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Solenoids and Magnetic Fields

This lecture is based on HRW, Section 30.4.

¢ A solenoid is a long coil of wire wrapped in many turns. When a current passes through it, it creates a
nearly uniform magnetic field inside.

¢ Solenoids can convert electric current to mechanical action, and so are very commonly used as switches.

e The magnetic field within a solenoid depends upon the current and density of turns.

e In order to estimate roughly the force with which a solenoid pulls on ferromagnetic rods placed near it, one
can use the change in magnetic field energy as the rod is inserted into the solenoid. The force is roughly

change in magnetic field energy
force on rod = e
distance rod moves into solenoid

e The energy density of the magnetic field depends on the strength of the field, squared, and also upon the
magnetic permeability of the material it fills. Iron has a much, much larger permeability than a vacuum.
e Even small solenoids can exert forces of a few newtons.
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[The Solenoeld

One  common and importart magnetic,
dool is Hhe solenoid : a coil oF wire mepeA
+ig,1a+lﬂ avound o cg,'indﬂ.r.

Within the coils, &S‘{'Nh‘g maﬂn&h—
field arises whenever current s run Hirough
the wire. The direction oF Hie magnehc
field dipehds on e direchsn of the
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Outside the coils, fhe maﬂnﬂ:l't'c.,
-ﬂdd is small.

Whet's so great about fhe solenoid 2
Two things

- i provides a simple means
Yo genenate a strong
ma&nd‘ic -Fie.lcl

~ it may be used fo convert
electnc curvents rto
mechamical motion and
foree ; for example, n
o~ Switch

A solenoid acks in some ways Ik
o permanent maguat = but one which
con be veversed, and tumed on and off,
ok will,
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The Magnetic Fleld of a Solenod

TF we look deep within a solenoid,
for foom +he ends, we can use Ampere's
Law to caleulate the feld shrenghn :

The magnekic fiald (deqa) Wwithiia
he solenoid has a unform vale B,
and odside Hhe csils, has value Zen.
T here are 1 cails per meter, then

Icndasui = Ln L)
ond e l’&egraﬂ

g'é-d'i = BL+O0+0+0
= BL
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Amperes Law ollows us 4o calculate
the strength of the magnetic freld

gﬁ-ds = uT
BL = uoTnlL

= e
e T e

n i number aF coils per mehr

Ex: inorder to generahe a r-mﬂntlic -Rdd as
shong as He anth’s, B = §x(0°7 T,
with & cumedt of only T =4A, we
need o solenoid with

5 E: ID"; T
"= T T (st ) (1a)
= "f‘o furns |:l¢r meter

~ 1+ump¢rbhc.k
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Majne:ﬁc., Feld along axis & Solenoid

Suppose we need b know the magnehc
field near fhe edge of a solenoid, or outside
the cals, The magnetic freld Sfmns-[’h.,

15 no longer uniform, so we wn't use
Awpert's Laws. Whak cn we do €

g, S noveecs
AT g g g M—\

For locohons a.lnn_g e axvs of He
Coils, we can

- consider dB due fo one
rin_g of current

N

— integrate oves all coils
4o find B

Th essence, we apply He Frneiple
& Surf.rpoiih'nn :
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A coil o wire, radiis R, cames
o cwment L. T creates a mognetic feld
o powt £ . The magnekc feld due b a
by segment of the coil ; up ot Hop of loop,
' I d3ah
AE & ):Hr e
whidh powts down and 4o the right.
A field oF the same shrength will be
creaed by segment ot bottom of loop —
buk it will post Up and b Hhe right
The vertical :nmpontn{'s cancel out, Imvﬁs

AB = )'_"l_'_‘];_ JS : R e
horik 4 DRRE ([pRE
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In

1; Lut -.swjrearah NS a@ﬂ 'hl\

segmant nthe wire, we fird +he +d-uﬁ
Mﬂﬂ.nd'l(. ‘Fdd

[

}

1

T |
L]

i

1

)'lu
e

L R
L /‘:l’ 2 p2\3% 2R
(D-rﬁ)

peL __R .
2 (D"-#-ﬂ’f)"’"’ o right

Viewgraph 7

http://spift rit.edu/classes/phys313/lectures/sol/sol_f01_long.html

8/15



7/22/2018 Solenoids and Magnetic Fields

“That gives us Hhe magnetic freld
alnnﬂ-'ﬂu axis of a .ﬂ‘ggi& laa{J To caleulate
-E olbnj axis of a solenoid, we must IH-grml't.

ovesr all Hie loops :
@ © 0 &0 O
2'1 —!P‘-—';R—'—HIE-* IR
'_D * O%W M KON X
< —_
L

Consider a sechon O‘F 'Hu. Solenoid
oF length dx . The 4otald curment winding
aund Hie solenoid i Hiak sechkon is

T,, = T(ndx)

“This Sechon s located o distance
distance = D +X

away from poit . So T contribudes

)»I,,-.I n dx R*
2 ([poTi+RE)%

B =
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And so He Hotal magnekc field
oX a point T whchis D away from
the edge of the solencid is

jw edqe
B-hd- = B

near dﬂt

y £ 1

£ ek

2 ([_D*:flt* R* e

A0

el

Mo nR* g dx
([orxa*+ RE)*

XEQ

= simpf‘ﬁes a bit to substbute

2= D+
E2zD+l
JoTnR2 g de
‘b-hﬂ" = T_ (%"""Rl e
2sD
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The integral can be done ,
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http://spift rit.edu/cla:

How hard doec o solenoid pull '@

A solenoid can create a maﬂn@l-ic:...
Sied — bt how wuch forca can
exert on a switch ©

A SH'Hch but appmk;mai'e, onswer~
is given by energy conservation . When
o solenoid s emply | +he energy of
fhe wmagnetic field within 't s

A (Emtﬂ'j) = @dumg,) (mnﬂ enemy densﬂy)
(wlu.me,) 31
240 Mo

But if one fills Hie space within
with Some substance, one must use the
mognehic permebildy oF ot substance
fo caleulate the energy of H mgneh::.

fied
w(f: l!d) (otume.) i}.&. (ﬁ "‘)
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Tron (and cobalt and m‘ckel) have.
very |a,p3£. ma._tjnd-i‘c. Fermmb:!.'h'e.s 1 'Pgr'
some types of iron,

Jiwiie 107
= Yrxio® T/h*

“The force on an iron rod as i+ is
puled Wo a solenoid can be approximated as

NN )" XY

16— | —»

S et
Uoy= L78) 307 U ()L (&)

AU = BZLT'QI( ‘“'"—l)

z.}.!,n ,up

ond force is chanse in enermy divided
distance woved by the vod . Y
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T o Deuth ey

5 distance

AU _ TRZB* ( JAm l)
=T z-yp Me
'Fbr o '\jfu'cpt lv'musekolcl- Salahﬁc.‘( )

R= 5mm
B= 10T
)Jn': Y x I!J"" T/ﬂl

|

so +he force Puﬂnhﬂ Hhe iron rod when
currert 8 fumed on may be

F ~ 03N
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Challenge. Question

You ace gwen a
solenerd wrh
L= 20 em
R*= 2cm
N = 200 4ums

)

—r—

9 )

and an iron Yoar which just
'ﬁ'\'i mstde. the Solenoid, withy

Jap = 2x107* T/A%

How much curret must qou ruwn
-?G(ou:gk #he solenoid 4o keq.: He iron

bar fowm folling out the botom T

AL AR
B. 10 A
C. 100/

D. Ipoo A
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