Coil calculations
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This article provides a comprehensive analysis of electromagnetic coil calcula-
tions, from basic principles to advanced mathematical treatments. We begin with
simplified models to build intuition about magnetic fields in solenoids, then progress
to more sophisticated analyses using elliptic integrals. The work covers magnetic
field calculations both on and off axis, vector potential derivations, and practical
considerations like resistance calculations and wire selection. Special attention is
given to the effects of coil geometry, number of turns, and material properties
on the magnetic field distribution and electrical characteristics. The analysis in-
cludes both analytical solutions and practical engineering considerations, making
it valuable for both theoretical understanding and practical applications.
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The complexity of calculating the magnetic field and electrical properties of a coil depends
on the desired accuracy[l]. We will start with a simple model to build some intuition on
the problem. We will later consider a more sophisticated model to address the intricacies of
practical devices. Figure 1 illustrates a coil of wire carrying a current.

Figure 1: An illustration of current carrying solenoid of height H and radius R.


https://tetraquark.vercel.app/posts/coil_calcs/
mailto:quarktetra@gmail.com

We will take a deep dive into the physics of coils to compute certain geometrical and electrical
properties based on practical considerations such as packing density and insulation thickness.

Magnetic Field

The calculation of the magnetic field is no simple task. We will start with a back of the
envelope calculation.

A simple model
To get a feel for the overall magnetic field strength, let us start with a simplified case in which
the solenoid is very tall compared to its width, i.e., H > R, and has many turns N > 1. We

will first be interested in what is going on inside the coil. In the steady state, we can calculate
the magnetic field using Ampere’s law:

or equivalently the integral version of it:

/dS-VxB:%dﬁ-B:uo/dS'J (2)

The integration surface dS is bounded by the closed loop df as shown in red in Figure 2.
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Figure 2: An illustration of current carrying solenoid of height H and radius R.



The magnetic field outside the coil will be zero in this approximation (up to 1/N terms). The
amount of current passing through the surface is given by I x Number of turns in the loop =
I x %l. Furthermore, the only contribution to the line integral comes from the path inside the
coil which gives [B,. Therefore we get the following simple expression for the magnetic field
inside the coil:

N
B, = pol x H- poln (3)

where n = % is the number of turns per unit length. Self inductance of a coil is defined as the

magnetic flux linkage per unit current in the loop :

® N AreaB, AN?

Note that if we had some magnetic material inside the coil, the magnetic field would have
been different. If the material is fully inserted, we can simply replace p, with p,., which is the
permeability of the material. In such cases, the magnetic field becomes:

N
Bz:y’cjxﬁ::u’c[n (5)

A more realistic model
We need a more precise model of the magnetic field created by the solenoid. Let us start
simple and look at the magnetic field of a single circular loop with a current as in Figure 3.

The magnetic field at an arbitrary point r is given by the Biot-Savart law|[2]:

B(r) = Zﬁ/w (6)

where we use the primed coordinates for the source points.

We will be mostly interested in the z component of the magnetic field on the z-axis, and
this will simplify our life immensely: r = 2z , d¢ = d¢*’, and r — v’ = #z — Rr giving
dl’ x (r —=1') = dl (%r + Rz). Furthermore |r —r'| = VR2 + 22, and d¢’ = Rd¢’. Therefore
the magnetic field on the z axis is the following:

0
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Figure 3: A single loop of current. We are mostly interested in the field on the z axis.

where the component along drops off due to symmetry as we integrate over ¢’. The magnetic
field in Eq. Q@ref(eq:biotsavartlawz) has its maximum value at z = 0, and we can expand it
around z = 0 for small z to get the following:

I 1 2
B(r) = — Moo gt (1 _ ?’Z) z, (8)
2R (1+ %)

which shows that it can be modeled as a quadratic function around the origin.

Figure Figure 3 shows a single loop sitting at z = 0. If the solenoid has a finite height, let’s call
it H, it will be many such single loops stacked on top of each other. Let’s label the positions
of these loops as z’. If we take a small slice of these loops from 2’ to 2’ + dz’, the current in
this slice will be dI = NI dﬁz’, which is simply the number turns per length times the length
dz’. Now the magnetic field becomes:
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Equation 9 accounts for the finite height of the coil, and expanding it around z = 0 gives the

quadratic term:

Nugl 48 R?

Ho 81 22, (10)
2 (H2 + 4R2)5/2

which goes like 1/H* for large H' . In other words, the magnetic field becomes pretty flat
inside the solenoid if H is large. Tall solenoids won’t apply a strong restoring force close to
the middle point.

It is interesting to note that if one inserts a permanent magnet with moment M close to the
center, it will couple to this magnetic fields as oc —IM - B o< 22, which will be simple harmonic
oscillator.

Series expansion

The calculation of the magnetic field off the z axis is a bit much more involved.

The complete computation of the magnetic field will result in elliptical integrals[3]. The cor-
responding inductance will also involve elliptical integrals. We will avoid the elliptic integrals
for now by settling for the an approximate solution. We have calculated the magnetic field on
the central axis in Eq. 9, and that can enable us to step off the axis. We can start from the
Ampere’s law, Eq. 1 in the absence of sources:

VxB = 0. (11)

Since the curl of B is 0, from the fundamental theorem of vector calculus, we know that B
can be written as the gradient of a magnetic scalar potential:

B = -V (12)

lassuming we keep adding turns to keep N/H constant



Furthermore, since there are no magnetic monopoles, B is also divergence free:

V-B=-V%=0.

(13)

We would like solve the Laplace’s equation in spherical coordinates as illustrated in Figure 4.

Figure 4: The spherical coordinates.
In the spherical coordinates, the Laplace equation reads:
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We can separate the variables as ¥(r, 0, ¢) = R(r)©(0)P(¢):

0P d [ ,dR R® d (. ,d© RO 9%*®
i (r 7> _ (smtg—) — 55 =0,
r2 dr dr r2sin6 df dé r2sin? § 02

or equivalently

sin®f d ( 2dR> sinf d ( 0d®> _19%

R ar\" dr) 7 0 a0 \™"a9) T a4

(14)

(15)

(16)

Since the left-hand side of Eq. 16 depends on r and 6 only, and the right one depends on ¢
only, overall they can only be equal to a constant, which we will call m?. This separates out



the @ function. Furthermore, since ¢ is the angle, the solutions have to be 27 periodic, which
gives:

D(¢) = e'm?, (17)

Putting this back in Eq. 16 and dividing the it by sin? 0 we get:

1d/,dR 1 d do© m?
- )= — |(sinfg— ) — ———. 1
R dr (T dr> sin 6O df (sm@ d9> sin? 6 (18)

Similarly, since the left-hand side of Eq. 18 depends on r only, and the right one depends on
0 only, overall they can only be equal to a constant, which we will call c.

Radial dependence

The form of the solution for R(r) is easy to guess since the derivatives are balanced by the
powers of 7, and therefore, a function of the form r! will preserve its form up to a coefficient.

% (7"2((117:) —cert=[ll+1)—c]rt=0 = c=1(l+1). (19)

However, notice the unexpected symmetry of I(I 4+ 1) under [ — —I — 1. This means, if r! is a
solution, so is r—!~1. This suggests the following form of solution for R:

b
ol 1
R(r) =ayr' + T (20)
Angular part
Putting this back in Eq. 18 yields
1 d do m?
——— | sinf— (r+1)— 0 =0. 21
sin 6 d6 <s1n d0)+[( 1 sin? ] 1)
Now define cos @ = x, which gives % = %% = —sin 0% and insert this back in Eq.21:
d*e do® m?
1—2%)—— — 22—+ |I(l+1) — = 0. 22
( x)d:v2 xdx+[(+ ) 1z2]@ 0 (22)

Let’s first attempt to solve this for m = 0 using power series expansion[4]:

O(z) = i cpx®. (23)
k=0



Inserting this back to Eq. 22 we get:

[ee]
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This implies

k(D) —1041) (k=D +k+1)
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which is the recurrence equation for the expansion coefficients.

This is a remarkable equation since it has profound consequences. Earlier in this blog, we
looked at the Quantum Harmonic Oscillator and showed that for a similar series expansion to
converge, we had to have the energy quantized. In this particular problem, until this point,
we have no indication of [ being an integer. But now, we see that it has to be an integer so
that the series truncates for k > [ (for every other k). That’s the first observation.

The second observation is associated with the parity symmetry of the original differential Eq.
22, which is invariant under x — —z upto the overall sign. This shows that the solutions will
also be eigenstates of the parity operator, i.e., odd and even k terms should not mix.

We have a couple of ways of terminating the series. The first one is what we have discussed
above, i.e., settin [ to an integer £*, which will zero out every other c,. The ¢;’s, with k > [,
not addressed by this truncation need to be eliminated directly by their root coefficient, ¢, or
c¢;. To be more specific, take an example | = 1. The ¢,’s with odd k quickly terminate after
k=1: ¢,0,---. The even ones will keep growing: ¢, acg, Bacy, ~. The only way to tame this
series is by killing it at its root, i.e., by setting it a;, = 0 so that all the even terms drop out.
This shows that even odd powers of x will not mix preserving respecting the parity symmetry
of the original equation.
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From Eq. 25, we can explicitly write the fist few Legendre polynomials:

PO(‘,r) = 1)
P (x) = u
1 2
Pyx) = 5(32% 1),
Py(r) = (50" —3u)
P,(z) = é(35x4—30m2—|—3). (26)

Having shown that Legendre polynomials solve the differential equation (with m = 0),

P, dP
1-— —2r—+I(I+1)P, =0. 27
(1—a*) S 205 10+ ) (27)

We now need to address the full equation with m # 0. The idea would be to differentiate m
times to create the m? term. For this, we will need the Leibniz’s formula:

dm "o dFfdrTRg
. = vl 28
Let’s dive into the differentiation:
dm d?P, dP
= 1—a?)—t — 20—t +1(1+1)P,
0 dajm( x)dacz $dx+(+>l}
d™ 2P d ™1 2P, m(m—1) d? dm™2 42p
=) g T ) g T 7 a2 T e g
dm dp, d _d™' dp am
P +1)2p
T de Mg W gt g P
= (1—2%)u” —2mzu’ —m(m — u—22u’ —2mu + (1 + 1)u
= (1—2Hu” —2(m+ Dazvw —m(m+ Du+ 1+ 1)u
= (1-— a:2)u” —2(m+ Dauw — ([ —m)(l+m+ 1)u, (29)

= d L. the equation further so that it matches Eq.22. First
of all, we note that the equation we want to get at was self-adjoint, and we kind of destroyed
it as we acted with 7. Let’s restore it and see where it takes us.

Sturm—Liouville theory

We are going to use some machinery from Sturm-Liouville theory on second order differential
equations. Consider the second order differential operator £[4]:



2
cu=(mlo) oz + m) g +ae) ) (30)

We are going to define the inner product in the function space as an integral in a range [a, b].

b b dQ d
| dsui)ute) = [ douto (poes +pige s

b
= / dx (pouu” + pyun’ + u’p,) . (31)
a

(ul L]u)

We can integrate Eq.31 by parts. Let’s look at each term one by one:

Va4 d2 d / / /
upou” = u— (pou) — - (upgu) + 2upgu
/ d d
upu = —U%(MU) + %(Uplu)- (32)

Putting this back in Eq.31 gives:

(ulLlu) = [ul(p; —pp)u

where the adjoint operator £ is defined as:

- d? d
Lu = @(Po“) - %(MU) + pou. (34)

Although £u looks pretty different from £u in Eq. 30, they can actually be the same if p, = Do
Such £ operators are self-adjoint. Furthermore, note that the boundary term also drops out
for self-adjoint operators.

The good news is that if an equation is not self adjoint, it can be converted into that form if
it gets multiplied by the following factor:

poifop {/ I ‘“iég } | (35)

Let’s revisit Eq. 29 to find the factor that will make the equation self-adjoint:

@exp{_/wdtW}: 1_1x2exp{(m+1)/xd(11__tt;>}=(1—x2)m. (36)
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We will take this factor, multiply Eq. 29 with it to get:

d

dx((l—:zc)”””rl uw)—(1—m)(l+m+1)u=0. (37)

Finally, we will want to absord half power of that coefficient into v by defining

v(z) = (1—2?)2u(z) <= ux)=(1—2?)"2v(z), (38)
to get
, [, , muzx gy m
u = [v +17x2}(1—x )2,
2mu’x mx m(m + 2)x?v oy m
L (39)

The new function v satisfies the following equation:

2 m _
<1_m)d:n2_2xda:+<l(l+1)_ x2>v—0, (40)
which is identical to Eq. 22. In conclusion, the angular part of the solution is given by the
associated Legendre polynomials as below:

m d™
k1

P (x) = (1—a?) T

Py(a). (41)

Full solution
Note that the highest power in P, is [, and for m > [, we run out of z’s to differentiate. This

automatically limits |m| to [. Putting all pieces together, the full solution to the Laplace
equation reads:

0o l
b(r,0,6) = ROOD(@) =3 S (almr + ;g;) P (cos ). (42)

=0 m=—

In the case of symmetric coils, only m = 0 will contribute. Furthermore, for the solution inside
the coil, we need to set b, = 0 so that the solution stays finite:

P(r,0,¢) = Zalr P,(cos ). (43)
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The magneto-static potential becomes a sum of Legendre polynomials|[5]:
»(r,0) = ag + a;rPy(cos 0) + ayr? Py(cos ) + azr3 Py(cos ) + ... (44)
We can evaluate Eq. @ef{eq:polysum} on the z—axis, i.e., cosf = 1 and r = z, to get:
() = ag + ar2 + agz® +azz® + -, (45)

which should be a familiar form since it is also the Taylor expansion. The trick here is to
calculate the coefficients by matching the corresponding magnetic field with the expression we
calculated earlier in Eq. 9. We first need to calculate the vector potential from Eq. 9:

N ®  _Npugl H/2-2Z H/2+Z
b(z) = / dEB(5) = — [ st 225 245
2H \ \/R2+(H/2—-22 /R2+(H/2+ 2)2
Npol =
= — 2‘2 (VRET (H/2 122 — /RE+ (H/2— %))
Npol 8NR?*pyI
= — 46
1/ZJLRQ_}_HQZ—I—(4RZ_+_[_]2)5/2Z + ( )
Comparing the expansion above with Eq. 45 we can read aj = 0, a; = —%, ay = 0,
and a3 = %. Putting these back into Eq. 44 along with the Legendre polynomials

from Eq. 26, we get %

Nuol ANR? I
Ho cosOr + Ko

VA4R2 + H? (4R2 +H2)5/2

Now we can use Eq.12 to compute the components of the magnetic field:

Y(r,0) ~ — (5cos® 6 — 3 cos b)) ri. (47)

9(r,0) Npol 12N R2p T , ,
B = — ~ o oesrer oS o
r or EENE cos 0 <4R2_'_1L]2)5/2(5cos 6 —3cosb)r?,
1 0 Npol 12N Ry
BO —  __ 81/}<r7 ) ~ MO Sin9 _ %(Sin 9 -5 C052 Qsin 0) 7"2. (48)

r 80 \JAR? t H? (4R% + H2)5/2
If we wanted to switch to cylindrical coordinates we can do that by rotating the vector:

B,\ |cos® —sinf| (B,
(B ) o [sin@ cos @ ] (BQ) ’ (49)

p

2My results differ from those of the ones in [5]- I believe they have an error in their Equation 10
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Elliptic Integrals

We will now derive the expression for the magnetic field created by a thin solenoid. While we
are here, it will be instructive to solve this problem so that we first get the magnetic field for
a compact coil. We can then integrate to get the result for the solenoid. The magnetic field
at an arbitrary point r is given by the Biot-Savart law integrated over sources:

pol [dl x (r—r')

B(r) = 4rH |, (r—r')3 (50)

Equivalently, we can first compute the vector potential and then take its curl. In a generic
representation, the vector potential is expressed as follows[1]:

Ar) = Ho [ g3y J(r') (51)

47 v —r’|
where J is the current density.
Single loop

Let’s take a closer look at the field at a generic point r created by a single loop, as illustrated
Figure 5.

Figure 5: A single loop of current. We are now interested in the field at a generic point r
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For a single loop sitting at z = 0 with radius r = R, it is convenient to work in spherical
coordinates.

J.(r)) = N(r'—R)§(cos0)” = \o(r' — R)(cos ') (cos ©'j — sin @’i) , (52)

where A is the current density. In order to calculate A\ for a loop of wire carrying a current I,
let’s intercept the loop with an area perpendicular to it. We can do that by selecting an area
on, say, positive z axis ( i.e., ¢’ = 0), pointing along the y axis, i.e., dS" = ds’j = r'dr'do’j.
Integrating the current density on this area we should get the total current:

/dS/ J(r) = /r/dr’dﬁ’)\é(r’ — R)d(cos8)j - (cos ©'j — sin go’i) =R\N=1
S S ©’=0
— A=1I/R. (53)

Therefore, the properly normalized current is
I
—d

10 = %

(w—maz—%ﬁ:é&w—maqu@m¢}ﬁm¢ﬂ. (54)
Before we continue the calculation for a generic observation point r, let me throw you a curve-
ball. Consider the vector potential on the z axis, i.e., r = z. In this case, |r — r’| across
the integration as can be seen from Figure 6. Therefore the integration in Eq. 51 becomes:
x fo% dcpA/ = 0. So the vector potential vanishes on the z axis. Since B = V x A, the magnetic
field should vanish too! But, we calculated the magnetic field on the z axis in Eq. 8 and it
is clearly non-zero. What went wrong? Here is the problem: if you are cooking a function to
take the derivative later, that function has to be defined in the vicinity of the points you will
take derivatives. More specifically, you can’t compute A on only the z axis and expect to be
able to take its curl since curl will by definition take its derivative stepping off of the z axis.

The integral we have to deal with for a single loop is this:

’ §(r" — R)8(cos ) (cos '3 —sin i
A(r) = Ho d:sr/J(r) _ kol dgr/( )o( )( 0’ cp)

= 95
4r r—r'| 47R lr — 1’| » (59)

where we put the subscript s to remind us that this is for a single loop. We will parameterize
the points on the loop centered at z = 0 as v’ = 7’(cos ¢"i +sin ¢'j), and the observation point
as r = 7 cos 0z + rsin O(cos i + sin j)

r—r/| = +/r2cos20+ (rsinfcosp — 1’ cos’)? + (rsinfsing — r’ sin )2
= /12412 =21 sinfcos(p’ — ). (56)

Note that the problem has rotational symmetry. We can rotate our coordinate system such
that the observation point sits on y = 0, i.e., ¢ = 0. Once we are done with the computations,

14



we can rotate the vectors back to general r point. So let’s set ¢ = 0 in Eq. 56 and rewrite Eq.
95 :

bl Fanana i i s
A(r) = sin @' r"2dr’de
R \/7.2 + 772 — 21’ sin @ cos(¢’ — )
Lol R , c0s 7'

A O ¥ \/72 + R?2 —2rRsinf COS(SD/ - 90>

IR [*™ /sm’f/
_ ottt / dy’ ! (57)
0

am T R2—2rRsinfcos(¢’ — )

where the second term vanishes since the integrand is odd and the integral is evaluated over
the full range. Note that we evaluated the integral at ¢ = 0, and the resulting potential points
inj direction. For generic ¢ we can simply rotate the coordinate system about the z axis by
. In this rotated coordinate system j — ", Therefore the vector potential reads:

27 /
T o5 . (58)
am -y \/72 + R2 — 2rRsinf cos ¢’

Let’s define ¢" = m — ¢’ to get cosp’ = —cos ¢’ and rewrite Eq. 58 as:

A(r) — A,uOIR/ cos ¢’ ' (59)
° \/7"2 + R? + 2rRsin 6 cos ¢’

Let’s also use the half angle formula: cos¢’ = 1 — 2sin” %/ and reorganize the integral:

15



2 ¢’

IR 1 —2sin” =
AS(I') = Slﬂ \/7“2 RQ + 2rRsinf / ¢ 1— 4rRsin 0 - 2 ¢
724+ R24+2rRsin 0 sin 2
:_AMOIR 1 / o’ 1 — 2sin? %
4 \/r2 + R2 +2rRsinf J 1 — k2 sin> %’
_AMOIR 1 / do’ %
4m \/r2+ R%2 4+ 2rRsinf J \/1—l<:zsin2f/ \/1—k251n g
— AMOI‘R 1 " d¢/ 1
AT /21 R2+ 2rRsinb ), \/m
2 1 ’
~ — /1 — k2sin? %
k 1— k2sin? 2
I ]_ i ki2 — 2 !
IR S— _ / de’ + QW
4T k2/r2 + R2 + 2rRsinf J_, \/Tn(g 2
(60)
where k2 — Tﬁ% . Finally, we define (' = ¢’/2 and split the integration into two

pieces to pick an overall factor of 4 to get:

I 2—k*)K(k*) — 2E(k*
AS<I‘> _" Ko R ( ) ( 2) ( )7 (61)
712+ R2 + 2rRsinf k
where the elliptic integral are defined as follows:
: df
ko) = [T
0 1—k2sin® 0
g
E(k?) = / doV'1 — k2 sin” 6. (62)
0
The calculation of the magnetic field is straightforward[6]:
1 IR?
B, = 0 o5 (sinfA,) = ol cos OE(k?),
rsin 6 06 V12 + R2 + 2rRsin0(r2 + R? — 2rRsin 0)
B 10 (rA) ol [(r? + R%cos(20))E(k*) — (r? + R? — 2rRsin 0) K (k?)] (63)
g —— T = .
’ ror ¥ 2712 + R2 + 2rRsin 0(r2 + R2 — 2rRsin 0) sin 0
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We can also express the magnetic field in the cylindrical coordinates [6]:

polz [(R? + p? + 22)E(k?) — (R? + p% + 22 — 2Rp)) K (k?)]
21/ R2 + p2 + 22 + 2Rp(R2 + p? + 22 — 2Rp)p

pol [(R? — p* = 2*)E(K*) + (R* + p* + 2* — 2Rp) ) K (k?)]
21/ R2 + p2 + 22 + 2Rp(R2 + p? + 22 — 2Rp)p

B, =

B

z

: (64)

Solenoid

Now we need to stack up many single loops and integrate the fields[7]. We choose the cylindrical
coordinate system and highlight one of these loops centered at z, in Figure 6.

dB

origin
Figure 6: A loop sitting at z = z,. We will integrate over these loops along the z direction
from —L/2 to L/2.

For the solenoid of H centered at z = 0, the current on the wires at r' = R and —% <z< %,
we can express it as follows:

- - - H H
J.(r') = X@" —R)’ =X(r"—R) (cos<p’j —sincp’i) , for — 5 <7< 5 (65)
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where X is the current density. In order to calculate A for a loop of wire carrying a current I,
let’s intercept the loop with an area perpendicular to it. The surface is a thin rectangle just
around r’ = R and —% <z< % We can still select an area on positive z axis ( i.e., ¢’ =0),
pointing along the y axis, i.e., dS’ = dS’j = dr’Hj. Integrating the current density on this
area we should get the total current:

/dS/-J(r) = /dr’H/\(S(r/—R)j- (coscp’j—singd% =\H = NI
S S L,D/_O
NI
A= - 66
— H y ( )

where N is the total number of turns in the coil. Therefore, the properly normalized current
is
NI - - ~
J.(r') = —5(7“ —R)’" =nlé(r' — R) (cos ©'j— Sincp’i) , (67)
where n = % is the number of turns per unit length. The integral we have to deal with for
the coils reads:

J(r’) ponl

_ @ 3.7 / / /
A(r) = I dr|r—r\ e /gdzrdrdgo

1 / ’’e . n
" _r/|5(r —R) (COSQOJ sin ¢ 1)68)

where we put the subscript s to remind us that this is for a single loop. We will parameterize
the points on the loop centered at z = 2 ast’ =z k+7'(cosp'i+sinp J) and the observation
point as r = z + r(cos <p1 + sin goj)

r—1'| = |z+r(cospi+sing)) — 2 k—r(cos¢'i + sin'j)|
= \/(z—z’)2 + 72472 —2rr’ cos(p — ¢’). (69)

Note that the problem has rotational symmetry. We can rotate our coordinate system such
that the observation point sits on y = 0, i.e., ¢ = 0. Once we are done with the computations,
we can rotate the vectors back to general r point. So let’s set ¢ = 0 in Eq. 56 and rewrite Eq.
95 ¢

Homt 1
A(r) = v dr’'dz’d
(x) @ \/(z—z/)2+r2+r’2—2rr/cos<p’

a7
R 27 //-\
_ uon dz/ dgp cos ¢’}
- V(z—2)2+124+ R2 —2rRcos ¢’

(" —R) (cos ©'j — sin gp’i)

2 . N
/ / dy’ sl , (70)

R [*
_Mon/ i
A Ju W+r2+R2—2chos¢’
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where the second term vanishes since the integrand is odd and the integral is evaluated over
the full range. Note that we evaluated the integral at ¢ = 0, and the resulting potential points
inj direction. For generic ¢ we can simply rotate the coordinate system about the z axis by
. In this rotated coordinate system j — 7. Therefore the vector potential reads:

™ g /
Alr) = ~Hon Bt / d(p’/ dz' i ,
2Ty =i V(z' —2)2+ 712+ R2 —2rRcos ¢’

where the integrand periodic and the range can be set to [0, 7] by inserting an overall factor
of 2. We will want to do the the z’ integral first by changing the variable as 2z’ — z =
V72 + R2 — 2rRcos ¢’ tan o

(71)

, 1 /12 + R? — 2rR cos ¢’ sec? a
j = dZ — da
V(2 —2)2+ 12+ R2 —2rRcos ¢’ V2 4+ R2 —2rRcos ¢/\/tan® 0 + 1

sec o + tan o sec o + tan o sec o + tan o

seca + tan sec? v + tan acsec d(sec o + sec o)
= daseca = | daseca——— = [ da =

2 —24+/(2 —2)2+71r2+ R2 —2rRcos ¢’
/12 + R2 —2rRcos ¢’
2 —z4+ /(2 —2)24+7r2+ R2—2rRcos¢’ —ln‘\/r2—|—R2—2chosg0’

= In|seca+tana| =1In

= In

(72)

where we can drop the last term since it has no z dependence and its values at the upper
and lower boundary is the same. Let’s define 2’ —2 =&, {, =2+ % and go back to the ¢’
integral:

A(r) = AM%ZR / dy’ cos ¢’ In ‘E + V€ + 12+ R2—2rRcos ¢’
0

&,
&

§+}
£

{ln’§+ \/§2+r2+R2—2chosg0’

ponR [T
= ol / d{Sintp’ln|§+\/€2+7“2+R2—27"RCOS‘P/
0

2T

. R [T d
_Mon/ dis' sin o/
0

£, }
€

2m dy’
0
R R e |™
_ ~Holiv {singp’ln‘{—i—\/é?—i- 2 — 2rR cos ¢’ +}
271' f, 0

’ 22 &+
do'rRsin® ¢

_Aﬂon/
2T (§+\/§2+7’2+R2—2chosg0’)\/§2+7‘2+R2—27’Rcos<p’

&y
(73)

ponR /7r di'rRsin® ¢’
o (§+ V@ +12+ R?—2rRcosg’) /& + 12 + R? — 2rRcos ¢’
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Multiply and divide by /€2 + 72 + R2 — 2rRcos ¢’ — & [7] to get:

Ar) — HonIR /7T do! (VE + 72+ R2 —2rRcosy’ — &)rRsin® ¢’ &
2 (2412 + R2 —2rRcos¢’ —&2) /€2 + 12 + R2 — 2rRcos ¢’ ¢
__~pondR /ﬂd / (VE + 12+ R2 —2rRcosg’ — &)rRsin’ ¢/ &
2 J v (r2+ R2 —2rRcos¢’) /€2 + 12 + R2 — 2rRcos ¢’ c
Ry ¥ |
B 2T J 4 W%Rcos ©’)
T : . 2 ’ §+
JrA,uO'nIR/ dy’ ErRsin”
2 _(1"2 + R? —2rRcos¢’) \/§2+r2 + R? —2rRcos ¢’ .
_ nIR*r /ﬂd , Esin® ¢’ & (74)
2m o 4 (r2+ R? —2rRcos¢’) \/52 + 724+ R2 —2rRcosy’ ¢ ’

where the first term vanishes since it has no £ dependence. As we did in the Single loop section,
Let’s define ¢’ = m— ¢’ to get cos ¢’ = —cos ¢’. This will change the integral limits from [0, 7]
to [m, 0] and the measure from dy to —d¢. We can flip the integral limits with the negative
sign of the measure to get:

3
7 2 T 2 +
A(r) = BT / Ao’ Esin’ ¢ . (75)
2m o (r2 4+ R? + 2rRcos ¢’) \/§2+7‘2+R2+2TRCOS¢’ ¢
we define (' = %/ Noting
sin? ¢ = sin?(2¢’) = [2sin ¢’ cos ¢']2 = 4sin® ¢’ cos? ¢’ = 4sin® ¢/ — 4sin ¢/, (76)
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Alr) — ponI R?r /”/ ? ac 4sin® ¢’ — 4sin® ¢/ ¢ -
T (r2 + R2 4 2rRcos(2(")) \/52 + 72+ R? + 2rRcos(2¢’ )
B 4,u0nIR / sin? ¢/ — sin* ¢/ ¢ £+
(r2 + R2 4+ 2rRcos(2¢")) /€2 + 72 + R% + 2rR cos(2(’) ¢
_ 4H0nIR / sin? ¢ — Sin4 ¢’ ¢ N
0 (r2 + R%2 + 2rRcos(2¢")) /€ + 12 + R% + 2rR cos(2(’) :
£y
_ ApgnIR*r /77/2 i sin? ¢/ — sin® ¢/ ¢
n 0 ((T+R)2—4rRsin2 C/) \/52+(T+R)2—4T‘Rsin2 ¢’
£,
. dponl R?r /2 ac sin® ¢ — sin* ¢/ ¢
m(r+ R)2\/E€ + (r+ R)? Jo (1= Gt sin® ¢') /1 — g2z sin® ¢/ g
£,
. 4ponl R?r /2 a0 sin® ¢’ —sin* ¢/ ¢ (77)
n(r+ RPVE TR L7 (1= p2sin? ) 1 - k2sin? ¢
&
— _4rR 4rR
where h? = s and k? = ooy

We can do partial fractions:

sin? ¢’ — sin* ¢/

/2
J = / a¢’
0 (1 — h2sin® C’) \/1— k2sin® ¢’

T2 1 1 | 1+h%sin’¢
= d¢ 72 +7h4 —
0 — h2sin® ¢/ 1 — k2 sin? C 1 — k2sin® ¢’ \/1— k2sin? ¢’ (1—hzsin2
24 12 _ 1212
1
k* + h® — h°k h? (h2 k),

= K0 - R -

h?
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where

SE]

K(l{Z) = / d6 ’
0 1—k2sin 6
3
E(k?) = / dOV'1 — k2 sin” 0,
0
H df
(k2 k) = / . (79)
0 (1—h2sin®0)V1—k2sin’ 6
Putting it all together, we get:
£,
N7 nIvVR [ k% + h? — h2k2 1 1—h2
A(r) 0277\/; [ T K(k?) — ﬁE(kz) - I(h2,k2)| €k (80)
&

We can now compute the magnetic field. This will require derivatives of the elliptic inte-
grals[8]:

dK E K

dk — K1—k) Kk’

dE  E K

de kK’

dm kI kK ' (81)
dk 2—h?  (1—k2)(h?—k2)

Finally we have[9]:

&
_ _ nd R k2 —2 N 2 N

B, = -0, =B N\E 200+ Te0e) e (52)

1=

and,
&
1 pond [ o R—r_ 2]

B, = -0.(rA = ——— |K(k —II(h*, k k 83
c = A, = R [ oo (53)
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Resistance

For example, we cannot independently change the number of turns in a coil without chang-
ing its total resistance and inductance. Similarly, changing the coil dimensions will change
the inductance. We need to choose the independent parameters and calculate everything
else. From a practical perspective, what we need to do is to pick up a wire type from Tab.
@ref(tab:conductorsDT), specified by its AWG number, select a coil holder, specified by its
diameter and height. We then wind NV turns as compactly as we can[10]. Once we do this, L,
and R, will be completely determined from first principles. Therefore, the free parameters to
optimize are the coil height, wire type and the number of turns. The initial position of the
the magnet is the last parameter we can tune to optimize the performance.

Consider a coil with N turns wound from radius r; to r,. The resistance of such a coil can be
calculated as:

R — N TO)\27rrdr: 27rN)\ﬁr°: 2T N r2 —r? _ 27N (ro —m)(ry +1y)
To =T Jy, ro— T 2|, To—Tp 2 o =i 2
= 27TNATT+”, (84)

where A is the resistance per unit length. Also note that r, is not really a free parameter. It
will be fixed for a given wire type. A coil of height H will have a total area of H x (r, —r;)
to fit in N turns of wire. Assuming a packing density 7, and a cross-sectional area A, for the
wire, we can write the following relation:

H x (To _Ti)
A

W

v=N (85)

Solving for r,, and putting it back in Eq. Q@ref(eq:coilres) gives:

NA,
R=2nNA (i + 57 ). (6)
The second term accounts for the fact that the radius of the coil will increase as more turns
are added, and each turn will get longer and contribute more to the resistance. This shows us
that adding more turns adds increasingly more resistance limiting the peak current. On the
flip side, more turns will result in more magnetic field at the same current. Another metric
we need to consider is the time it takes to reach to the peak current, which can be shown to
1 1

be TL X N Therefore, a coil with more turns will take longer to saturate. We will dive

deeper into these to see if there is an optimal solution for the value of V.

Table Qref(tab:conductorsDT) is convenient for looking up a specific AWG number and locate
the properties.

23



There is a formulation that can give us the same information with a fit function for the wire
diameter:

36 — AWG
D, =0.12 — .
w = 0127 eap < 8.624880 ) (&7)
The resistivity per unit length can also be written as:
w=— (88)

- xD2 /4

where p is the copper resistivity in the units of (m with a typical value of 1.75 x 10~8Qm. It
is also important to note that the wire diameters are for the bare copper. The thickness of the
insulation should be included in winding calculations. A vendor provides the heavy insulation
thickness table for various AWG values. It is rather convenient to work with a formula for the
insulation thickness rather than the raw numbers, and their raw data can be conveniently fit
with a linear regression:

Additional Radius from Insulation[mm] = 0.0676 — 0.0014 x AWG, (89)

The results are shown in Fig. Qref(fig:insulationplot).

Insulation[mm| vs AWG number

@ Insulation Thickness
Insulation Thickness-linear fit

o
o
=)
.

=)
=)
B

Insulation Thickness
o
k=
]

=)

AWG

Figure 7: We take insulation data from a vendor. They provide the heavy insulation thickness
table for various AWG values. Their raw data can be conveniently fit with a linear
regression.

Inductance

However, there are certain empirical formulas that approximate the inductance values for a
reasonable range of geometrical parameters. The expression for the inductance for the long
coil limit, see Eq. 4, can be amended to get the Wheeler’s formula[11]:
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I 31.6N?r2
¢ 6r,+9H +10(r, — 1)’

(90)

To+Ti

where 7, = —5— is the average value of the radius. There are online calculators, such as
this one which uses the Wheeler’s formula. There are also calculators using the full blown
elliptical integrals, such as Coil32[12]. They don’t necessarily give the same answer. Wheeler’s
formula is convenient for computational reasons, however it is expected to be accurate only
when the coil thickness is similar to the coil height. We need to investigate this a bit further
and compare the predicted values against measured values.
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