXQxsIiAfMByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7fK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZe+yXKlXStWbLI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCmd4zZ</latexit>

L

<latexit sha1_base64="HaszYNekw/0/JhNAy2dbyNJaUNg=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRa1GVRBJcV7AOaUCbTSTt0MgnzEErob7hxoYhbf8adf+OkzUKrBwYO59zLPXPClDOlXffLKa2srq1vlDcrW9s7u3vV/YOOSowktE0SnsheiBXlTNC2ZprTXiopjkNOu+HkJve7j1QqlogHPU1pEOORYBEjWFvJ92Osx2GU3c4G54Nqza27c6C/xCtIDQq0BtVPf5gQE1OhCcdK9T031UGGpWaE01nFN4qmmEzwiPYtFTimKsjmmWfoxCpDFCXSPqHRXP25keFYqWkc2sk8o1r2cvE/r290dBVkTKRGU0EWhyLDkU5QXgAaMkmJ5lNLMJHMZkVkjCUm2tZUsSV4y1/+Szpnde+i3rhv1JrXRR1lOIJjOAUPLqEJd9CCNhBI4Qle4NUxzrPz5rwvRktOsXMIv+B8fAPiYpGY</latexit>

E3

Figure 1: A circular ring, a circular disk and a cylinder.

b) The solution should be found by relating a circular ring, a circular disk and finally the
cylinder. For a circular ring with radius r , width dr , thickness dx and distant x from
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point A, the E-field is E1 in x-direction

dq = ρr · dθ · dr · dx (11)

E1 =
1

4πϵ0

ˆ 2π

0

xdq

(x 2 + r 2)3/2

=
ρrxdrdx

4πϵ0(x 2 + r 2)3/2

ˆ 2π

0

dθ

=
ρrxdrdx

2ϵ0(x 2 + r 2)3/2

(12)

For a circular disk with radius R, thickness dx and distant x from point A, the E-field is
E2 in x-direction

E2 =

ˆ R

0

E1

=

ˆ R

0

ρrxdrdx

2ϵ0(x 2 + r 2)3/2

(13)

For a cylinder with radius R, length L and distant x0 from point A, the E-field is E3 in
x-direction

E3 =

ˆ x0+L

x0

E2

=

ˆ x0+L

x0

ˆ R

0

ρrxdrdx

2ϵ0(x 2 + r 2)3/2

=
ρ

2ϵ0
[L+

√
R2 + x 2

0 −
√
R2 + (x0 + L)2]

(14)
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Solution 3 - Drilling into a disk

Assume the surface charge density is σ. For a circular ring with radius r , width dr and
distant z from point P, the E-field E1 is

dq = σr · dθ · dr (15)

E1 =
1

4πϵ0

ˆ 2π

0

zdq

(z 2 + r 2)3/2

=
σrdr

4πϵ0

ˆ 2π

0

zdθ

(z 2 + r 2)3/2

=
σrzdr

4πϵ0(z 2 + r 2)3/2

ˆ 2π

0

dθ

=
σrzdr

2ϵ0(z 2 + r 2)3/2

(16)

For the circular disk with radius R, the E-field is E2 in x-direction and is

E2 =

ˆ R

R2

E1

=

ˆ R

R2

σrzdr

2ϵ0(z 2 + r 2)3/2

=
σz

2ϵ0

ˆ R

R2

rdr

(z 2 + r 2)3/2

=
σz

2ϵ0

ˆ z2+R2

z2+R2
2

dt

2t3/2

=
σz

2ϵ0

(
− 1

t1/2

)
|z2+R2

z2+R2
2

=
σz

2ϵ0

[
1

(z 2 + R2
2)

1/2
− 1

(z 2 + R2)1/2

]

(17)

It can also be solved in a simpler way using the superposition principle. The E-field of a
charged disk of radius R is derived in the lectures as

E (R) =
σz

2ϵ0

[
1

z
− 1

(z 2 + R2)1/2

]
(18)

Using the superposition principle, the drilled disk can be consider as a positively charged
disk of radius R plus a negatively charged disk of radius R2, therefore the total E-field is

E2 = E (R)− E (R2)

=
σz

2ϵ0

[
1

(z 2 + R2
2)

1/2
− 1

(z 2 + R2)1/2

]
(19)
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Solution 4 - Asymmetric charge distribution

The general idea is sketched in the figure. To obtain the σ0 cos θ charge distribution we
consider two spheres that are slightly displaced by dz

The spheres are charged with a uniform positive and negative volume charge density of ρ
and −ρ. Using Gauss’s law it has been derived in the lecture that the potential of such a
sphere is the same as for a point charge with the same total charge if we look outside the
radius of the sphere a. In this case the total charge should be considered

Q =
4

3
πa3ρ

The potential from the positively charged sphere is

Φ+ =
4
3
πa3ρ

4πϵ0r

and from the negatively charged sphere Φ− = −Φ+ − dΦ+ whereby the last term is due to
the small displacement dz . Thus the total potential is

Φ = Φ+ + Φ− = −dΦ = −
∂
(

4
3
πa3ρ

4πϵ0r

)
∂z

dz

Along the same lines as in the lecture we thus obtain

Φ =
4
3
πa3ρdz cos θ

4πϵ0r 2

For dz small, the charge in the parts of the spheres that don’t overlap (c) can be considered
the surface charge density σ0 (volume charge density with one dimension removed becomes
surface charge density):

ρdz = σ0

Thus the expression for the potential above can be rewritten as

Φ =
p⃗ · r̂
4πϵ0r 2
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with

p⃗ =
4

3
πa3σ0ẑ =

(
4

3
πa3ρdz ẑ

)
The asymmetric charge distribution thus has the same potential as a dipole with this dipole
moment. Note that the dipole moment can also be calculated by integrating the expression
for σ with regard to the centre of the sphere.

Solution 5 - Potential of a quadrupole

d

d

q

q

-2q
θ1

θ2

P

r

r1

r2
We choose the origin on the central charge −2q . r1
and r2 are the distances of the lateral charges from
the reference point P identified by r⃗ .
From the hypothesis: r1, r2, r ≫ d .

Using the superposition principle, the expression for
the potential is:

Φ(r) =
1

4πϵ0

(
q

r1
− 2q

r
+

q

r2

)
=

q

4πϵ0 r

(
r

r1
+

r

r2
− 2

)

We can express r1 and r2:
r 21 = r 2 + d2 − 2rd cos θ1

r 22 = r 2 + d2 − 2rd cos θ2

Note that θ1 = π − θ2 such that cos θ1 = − cos θ2. We can then write:

r 21 = r 2 + d2 − 2rd cos θ

and
r 22 = r 2 + d2 + 2rd cos θ

where we have renamed θ = θ1 and used the relation between θ1 and θ2.

Binomial expansion: we use 1/
√
1 + x ≈ 1 − x/2 + 3x 2/8 valid for small x ; terms of order

higher than d2/r 2 are neglected only after having carried out the expansion.

r

r1
= 1− d

r
cos θ +

d2

r 2

(
3 cos2 θ − 1

2

)
+ . . .

and
r

r2
= 1 +

d

r
cos θ +

d2

r 2

(
3 cos2 θ − 1

2

)
+ . . .

The expression for the potential is then

Φ(r) =
2qd2

4πϵ0r 3
3 cos2 θ − 1

2
=

qd2

4πϵ0r 3
(3 cos2 θ − 1)
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