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OPTIMIZATION OF
METER

sQurD vEcToR GRADTO-

J.O. Lekka,Ia and J.A.V. Malmivuo

ABSTRACT

Wb have optimized the structure and dimengions of a vector
gradiometer designed for magnetocardiographic studies with the uniposi'
tional lead system. The optimization was made with respect to the signal-
tonoise ratio for a limited space in cryostat, when the gradiometers were
coupled to thin-film SQUIDs. The accuracy of determining the magnetic
dipole source from the measured magnetic coil flux was examined with
different circular and rectangular coils in coaxial and planar gradiometers.
The effective flux-transfer factorwhich takes into account the interdepen-
dence of the flux noise and SQUID's inductance was derived. In all cases

three difterent basic gradiometer structures were optimized, one symmetric
and two asymmetric gradiometers where the ratio between the areas of
the second and pick-up coil was 2 and 3. It was found that the optimum
structure depends on the cryostat's inner radius. The best accuracy is ob-

tained by using a circular coil with an appropriate length which depends

on the turn density of the coil.
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1" INTRODUCTION

I-.1. Vector ma,gnetocardiography.

The aim of magnetocardiography (MCG) is to determi[e the clinical
condition of the heart muscle from the measured nagnetic field data.
There does not exist any unique solution for this invcrae problcm. The
heart contains no magnetic material, but the magnetic field is generated
by a distributed eiectric current density 7(r-) in the heart muscle. However,
by using simplified models for,the source distribution and the volume
conductor, the parameters of the equiaalcnt generator can be eolved. The
equivalent magnetic dipole source of MCG is called the magnetic heort
vectar (MIIV) and it describes the magnetic field of all elementary dipoles.
The sensitivity of a detector coil to the position and orientation of the
source current density can be analyzed by lea,d fieldtheory.

There exist three difierent lead systerns for determiniag the magnetic
heart vector: the XYZ-lead presented first by Baule and McFee [Bau
701, and the ABC-lead and uaipositional lead introduced by Malmivuo
[Mal 76]. Äccording to the studies of Malmivuo, the beet lead eyetem
for recording the MHV is the unipositional lead system. Ia this rystem
the detector is positioned at a single point on the anterior side of the
chest so that all ihree components of the MIIY can be recorded by simply
changing the detector's orientation, not its position. By using a three
channel iastrument the MHV can be recorded in real time. One way
to orientate the coils is presented in Fig. 1. Theoretically the magnetic
heart vector (m) components can be obtained fron the components of the
magnetic field vector F Uy tne following matrix operation:

where r ,: the distance between the source dipole and the measure-
ment point.

Eskola et al. hzve tested the ideality and sensitivity of several vector
rnagnetocardiographic leads by using an inhomogeneous, physical torso

(1)(:;\:w(I :, 3
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model [Esk S ]. They have found that the so called corrected unipositional
lead system best fulfills the clinical requirements. I-n this system the freld

vector is measured on the anterior chest 15 mm in the cranial direction
from the center of the heart. The magnetic heart vector is obtained from
the field vector by using Eq. (1), but now with the multiplication term -L

for Y and Z components instead of -2'

Figure 1. Location of the detection coils in the unipositional
lead system.

1.2. Detection coil

At present biomagnetic measurements are made with SQUID mag-

netometers where a gradiometer type detection coil construction is nor-
mally used [Coh 70, Zim 7Il. The construction and dimensions of the
detection coil determine what are the signal-to-noise ratio and the een-

sitivity and accuracy of the measurement. The maximum available signal-

to-noise ratio depends on the natching of the inductances between the
detection coil and SQUID's signal coil. Also the structure of the SQUID
has an effect on its own intrinsic noise level, self-inductance and the cou-

pling coefficient between the signal coil and the SQUID ring. There have

been presented several types of gradiometers in the literature. They are

normally designed according to the maximum flux-transfer [Cla 75], max-

imum sensitivity [Zim 771, or other detailed requirements as for example

driix:,, \
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the directivity fKar 801, fi.nding'the direction of current sources [Coh 82],
or insensitivity to a given type of noise [Vrb 82, Bru 83, Sto 83]. The effect
of the dimensions of the gradiometer has been studied with respect to
the matching [Ode 78], but also with respect to the fleld source [Wik 78,
Wil 81, Rom 82]. Duret and Karp [Dur 83] have presented for the flux-
transformer a figure of merit which takes into account the flux-tranformer
parameters and the nature dthe source. The onlysuperconductingvector
gradiometer designs have been presented by authors [Lek 82, Lek 84] and
Varpula et al. $zr 82, Sep 831. All studies are normally made without
taking into consideration the limiting space of the cryosttat where the
gradiometer is used.

When the gradiometer is optimized for an unlinited space, the result
is usually different from that when it is optimized for a given dimension of
the inner Dewar in such a way that the distance from the tip of the Dewar
to the source is fixed (minimum measurement distance). The accuracy
of the measurement depends on the ratio between the dimensions of the
pick-up coil and the distance to the source. Also the baseline i.e. the
distance between the gradiometer coils is important. The accuracy in this
case means the same as the spa-tial resolutiou. If the spatial resolution is

poor , the result when determining the source from the meaaured flux ie

not correct. Thus the detector coil should be designed according to the
source's type.

The purpose of this study was to find a vector gradiometer structure
which would give the maximum sensitivity together with minimum error
when determining the MIIV. The optimization was made with respect to
the signal-to-noise ratio because this is the most important factor affecting
the quality of the measureltrent. A further aim was to examine the effect
of the gradiometer baseline on the S/N-ratio and of the gradiometer coil
dimensions on the accuracy of the measurement.



2. GRADIOMETER DIMENSIONS

Än example of the geometry of a real vector gradiometer is shorrn. in
Fig. 2. This vector gradiometer coil system consists of three first order
gradiom.eters wound on a common core with thin niobium wire. The
X gradiometer which measures the field gradient perpendicular to the
patient's chest (dB"/dc) is constructed coaxially. In the Y and Z direc-
tions there are coplanar gradiometers which measure the off-diagonal com-
ponent of the magnetic field gradient (dBo/d,r,d,B,ldn). All gradiometers
are designed so that their sensitivities, i.e. areas and number of turns, are
equal.

The gradiometers which were examined in this study are all first
order constructions. The circular cross-section was chosen for the X
gradiometer's coils. In the Y and Z gradiometers both coils with circular
and rectangular cross-sections were studied. We next examine the effect
of the gradiometer dimensions on the measulement result. This study is
made assuming the souree to be a magnetic dipole.

2.1. Coil dimensions

Because the SQUID measures the nagletic flux @a of the detector coil,
the magaetic flux density B at the measurement point must be calculated
by using the efective 31s3 and number of turns of the coil. If the coil
eonsists of JV7 loops, the axial component of the magnetic flux density ia
the center of the coil can be calculated as

E: 3!-n 
,J\dAe ' Q)

where A. - the effeetive area of the coil,
E: the unit vector along the coil a,xis.

If the coil is large, the flux is not constant inside it and the calculated
flux density is not necessarily equal to the true axial component of the
flux density in the center of the coil. Consequently the coil should be
as small as possible for accurate results when recording magnetic fields
with high spatial gradients or field pattern having fine details. However,
a compromise must be made between sensitivity and spatial resolution.



2J.1. X eoll

Let a coil with the radius R and number of turns iVa be on the positive
X a:ris at the distance å from the origin to its center so that its axis
coir.cides with the X a:<is (Fig. 3a). Then the nagnetic coil flux generated
by a magnetic dipole ä which is in the origin and oriented along the X
anis can be expressed as

oa:Yä*fu, 
t

(3)

tr'igure 2. Coil construetion of an as5rmmetric vector
gradiometer. For clarity, different gradiometers are drawn
apart. Dimensions are given in millimetres.
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where å; is the östance between the dipole and the i:th loop of the
coil. Here and in the following analysis we have assumed that each loop of
the coil is on a plane perpendicular to the coil axis and that the distance
between the planes is equal to l/(Na - L), where J is the length of the
coil. By inserting the flux calculated from Eq. (B) to Eq. (Z) we get an
approximation for the axial component of the magnetic flux density in
the coil center. I.n Fig. 3a the ratio between two flux densities Bro" and
B4;o, geaerated by a magnetic dipole is shown as a function of ,R/å with
different ratios of lf n. Bo,. is the average flux density inside the coil
calculated from the coil ff.ux by using Eq. (S) and Eq. (B). Ba+ is the axial
magnetic flux density in the center of the coil calculated from the dipole
equation

Fotflua;o: ,iF (4)

The best aecuracy is obtained when the rzlio tlE is of the order of r..23
(Fig. 3a). With this kiad of coil the distance h can be equal.to BR and
still the error is below 196 wb.er- determining the magnetic flux density
in the center of the coil from the measured coil flux. If I/-R differs much
from 1.73, the distance h must, be longer for the s^me maximum error.
In the designing of the coil the shortest possible measurement distance
for a given maximum error is obtained if a small error in the positive
direction is allowed. when l/R > 1.73 the result is greater or the error is
positive when I is long. wlen the source is very close to the coil the error
will be negative. WLen llk < 1.73 the error is always negative. In the
case lf B:,0 there is only one turn of inffnite thin wire. The exact value
for optimum l/R-rzlio is obtaiaed if the field generated by the current
in a solenoid is expressed in a Taylor series expansion. when the ratio
of the length and radius of the solenoid are related as I/E: y'5 the
field eontaias a dipole moment but no quadrupole moment. Octapole and
higher m.oments are present but contribute less Lhzn Lvo of the field at
the distance 4-R from the coil [Wik 75].

However, the optimum value for l/E is v6 when the turns of the coil
are closely wound. If the turn density is smaller, then the optimum value of
llR terda to decrease. The limiting cåse is when there are only two loops
so that the pitch is equal to the length of the coil. Then the optimum value
of l/R is 1. This result is in good agreement with the Helmholtz array,
which is a pair of identical circular loops separated by the radius of the
Ioop and has a vanishing third-order moment [Sto 83].
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Flgure & Ratio of the magnetic flux density Bror, calculated
from the coil flux, to the flux density Ba;o, calculated from. the
dipole equation, in the center of the coil with different ratios
ol l/R. (a) The source is a magnetic dipole 7[ located courially
with the coil; (b) the magnetic dipole source and the coil center
are located on the same plane whieh is perpendicular to the
coil axis. In both cases the coils are cicular and the turn density
of the coils is 10/R; (c) parameters of Eqs. (5) and (30) when
calculating the flux through the circular Y loop.
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C*culor coil

Let us have a similar case as above but norr so that the coil axis is
directed along the Y ar<is and the magnetic source dipole E in the origin
is directed in the same directioa (Fig. 3b). In this case of Y coil (situation
wrthZ coil is equal) we can calculate the magnetic flux of the coil according
to the following equation:

(5)T.l"
lVatiLa: PofTL

4rc flJo Jo #&6d'6da
where p2 : h2 - 2h6 cos a + d2

The param.eters of this equation are shown ia Fig. 3c. The double integral
of Eq. (5) has been computed numerically. In Fig. 3b the relative flux
density Bno./Ba;p is shown as a function of Rlh for different ratios of
llR. 86;, is agaiu the magnetic flux density in the center of the coil and
now calculated according to the dipole equation from

D FoflLBarn: ffw (o)

When the turn density of the coil is high, the optimum If R-t*io is about
1.5. In the Y coil the optimurn ratio differs from that value of y'5 obtained
from the Taylor series expansion. This is possibly caused by the fact that
the source is not on the coil axis. Now the change in the l/R-ratio produces
an effect opposite to that produced in the case of the X coil. When I lR is
greater than 1.5, the Bno.f Ba;r-ratio is below one or the error is negative,
aud when l/n < 1.5, the error is first positive and after that negative
il Lhe R/h is further increased. Again, if a coil with only two turns ie
analyzed, the optimum value of //R seems to be about 0.9.

As can be seen from the discussion above, the detector coil with
circular cross-section. should be designed carefully if the measurement is
mede eloser than 10R from the source. Thus the pick-up coil's length-to-
radius ratio should be between 0.9-1.73 depending on the value of the
coil's turn density. When the distance to the source is longer than 10R,
the dimensions of the coil are not very critical.
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Redonguln cvil

The efiect of the coil dimensions on the measurement accnracy wag
examined albo with rectangular coils. When the coil aud the source dipole
a,re directed as shown in Fig. 4a, the magnetic flux of the coil is

o, : w ä 1,"'' r:,##d*z,, (7|

where p? : (h + ,')2 * z'2 .

The parameters of this equation are ghown in Fig. 4d. The double integral
has agrin been calculated numerically. The relative flux density Bno"/Ba;p
is shown as a fulction of (Al2)/å for difierent ratios of IIP/Z) in three
cases, where the cross-section area of the coil is a square (Fig. 4a), one
half of the square (Fig.  b) and one third of that (Fig. 4c). ln all cases
the width C of the coil is the same, but in FigE. 4b aad 4c the height Ä
is one half and one third of that in Fig. 4a, respectively. The flux density
Ba;, is calculated from Eq. (0). With rectangular coils longer measurement
distances are needed for equal accuracy with the circular coils. It is possible
to measure with an error of less than 396 only at distances greater than
15C-20C;

2J. Basdine

' Fo, biomagnetic measurements the gradiometer baseline is large when
compared to the distance from the gradiometer to the sigaal'source and
small when,compared to the distance from the noise sources. The magnetic
field difereuce which, is detected by a first order gradiometer from a
magnetic dipole source can be written as [Vrb 82]

ÄBr: #-åg:*('-#;;e) ,

where c: constantr
m : the magnetic dipole moment of the Bource,

r: the distance from the source to the field point,
ö : the baseline,
a: b/r.

When a dipole source is near to the pickup coil of the gradiometer or
when e ) 1 in Eq. (8), the gradiometer behaves as a magaetometer or

(8)
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F.lgure,4. Ratio of the magnetic flux density B,roo, calculated
from the coil flux, to the flux density Ba;", calculated from.
the dipole equation, in the center of a rectangular coil with
different ratios of I/(C l2). The magaetic dipole souree and the
coil center are located on the same plane which is perpendicular
to the coil axis; (a) the cross-section area ofthe coil is a squarel
(b) the height of the coil is one half of that of the sguare coil;
(c) the height of the coil is one third of that of the square coil.
In all cases the width C of the coil is constant and the turn
density of the coils is 20/C; (d) paraneters of Eqs. (Z) and (S1)
when calculating the flux through the rectangular Y loop.
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AB1 s Bo. For distant interferencesources this differential magnetometer
responds asra true gradiometer. Generally, in biomagnetic measurements
it is more useful to measure the field rather than its graöent and so the
baseline of a difrerential magnetometer should be somewhat longer than
the characteristic dimension of the source [Wik 78]. The heart can be

modelled with a sphere whose radius is 56 mm [Mal 78]. The center of the
heart is located about 70 mm from the outer surface ofthe anterior chest,
FiS. 5. On account of this the baseline should be greater than 112 mm:

Flgure 5. Location of the vector gradiometer during the
ulipositional measurement. The vector gradiometer is inside
a Dewar which is above the heart as close to the anterior chest
as possible. Dimensions given in mm.
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2.2J. Pruidty efreet.

The sensitivity of the detector coil varies according to the source
location in the heart. The fact that the coil is more sengitive to the sonrceB
in the anterior heart muscle than in the posterior region is known as
proilmitg effect.In the unipositional lead this proxinity effect is the main
reason for the inhomogeneity of the lead [Mal 76, Esk ss]. If the baseline
is shortened in the gradiometer, the proximity effect will be increased.

Although a ball with a radius of 56 mm is a good approximation for
the physical heart, it is obvious that when modelling the m.ean electrical
activity with respect to the thickness of the myocardium a somewhat
smaller radius can be used [Esk 83]. The radius of the "active" heart is
in the following analysis estimated to be 50 m.m. In Fig. O the effect of
the baseline is shown. The ratio of the anterior and posterior sensitivity
of a gradiometer compared to that of a magnetometer is plotted as a

0.01 0.10 1.00 10.00

6/^
Flgure 6. Etrect of the gradiometer baseline on the proximity
effect. The ratio of anterior and posterior eensitiyities for an
ideal gradiometer compared to that of a magnetometer is
plotted as a function of the baseline/distance-ratio in four
cases, when the ratio between the distance å frorn the center
of the pick:up coil to the source and the diameter D of the
source volume is h/D - 0.5, 1,2 and 5.
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function of' the baseline/distance ratio. The ratio between gradiometer
and magnetometer is calculated in four cases, when the distance between
the pick-up coil and center of heart is 0.b, r, 2 and b times the diameter
of the heart model. The same curyes describe the efiect of the baseline in
both X and Y directions. The curves of Fig. 6 are calcurated by using Eq.
(8) when the distance,from the center of the heart is equal to 10b mm (Fig.
5). The minipla anterior and maximum posterior measurement distanqes
are thus 50 mm and 150 mm, respectively.

shortening the baseline wil improve the signar-to-noise ratio only
until the baseline is somewhat shorter than the d.istance io the source.
After that the gradiometer acts as a true grad.iometer for both the distant
noise sources and the nearby signal sources [wik zg, vrb s2]. According
to the linits imposed above the baseline was chosen to be 160 mm loag.
Thus in this case, when å : 100 mm, the proximity effect is increased
by only 12.5 95, and.the signar from a dipore *o*"" (assumed to be in
the center of the heart) is attenuated by the second coil by 6.4 g6 when
compared to the magaetometer:
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3. INDUCTANCE OF THE GRADIOMETER

The inductance of a singlelayer solenoid in the situation where the
coil length I is smaller than its radius .R can be expressed by the ap
proximative equation [Lan 67]

;I 1R.La: 1t.N!"(^T- å) 
: xarza (e)

When the coil is long the industance is given by [Gro 46]

La -- *oNza$( ,:-r=-) : rriv] ;t ) 0.8R. (10), \1+ o.sHlt)

The inductance of the coil depends in addition on the number of turns
on the geometrical factor \4. In Fig. 7 the normalized inductance .L4 is

shown as a function ofthe ratio l/R calculated from Eqs. (9) and (f0). For

the'optimization we have used both equations with the limit | : 0.08.
For a good signal-to-noise ratio tra should be as small as possible when
the coil is coupled to a SQUID. Thus for a given coil area'we can increase

the uumber of turns when the coil is made longer while the inductance
remains the same.

The inductznce Lo of a first order gradiometer with the number of
turns JV1 and Nz in the pick-up coil and second coil, respectively, can be

erpressed as
JVr JVr

Lc: h + 14 -zll *rti , (1 1)

i_1j:l

where ä : the inductance of the pick-up coil,
I+: lhe inductance of the second coil,
Mii : the mutual inductance between the i:th turn of the

pick-up coil and the j:th turn of the second coil'

If the inductanee of a symmetric gradiometer is calculated with the
coil radius of 25 mm, coil length of 2 mm, number of turns 9 in both
coils and baseline of 150 mm (dimensions typical for our case) we get

by using Eq. (11) Ls - lA.4pE - 34nE where the latter part is the
nutual inductance of the two coils calculated according to Grover [Gro
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481. Because of the relatively large baseliae the mutual inductance is
insigaificant when compared to the sum of the coil inductances. Because of
its opposite sign it also compensates for the inductance of the connection
wires which is of the same order. According to this result, and because
the length of the baseline is fixed in our study, the eflect of the mutual
inductance between the coils is omitted in the following examination.

.001 0.01 0.1 ,1 .0 {0.0 {oo.o

J
!
c)Nrn

J
o
E
L
oz

,r 0.0

0.1
0

LengLh,/r-od uus

Figure /. |r[elpalized inductance La(p"NtR)-l of a solenoid
as a function of llR ealculated by using Eqs. (9) and (10). The
dashed line corresponds to the formula La: p"N|rRzl-L.
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4. F LTIX. TRANSF ORJVIER

The effective area of a SQUID is of the order of a few mm2 in
maximum. Because the sensitivity to the magnetic field is proportional to
the detector's area, the "capture area' of the SQUID ie normally increased
in biomagnetic measurements by using a flux-transformer. This consists
of a closed'loop of superconducting wire formed by the signal coil and
detection coil.

4.1. Thin-fflm SQUIDs

The RF-SQUIDs which we have used are thin.film SQUIDs formed
by four loops in parallel across an Nb-Nb oxide-Pb tunnel junction. The
devices have been designed and fabricated by f,hnhelp et cl. [Ehn Z5].
The glass substrate with the thin-film structure is pressed against the top
of a niobium ring block. The signal coil is wound on the block surface and
the RF-coil is divided into the four holes of the block. The basic electric
data and characteristics of this type of thiu-film SQUID are presented in
Table 1.

Table 1. Eleetrie dnta of the thln-flIm SQUIDs

Self-inductatce L,nE
Sigaal coil inductance Lr, pE
Tank coil inductance Ll,nE
Coupling eoeffcient ,t,
Energy sensitivity E;,f (Ez)-r

0.25
20

160
0.3

2.7 .10-27
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42. Corupling of the detection coil to the SQUID

The coupling of the detection coil to the SQUID's signal coil and the
correspondiag equivalent circuit is presented in Fig. 8. The total magnetic
flux through the superconducting flux transformer remains constant. The
signal coil flux @" can be written as [Lou 75]

ö":L"i.-Mrirq:l'"jr-+ , (12)

where L: the self inductance of the SQUID,
L, : the inductance of the signal coil of the SQUID,
i" : the current of the flux-transforner,
i"q: the current of the SQUID,
M. : the mutual inductance between the signal coil and

the SQUID.

Equation (12) can be further written as

' o, : L,(t - #)t. : L,(t - k',Y,: L.tti, , (18)
ltt lt

where L"!! : the effective self-inductance of the sigual coil,
k": M./t/TJ is the coupling coefficient betweeu the signal

coil and the SQUID.

T- ---
Le l-t. L

öF3iilöNd 
| 
"n(

(a)

(b)

LwLd Ms

Na0e

Flgure 8. Coupling of the detection coil to the SQUID; (a)
pararoeters of the coupling (broken line describes the super-
conducting shield); (b) equivalent circuit of the input coupling.

il,*Ls
is
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Ä change in the external fluxÄO" cauaes a change in rl, which iad.uces
a flux change Aö,0 in the flux going through the SQUID. The flux transfer
factor .F is the ratio between the SQUID flux and the external flux or

(14)

where JVa : the number of turns of the detection coil,
ia : the inductance of the detection coil

and where the sigas of the fluxes are not taken into conslderation. The
inductance L. of the pair of coupling leads which are tightly twisted
together is of the order of A3 pE per meter [Lou 75]. It is small when
compared to the value of .L" (Table 1) and can be neglected in this equation.

The optimum flux transfer condition is achieved when Eq. (1a) ie
maximized. By taking the derivative with respect to L, it can be seen that
the ma:rimum condition is obt*ined when

n A(0"q NaM" Nak,(L,L)rl2
- AiD" La * Lcf t La + (l - kz,)L, '

,Ldt": (J@ (15)

Thus the inductance of the detector coil should be equal to the effective
inductance of the signnl eoil, Eq. (13). This condition of matched induc-
tances is analogous to the requirement that an amplifier's input impedance
should be matched to the source impedance for maximum power gaia [Cla
751. The maximum value of the flux transfer factor of Eq. (14) is then

(16)

In Fig. I there are shown the normalized flux transfer factor as a fu_nction
of the ratio between the eignal coil and detection coil inductaneee LrlLa
for different values of coupling coefrcient i, calculated for the thin-film
SQUIDs used (Table 1). For high values of å, the rnaximum occurs at
relatively small values af La when compared to the.L". For low values of
&, the matching of the detector coil to the signal coil seems to be more
critical.

4.3. Signa,l-to.noise ratio

When a fl.ux transformer is used the ma:cimum flux sensitivity of the
system is equal to the value of the flux in the detector coil which generates
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Flgure 9. Normaliced ffux-transfer factor F(LlLa\-Ll2 as a

function of L'lLa for different vzlues of the coupling coeff-cient

k..

in the SQUID a flux equal to its intrinsic flux noise (@|r)1/2 ' Next it
is aseumed that the flux noise is constant or does not depend on SQUID's

self-inductance. In the optimum coupling condition it follows from Eq. (10)

that the minimum detectable flux change through the detector coil is

@2 .\rtz _ z(r - k?)tlz \/il . (@^)tl,
Aö*;, : tf:; - Na k.\/L

(17)

By using Eq. (16) the maximumsignal-to-noise ratio of the system can be

determined as

!
0)
N
.))
o
E
L
oz

aiL"
(18)

la|;l'/' '

where ad',q is the flux change in the SQUID caused by the external flux
change ao" in the detection coil. The maximum available s/N-ratio in a
real measurem.ent situation is obtained if the sQUID',s intrinsic noise flux
(Q"*rlt/, in Eq. (1S) is replaced with the total equivalent noise flt:il- ltz^lt/z
of the system.

AiF,q k"Na ( L\'l': 
1o7y7; 

: 
zI - k?)rt2'\h)

sl
film,u
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4.4. Efrect of SQUID's inducta,nce on the noise

However, the maximizing of the flux-transfer factor alone does not
necessarily yield the maximum in the S/N-ratio. The flux noise (@2.)1/z ig
proportional to the self-inductance L of the SQUID. The proportionality
depends on the structure and construction of the SQUID and has the form
lZim 7L, Kur 73, trac 751

loTrl'l"sL", U2<n1516 (1e)

The value of x must be determined for each SQUID system because
it depends on which part doninates in the SQUID system's noise [Cla
751. When the flux-transformer is coupled to the SQUID, its inductance
shrnges. Then the effective self-inductance of the SQUID is

L" : L - # : L[r - k?L"(L,+ åa)-1] (20)

As can be seen, when the flux-transformer is coupled, the self-hductance
of the SQUID decreases and thus the intrinsic flux-noise level is lower. In
this case according to Eq. (1a) the S/N-ratio is

s _ .F'aoc
lv loT"Itlz

: 
-Jlut- 

. aQ" 
-La + (L - k?)L. \o1.)rl,

- 
Nak"(L"L)Ll2

La+(I-k?)L,

NaM"
La+(L-k?)L.

L@. 1

(o7.lr/, l1- k?L./(L, * La)|"

AQ" ( L\"
lor*Y/, 

' \L )
F"AO.: 

G'7-1*'
(21)

where (4")tl": the noise flux in the SQUID when the super-
conducting transformer circuit is connected,

(4.]lt/t: the noise flux in the SQUID when the signal
coil is open,

.F" : the effective flux-transfer factor when the system noise is
assumed to be independent of the detection coil coupling
and equal Lo (@l"ltlz.
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Lauer timit of the intctdependcace of flw nohe snd SQWD ee$-

inductonce (x:le)

Next we will examine the two limiting cases of Eq. (19). It is first
assumed that x has the value of 1/2. Then maximizing Eq. (21) with
respect to tr" gives:

L": Lafk! + (k, - k?+ 1)1/21

r- k2,

Accordhg to Eq. (21) the effeetive flux-transfer factor is then

(22)

n k,(L,L)L/INd(La+ L")rlzo":@ (23)

co 4n!
a;
.)
4O<n
L--
Iz
a
-zuE)
E)
Xu rn>'

o
0.0 n2n4 0.6 0.8 1.0

, 
CouPLun$ coef{ ucient

Flgrrre 1O. Maximum signal-to-noise ratios calculated by
using Eqs. (23) and (25) as,a firaction of the coupling coefficieut
&" are compared to the S/N-ratio calculated with Eq. (1.4),

where 0 dB level is set to the case when ,t, : 0.1. In all
cases tr4 has the value calculated from Eqs. (22), (2a) and (15),
respectively.

A: (14)
O: (23)

o: (25)
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tlppr timit ol the interdependtnce of flw, noiee onil SQWD rcff-
inductance (r:1)

The upper limit of the dependence of the flux noise exists when x :
5/6. However, this is quite close to the case when x : 1, which gives a
good approximation. When maximizing Eq. (21) with respect to .L, when
x - I we have in the maximum

L"- (24)

The effective flux-tranefer factor in this case when x: 1 is given by

F. _ k"(L,L)rlzNd(Ld+ !,)
lLa+(r-k,)L,l'

(25)

1.2

o
!t

t!

I
EJ
..o

r.0

0.8

0.6

o.1

o.2

o.o
o.o o.2 0.1 nAnR4n

CoupLun! coef{ icienL

Flgure 11. Ratio between the efiective flux=transfer factors
with two values, Ld : oo and La - 0, in both cases when
s' : I/2 and r :,1 (Eqs. (23) and (25)) plotted as a function
of the coupling coefficient /cr. When the difference in the noise
between the cases Ld: q and La: 0 is measured when the
coupling coeffi.cient is 0.3, the value is between 4.596 and 996
of the total noise depending on x.

Lale*! +2(stl7/4- k! +r)l
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The maxinum signal-to-noise ratiog (tra has the optimura value) cal-
culated by using Eqs. (23) and (25) are compared in Fig. 10 to the S/N-
ratio calculated by using Eq. (1a) as a function of the coupling coefrcient
,t,. The S/N-ratio calculated with Eq. (1a) has been set to 0 dB whetr t, :
0.1. The maximum. increase of 15 dB iu the S/N-ratio when compared to
the S/N-ratio calculated with Eq. (1a) is obtained when &,:Q.9 and x :
1. The corresponding increase with /c, equal to 0.3 is only 0.8 dB. In Fig.
11 there is shown the ratio between the two flux-transfer factors when
Ld: a md La: 0 in both cases when x :1 and x: l/2. As can be
seen, with small values of å, it is difficult to determine the value of x from
the noise measurements because the difrerence in noiee between the cases

La:0 and La: oo (Eqs. (20) and (21)) is only a few per cent.
Fig. f2 shows the optimum. value of -L, comparedto La as a function

of the couplhg coefficient *, in the three cases where the S/N-ratio is
calculated by using Eqs. (14), (23) and (25). If the value of tra calculated
from Eq. (15) is used in the cases where SQUID's noise is taken into account
(Eqs. (23) and (25)), the error in the S/N-ratio with the coupling coeffcient
of 0.3 is 0.42 dB. In our cese we have assumed that the x value is equal
tp Llz, because in our system the dominant contribution to (d.,.lt/, i"
provided by the RF-amplifier. The m.easurement of x gave only indeffnite
results.

o
o.o o.2 0.1 0.6 0.8 t.o

Coup L e nQ coef { i-c uenL

Flgure 12. Optimum ratio of L,lLa as a function of the
coupling coefr.cient ft, in three cases when the flr:x-transfer
factor is calculated from Eqs. (14), (23) and (25).
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5. OPTTMIZATION EQUATIONS

5.1. Source models

When the magnetic freld of the heart is measured with the uniposi-
tional lead system, the source of the magnetic activity is modelled with a
magnetic dipole in the center of the heart. However, although this theoreti-
cal point source describes acceptably the detected field patterns, the source
of the magnetic field is still a distributed current inside the real heart
muscle. To study the effect of a distributed current source on the optimiza-
tion of the gradiometer, we have also tested other types of source models.
ta addition to the magnetic dipole, a current loop and a spherical eurrent
surface were examined in coaxial situation (X direction).

Cwrent loop

The magnetic dipole moment m1 of z current loop is

ffit: IrLn , (28)

where 1r: the current of the loop,
,4" : the effective area of the loop,
n : the unit vector normal to the loop.

When the distance to the loop is long when compared to its radius, the
fi.eld of the loop is similar to the field of a magnetic dipole.

Current surface

The current surfaee model is a ball whose surface is covered with a
homogeneous current. distribution. This current is modelled with several
loops lying on the ball's surface, each carrying the same current. The
magnetic dipole moment ffit of a spherical current surface modelled with
N loops can be expressed approximately as

{N \
ffi6: rlln;ln ,

\;:r /
(27)



where
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/t : the current of the loops,

Ä; : the effective area of the i:th loop,

n : the unit vector directed towards the axis of the loops.

In all models used, magnetic dipole, current loop and spherical current
surface, the equivalent magnetic dipole moment was set to I pAn2 when
the optimization calculations were performed. The radius of the current
loop and ball was set to 50 mm.

5.2. Signal-to-noise ra,tio

The optimization of the dimensions and structure of the gradiometers
was made with respect to the signal-to-noise ratio. Wlen a first-order
gradiometer is used the S/N-ratio can be written as

t _ iLcq _ F" a,iL" _ k"(L"L)r/2(Ls + L)Ll2 1trlr/z a,oo
N 

: 
@TFIT 

: 
@".1r/, 

: 
tL, + g _ ;iLSO-\r,, ) @^fr,

' (28)

where ö"q : the magnetic flux in the SQUID caused by the signal,

(O\lt/" : the equivalent magnetic flux noise of the system

referred to the SQUID,

.t'" : the efreetive flux-transfer factor,
a : the square root of the ratio of the pick-up coil inductance

-Ia to the total inductanee Lo of the gradiometer,

LQ" : the external magnetic flux difference between the
pick-up and second coil, respectively,

AQo : the magnetic flux of the gradiometer.

It must be noted that if the magnetic flux noise term (OZIt/'is expressed
in T,,o"(EzJ-rlz, Eq. (2S) gives the right result only when the S/N-ratio
is calculated on a t hertz bandwidth. Otherwise the bandwidth of the
measurement system and the spectrum distribution of the signal must be
talcen into consideration. In the following discussion the signal-to-noise
ratio is expressed in dB on a I Hz bandwidth. The constant value of
8.5.10-5OoQIzl-r1z has been used for @7)t/'.In Eq. (28) the effect of
SQUID's ellective inductance on the noise is taken into consideration in
Fr.
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Magnetic d.ipole eouree

When the gradiometer is eoaxial (in X direction) and has asfmmetric
construetion with circular coils, and the source is a magnetic dipole m on
its axis, the gradiometer fl.ux Ä@o can be written as (Fig. 3a)

where trLs: the X component of the source dipole,
Rt,Rz: the radii of the pick-up and second coil, respectively,
h,;,hi: the distances from the source to the center of each

Ioop of the pick-up and second coil, respectively.

When the gradiometer has a planar structure with eircular coils (Y
and Z gradiometers in Fig. 2) the magnetic flux of the gradiometer has
to be calculated rrith integral equations. In the Y direction A@o has the
form

Aö__rr,*"fs R? _s R, i-=s - , L?, @i + h!1s12 oL^ taZ + h?yt2 J '

Ä4 : ry{äI,'" 1,.' ffifu6d6da

AQ-: aty"[# ftt' f/' 2D? - p?o zr I,HJ" l-orrffidx'dz'
- * ["/" [or' 2D? - o? I

Frro r-t/z tE -i4Yt'dx'dz'f '

where p? : (h + ,')' * z'2,
of;:Qt+b+s')2tz'2.

The parameters of Eq. (31) are shown in Fig. 4d.

(2s)

(30)

where tus: the Y component of the source dipole,
D;,Di: the distance from the center of the coil loop

to the X axis for the pick-up coil and second coil,
respectively,

9?:h2-2lz6cosa+62,
pZ : & + b)2 - z(h + b)6 eos a + 62.

The double integrals of Eq. (30) are computed numerically. The
parameters of Eq. (30) are shown in Fig. 3c. In the case where there is
a rectangular cross section in the Y coil, Aöo becomes

(31)
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Cwrenl loop aource

When a current loop with radius & and current 4 is used as the
source, the magnetic flux in the,coaxially situated gradiom.eter is

L(Do :*t{ 
å ft! + (R1* a,l'J'/' 

[( 
t - *)*o,) - E(å,)]

å f! + (R2 * n,)')'Pl('- +)"(*i) - t(0,)]1,
(32)

where k7 :4l,a&r[r; + (Pr + Rizl-t,
k? :4&z&{ri + (R2 a R)zf-r ,

and where functions -K and E zre complete elliptic integrals'of the first
and second kind, respectively. The parameters of Eq. (32) are shown in
Fig. 13 for a single loop of a coil. The elliptic integrals are calculated by
using their series approximations.

Figure 18, Geometry for calculating the magnetic flux
through one loop of the gradiometer coil (GCL) generated by
the current 4 in the source current loop {SCL).

Rr'Rz



29

5.3. Sensitivity

The sensitivity of the gradiometer is equal to that magnetic flux
density B*;n in the piek-up coil which eauses iu the SQUID a magnetic
flux equal to the equivalent magnetic fl.ux noise of the system lt\ltl"
referred to the SQUID or according to Eq. (28)

1521t/2B^in: iftE; (33)

Here it is assumed that the magnetic fleld is coupled only to the pick-up
coil and the field is homogeneous inside the coil. Thus Eq. (BB) presents
the maximum available sensitivity in theory wben the baseline is very long
but the second coil still loads the signal (a in Eq. (38)). The sensitivity of
a gradiometer designed for maximum s/N-ratio is not neeessarily equal to
the maximum sensitivity for the given space limits.
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6. RESULTS

The optimization'was made by assuming that the coupling coefrcient
ft" was equal to 0.3. The baseline b of the gradiometer was eet to 150 mm.
The length of the gradiometer's coils was limited to 10 mm because in
this case the effect of the coil length on the accuracy was not examined.
Three diflerent gradiometers were studied; a syronetric one where the
ratio between the area of the second and pick-up coil, 4 : Åz/Ar, wae

equal to 1, and two asymmetric gradiometers where the ratios of the areas
were?:2and?:3.

0.1. X gra,diometer

The X gtadiometer was studied in three cases: when the distance
from the source 1) to the center of its pick-up coil, 2) to the lower end
of its pick-up coil and 3) to the periphery of the pick-up coil of the Y
gradiometer (Fig. 2) was fxed.

The ma;rimum available SIN-ratio in the X direction was first calcu-
lated by using Eqs. (28) and (29) for all three gradiometer structures as

a function of the maximum coil radius in the case when the distance å"
from the source to the center of the pick-up coil was equal to 100 mm.
The m.aximum radius of the X coil is the same as the radius -R-,r" of the
cryostat's inner space. As can be seen in Fig. 14, the change in the S/N-
ratio with respect to the Rron is similar between the different three struc-
tures. The difference in the S/N-ratio is only about 1.5 dB maximum. The
symmetric gradiometer with 4 : 1 shows the best S/N-ratio within the
whole range. The S/N-ratio of the symmetric structure, howeyer, Beems

to increase more slowly than that of the two others when R*o, increases.

6.1.1. Effect of the pielc-up coil length

In Fig. 15 there are shown the maximum S/N-values for the three
gradiometer structures when the length of the pick-up eoil is taken into
consideration. This is the usual measurement situation when only the X
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Flgure 14. Maximum available signal-tonoise ratio for three
different coaxial X gradiometers with circular coils as a func-
tion of the cryostat's inner radius. The distance å" from the
center of the pick-up coil to the magnetic dipole source ?D is
fixed to h, : 100 mm. The magaetic dipole moment of the
source was lpÄrnz. The equivalent SQUID's flux noise and the
coupling coefrcient å, to the SQUID were 8.5.10-s 6"19 r1-t/z
and 0.3, respectively.

component has to be recorded and the distanee from the source to the
inner bottom of the eryostat has a certain minimum (the shortest possible
measurement distance). In this case the distance from the source to the
lower end of the pick-up coil remains unehanged (h. :100 mm) and thus
the total distanee between the source and the center of the coil is ho+Iof 2,
where lo is the length of the pick-up coil. It is very interesting to note that
in this case also the symmetric structure shows the best S/N-ratio. It is
over I dB better than the asymmetric gradiometer with 4 : 2 and nearly
3 cits better than that with 4 : 3. Thus for single component measure-
ment, if the maximum S/N-ratio is desired, a symmetric gradiometer is
recommended when the inner diameter of the cryostat is below 80 mm.
The dimensions and data for the optimum gradiometer (q : 1) when the
length of the piclc-up coil is talien into consideration and when R*o, : 25

mm are presented in Table 2.If a good spatial resolution of the measure-
ment is considered, the situation is different.
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Figure 15. Ma,:rimum available S/N-ratio for three different
coåxial x gradiometers with circular coils as a function of the
cryostat's inner radius. The distance å" from the pick-up coil's
lower end to the source was fixed xt h":100mm.

Tabte 2. Dimensione and dota of the X gradlometer
for the optimum S/N-natlo when å":100 mm

Radius,rzrz
Ler,gfh,mm
Number of turns

Pick-up coil

25.00
2.0
I

Second coil

25.00
10.0
I

Baseline : 150 nzrz, lnductanee - tB.8 pE
S/N-ratio :78.2 dB , Sensitivity - 2A3 IT,*,(Ez)-t/z
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The sensitivity of each three types of gradiometers was examined by
using Eq. (33). When the S/N-ratio is at an optimum, the corresponding
sensitivity is shown in Fig. 16 as a function of Ro"n, for the three struc-
tures. As can be seen, the change of the sensitivity is similar for each
type'

The efiect of the eoupling coeft,cient and measurement distance on
the optimum signal-to-noise ratio was examined when R*o,r-wzs equal to
25 rom. In Fig. 17 the optimum S/N-ratio is presented as a function of
the coupling coeffi.cient å". The difference between the SIN-ratios of the
three structures remains the same. This same effect was noted also when
the SIN-ratio was calculated as a function of the measurement distance
with /c, equal to 0.3.

All the calculations above were made when the length of the coils was
limited to 10 mm. In Fig. 18 there is shown the efrect of the coil length
on the S/N-ratio ealculated with Eqs. (28) and (29) for one symmetric
and two asymmetric (rt :2 and 4 : 3) gradiometers, respectively. The
number of turns of both gradiometer coils was fixed in each case to the
values obtained from optimization with the maximum 10 mm coil length
in each case. Fig. 18 shows that the S/N-ratio increases wheu the length l,
of the second eoil increases. For the symmetric gradiometer the S/N-ratio
inereases when the length lo of the pick-up coil decreases. However, when
the second coil is long, the efrect of the pick-up coil length on the S/N-ratio
is smaller. The best result is obtained when the pick-up coil is wound a
few millimetres long and the second coil is made as long as possible. For
the asymmetric gradiometers the situation is difrerent. For the structure
with 4 : 2 the optimum length of the pick-up coil increases from 3 mm
to I mm rphen the length of the second coil increases from lmm to 20
mm. For the asymmetric gradiometer with I :3 the optimun length of
the pick-up coil is I rom when /" is lmm, and it increases to 16 mm when
l" is 20 mm.
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Figure 18. Sensitivity of the three difrerent optimum coaxial
X gradiometers of Fig. 15 when optimized with respect to the
S/N-ratio.
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F'igure L7. Maximum S/N-ratio of three different coa:rial X
gradiometers with circular coils as a function of the coupling
coefficient &,. The inner radius of the cryostat was 25 mm and
the distance å" was fixed at 100 mm.
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Figure !.8. Effect of the length of the pick-up and second
coil to the S/N-ratio in three cases; (a) the gradiometer is
symnetric or 4 : 1; (b) asymmetric, rI : 2i (c) asymmetric,
I : 3. The numbers of turns of the gradiometer coils are fixed
in each case at the values obtained from optimization with
maximum 10 mm coil length.

'.\
'cl-, rs



36

6..L.2. Effeet of the Y eoil radlus

Fig. L9 shows the caleulated maximun available S/N-ratio for the X
gradiometer with circular coils when it is assumed to be a part of a vector
gradiometer as presented in Fig. 2. In this structure the Y and Z coils are
similar to the X coil. Now the distance between the source and the center
of the pick-up coil is ho + R1e, where .E1 , is the radius of the pick-up
coil in the Y gradiometer (or Z gradiometer) and the distance å, between
the source and periphery of the Y coil is fixed and equal to 100 mm. In
this case the worst signal-to-noise ratio is obtained with the symmetric
gradiometer when R-o" ) 18 mm. The asymmetric gradiometer with
I: 2 has the maximum S/N-ratio over the whole examined range. On the

14

20 25 30

Rmox, mm

Figure 19. Maximum S/N-ratio for X gradiometers with
circular coils as a function of the cryostat's inner radius. The
distance /ao from the periphery of the pick-up coil of the Y
gardiometer (Fig. 2) to the source is fi.xed atr ho : 100 mm.
The calculations are made with two sources: the solid lines are

obtained in the case when a magnetic dipole source was used,

and the dashed lines when the source was a current loop with
a radius of 50 nm. in both cases the magnetic dipole moment
of the source wzs trpArn2.

l8

l6

c0n

"'r -ln
n
L168z
a--

oo

64

62

V: rl=1
+'a:|=2
t'1=g

R..,

-Jr -g__
tYt I

Ii11tso
t-löl-r|--T"-T

- i lhp=loo
'l I



37

Table 3. Dimeneions and data of the X gradiometer
for the optimum S/N-ratio when åp: 100 mm

Radiusrnzrn
Lengrth,mm
Number of turns

Pick-up coil

17.67
10.0
16

Second coil

25.00
10.0
8

Baseline : 150 mrn, Inductrance - I7.2 ltV
S/N-ratio :74.A dB, Sensitivily :21.7 fT,*"(Hz1-t/z

small values of the radius it is about 0.6 dB better than the gradiometer
with 4 : 3, and 2 dB better than the s;rmmetric case when (R*n : 40
mm). The dimensions and data for the optimum gradiometer structure
when -B-o, : 25 mm are presented in Table 3. The sensitivity in this case
when the s/N-ratio is at a maximum is equal to the maximum available
sensitivity.

6J.3. Effeet of the eource type

The results presented above were obtained with a magletic dipole as
source. The efiect of the current loop source and spherical current surface
source on the results was also studied by using Eq. (82).

A current loop with the radius of 50 mm and the equivalent dipole
moment of Ip,Am2 as the source gives similar results as the magnetic
dipole. The only difrerence in the optimized structure of the gradiometer
when eompared to the structure obtained with a dipole source can be
found in asymmetric gradiometers where the length of the pick-up coil
tends to increa.se by the order of ten per cent for the optimum result. In
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Fig. 19 there are shown also the calculated optimun S/N-ratios of
three different X gradiometers when the source is a cunent loop at the
distance of 100 mm from the periphery of the Y pick-up coil. The form
of the curves when compared to the case with a dipole source is similar,
although the obtained S/N-ratios with the current loop source are lower.

The spherical current surface source with the radius of 50 mm, the
number of loops of 41 and the equivalent dipole moment the same as with
the Ioop source gives in all cases equivalent results with the dipole sourbe.
The effect of the source type was examined only in the coaxial situation.
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Rmox, mm

Flgure 2O. Maximum S/N-ratio for planar Y gradiometers aB

a function of the eryostat's inner radius when the cross-section
of the gradiometer coils is circular (solid lines) and rectangular
(dashed lines). The distance å, from the periphery of the pick-
up coil to the source is flxed at 100 mm. In gradiometers with
rectanguiar coils the coil area is equal to the area of a circular
coil with radius R : C 12. In asymmetric gradiometers the
pick-up coil's height is lower whereas the width remains the
same.
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B.2. Y a;n.d,Z gradiometer

The Y gradiometers 'were studied only in the case where the distance
å, from the source to the periphery of the pick-up coil was fixed. Thus
the distance to the center of the pick-up coil is h, + Rr. The results with
Z gradiometers are equivalent with those of Y gradiometers.

8.2.1. Circula,r eoils

The optimum s/N-ratio for three different planar y gradioneters
with circular eoils is shown in Fig. 20 as a function of R*or. The maximum
length of the coils is set to 10 mm. As can be seen in this case the
asymmetric gradiometer with 4 : 2 shows the best S/N-ratio. It is about
0.7 dB above the value obtained with both other structures when Rroor:
25 mm. Both asymmetric structures have quite similar optimum S/N-
curyes. The symmetric gradiometer has the worst $/N-ratio when Ä-o" )
24 mm. The dimensions and data of the optimum gradiometer structure
when.R*r", : 25 mm are presented in Table 4. The coil dimensions of the
planar gradiometers difrer from the dimensions of the X coils becauee in

Table 4. Dimeneions and data of the y grradiorneter
for the optimurn S/N-ratto when åp:100 mm

Radius,raz
Lengrth,mrn
Number of turns

Pick-up coil

17.30
10.0
16

Second coil

24.47
10.0
8

Baseline : 150 mm,Inductance - IB,7 pE
S/N-ratio : 88.3 dB, Sensitivity - ZZ.g fT,*"(E)-tlz
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this case the maximum radius l?z of the second coil is not the same as the

radius E*n, of the inner space of the cryostat. Because the length Iz of
the second coil must norv be taken into account, it follows LhzL R*o" :
lill + (t"/Z)'ft/" ,od optimum values for both the radius and the length

of the second coil can be found.

8.2.2. Rectangular' "eollg

The properties of the rectangular Y coil were first tested with a single

loop on the X axis by using a magaetic dipole source in the origin. The
magnetic flux was calculated through the rectangular loop whose maxi-
mum width was limited by the inner diameter of the cryostat {R*nr:
25 mm) and whose areå lpas set equal to the area of a circular loop with
radius -R*," (equal sensitivity with X loop). In Fig. 21 there is shown the
relative change of the magnetic flux through such a loop as a function of
the width of the loop in two cases. The upper curve is obtained when the
distance (h,. : 120 mm) is from the source to the center of the loop. In
this case the flror increases when the height of the loop increases while the
area remains constant. trn the lower curve the distance (hp :100 mm)
to the periphery of the loop remains constant and thus the distance to
the center is 100 mm*A/Z, where A is the height of the loop. The lower.

curve describes the situation in a vector gradiometer where the distance

from the cryostat's bottom is determined by the height of the Y and Z
pick-up coil. According to these results, the width C of the pick-up coil
in asynmetric planar Y and Z gradiometers with rectangular coils should

be equal to zlRl,." - (Irl2)'l'/2 for the mardmum SIN-ratio.

The only question concerning a planar gradiometer with rectangular
eoil cross section is thus the optimum ratio of the coil length to the
coil width. In Fig. 20 there are shown the optimized S/N-ratios for the
s;rmmetric and tx'o asymmetric (rl : 2,q : 3) structures as a function of
E*n".In the symmetric structure the ratio between the width and height
of both coils is C I Ä : 4l n (ttLe area of the rectangular coil is equal to the
area of a circuiar coil with radius Cl2).ln asymmetric cases with 4:2
and 4 :3 the ratios are Cf A:8lr andC lA: I2lr, respectively. The
best ,$/N-ratio is obtained with the asymmetric structure with ? : 2 when

R*u* ) 20 mrn, ivherer,s below that radius the symmetric structure is

siigirtly be1;"'er. ,x.lirc cptimum result v/ith a rectangular coil when compared

io the pianar structtre -n'ith circular coils is 2 dB higher when R*o" is 25

mrn.
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E.S. Opti.rnurn eonstruetion of vector gradiometer

In Table 5 there are shown dimensions and data of a vector
gradiometer optimized for our measurements. The asymmetric structure
where 4 : 2 has been used. The gradiometer coils are similar in both

0, ,rE+02
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1520,t5

f igure 21. Relative change in the calculated magnetie flux
through a rectangular Y loop as a function of the loop,s width
in two cases; (a) the distance from the loop,s center to the
source (magnetic dipole) is fixed (120 mm); (b) the distance
from the loop's periphery to the source is fixed (100 mm). In
both cases the flux is set to 1 when the coil width is b0 mm. The
area of the loop is maintained the same during calculations (:
the area of a circular coil with a radius of C/2; Fig. a).

b
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coaxial and planar structures. Circular cross-section has been chosen for
all coils. In the pick-up coil of the X gradiometer the length/radius-ratio
is 1.8 which allows the measuring of a magnetic dipole as close as 40 mm
from the center of the coil with the maximum error of 296 in accuracy
(Fig. 3a). In the Y and Z pick-up coils the length/radius-ratio is 1.36.
With this ratio the magnetic dipole source can be as close as 30 mm from
the center of the coil rnith a maximum e*or of 296.

In Fig. 22 is shown an example of a magnetic heart vector recorded
in the nagnetieally shielded room of Tampere University of Technology.
The measurement is made from a healthy 28-year-old male in real time
with a multiplexed vector magnetometer [Lek 8a] by using the corrected
unipositional lead system [Esk 8a]. The noise level is of the order of
lAAf T,*"(E z)-t/z.

Table 5. Dimerngione and data of a vestor gradlometer
for the optlrnum S/N-ratlo when åp:100 mm

Pick-up coil Second coil

X gardiometer:
Radius,rnm
Lengrt}^,mrn
Number of turns

Y and Z gradiometen
Radiusrrarn
Letglh,mm
Number of turns

16.20
29.0
q.)

16.20
22.0
tt

22.91
20.0
11

22.91
20.0
11

Baseline :'LiO mm
Sensitivity; X: 20.3 fT,*,(E z)-tl' YrZ, 20.5 fT,,n (E z)-tlz
S/N-ratio; X: 75.2 dB YrZ: 89.2 dB
Induetance; X: L7.7 pH,YrZ: 19.9 p,E
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7. DISCUSSION

In the theoretical measurement situation where the source of the
magnetic fleld is modelled by a nagnetic dipole, the dimensions of the
pick-up coil have a elear influence on the accruacy of the determination of
the source dipole. In this study we have designed the vector gradiometer
so that if the location of the source is known it is possible to determine
the magnitude of a magnetic dipole anywhere in the heart muscle region
from the measured eoil flux.

In a real heart the source is the distributed current density. This cur-
rent density can be modelled by elementary current dipoles distributed in
the myocardium. The ideal lead field of a magnetic lead has zero sensitivity
to all current dipoles on the s5rmmetry axis and Iinearly increasing tangen-
tial sensitivity as a function of a radial distance from the symmetry axis.
Thus oniy the vortex sourees will generate the magnetic field. However, a
problem arises beeause the sum. of all those magnetic sources is measured
and the equivalent magnetic dipole is assumed to be in the center of the
heart. Only those sources which are located at an appropriate distance
from the cletector have the correct effect on the output when compared
to the ideal lead field (Eq. (1)). The proximity effect distorts the result by
inereasing the efiect of proximal,sources and by attenuating distal sources.

Å very interesting question is whether it is possible by using an
appropriate coil design to partially compensate for the proximity effect. If
we look at Figs.3 and 4, rvhere the efiect ofthe coil length on the accuråcy
is shown, it seems that when the X coil is very short its response to the
proximal sources is less than it should be when calculated according to the
dipole theory. Correspondingly, when Y coil is long, the same efrect can be
seen. Especially in the case of a rectangular coil with the ratio Cf A:3
(Fig. ac) the eiiect is apparent over a wide range. However, this is true only
of the magnetic dipole sources. When we have a current dipole source in
a homogeneous volume conductor the situation is different because the
electric eurrents in the conducting media are not necessarily magnetically
dipolar.

We have tested the efreet of the eoil dimensions on the measurement
accuracy by using the same geometry as Vy'ikswo fwik 78] where the coil
is on the positive x-axis and the source is a current dipole F, which is
located in a conducting half-spaee at point (-Xa,0,Za) (Fig. 23). The
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air-eonductor interface is the YZ plane. The coil flux can be written in
this case by using complete elliptic integrals lf(/c) and E(/c) as [Wik 78]

o,: tu?äryp-{tuv--)-E(/cd)], (34)

Correspondingly, the X component of the magnetic freld density B"a;p in
the center of tbe coil caused by the current dipole Fn is [Wik 78]

Bc,tip : W lz2o+ft+xr1zf/z

where tc! -- +z6al(zn + R)' + {h; + xa)21-L
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F igure 23. Ratio between the magnetie flux density Brr",
ealculated from the coil flux, and the flux density 8"4;o, czlcu-
lated froro the <iipole equation, in the center of the coil with
difrerent ratios of llR. The coil is cicular and its turn density
is 1C/R. The source is a current dipole 7, located in the con-
duciing half-snaee at the point (-X4 ,0, Za) and directed along
the Y axis. The air-conducior interface is the YZ plane.
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Fig. 23 shows the ratio betweenthe flux density Brr" calculated from the
eoil flux, Eq. (3a), and the flux density B"a;p calculated from Eq. (35)
as a function of the ratio between the coil radius and the coil'e vertical
distance from the source for different length/radius-ratios. Herc 24 xnd
X4 are set equal to R. As can be seen, the situation is simila.r to that
with a magnetic dipole source (Fig. 3a). Better measurement accuracy is
obtained ii the current dipole source is deeper in the conducting half-space
or if the ciipoleis distance from the X axis is longer. According to Fig. 23,
the design of the coil climensions is important when examining electric
dipolar sources which are in the vicinity of the coil, as fbr example in
magnetoenchephalogr aphy.
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8. SUN{IVIARY

The vector gradiometer strueture which shows the best sensitivity
and minimum error when determining a magnetic source dipole was in-
vestigated. The optimization of the structure was made with respect to the
S/N-ratio when the space for the gradiometer in the cryostat was limited
and the distance between the source and the inner bottom of the cryostat
was fixed.

The effect of the gradiometer's dimensions on the accuracy of the
determination of the source was examined. It was found that with coaxial
circular eoils the best length/radius-ratio is about L.7 (r/3\ when the turn
density is high. With circular Y coils the optimum ratio is of the order
of 1.5, i.e. smaller than that obtained with the Taylor series expansion.
With these lengths it is possible to measure the strength of a magnetic
dipole at a distance as short as 2R, where R is the coil radius, with a
maximum error of 3%. W}Len the turn density of the coil is lower, the
optimum length/radius-ratio decreases. For the X coil with two loops the
optimum ratio is 1 i.e. the loops are separated by R, whereas for the Y
eoil the ratio is 0.9. Using rectangular Y coils it is not possible to obtain
the accuracy of circular eoils with as short measurement distances, on
the contrary, the corresponding distances are l0 - 20 times longer. The
baseline of the vector gradiometer was determined with reference to the
physical dimensions of the source and the measurement distance.

The coupling of the deteetion coil to the SQUID and the efrect of
the flux-transfer factor on the S/N-ratio were studied. It was found that
the dependence of the SQUID's noise level on its own self-inductanee is
an important fact rphen the coupling coefrcient Å" between the SQUID's
signal coil and SQUID ring is high. The so called effective flux-transfer
factor was derived in the two limiting cases when the SQUID's noise is
proportional to Lrlz and L, whcre I is the self-inductance of the SQUID.
Calculation of the optimum deteetion coil inductance was studied in both
eases and compared to the normal case, when it is determined from ,L4 :
L"(L - /cf ), where tru is the signal coil inductance. The equations for
optimization calculations are preseuted.

The signal source rras modelled lvith a magnetic dipole, but also cur-
rent loop and spherical current surface source models were used. The
source tyne rvas fotnd io harie only a minor efiect on the optimal dimen-
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sions. In all cases, three different basic structures were optimized, one

synmetrie and two asymmetric gradiometers where the ratio 4 between

the areas of the second and pick-up coil was 2 and 3, respectively. The

optimum s/N-ratio was determined by calculating the signal flux in the

SQUID with all gradiometer structures and taking the maximum of these.

The optimization was made for the X gradiometer with circular coils

in three cases when the distances from the source to 1) the center of the

piclc-up coil, 2) the lower end of the pick-up coil and 3) the periphery of

the pick-up coil in the Y direction were fixed. In Y and z gr1öometerg the

optimization was made with both circular and rectangular coils when the

distance from the source to the periphery of their pick-up coi.l was fixed.

If only one compoDent (Xcomponent) is measured and the distance

from the cryostat to the source is fixed, the highest sign2l is obtained

with the symmetric gradiometer when the maximum coil radius R*n" \s

below 40 mm. with all gradiometer types the s/N-ratio increases when

the length of the second coil increases. In the s;rmnetric case the length

of the pick-up coil should be short, whereas for both asymmetric cases

an optimum length can be found. In the vector gradioneter the optimum

dimensions of the X gradiometer depends on the structure of Y and Z
gradiometers. vfith circular Y and z coils the X gradiometer with 4 - 2

has the maximum s/N-ratio. It is 2 dB better than the symmetric one

when J?-o" : 40 mm. 1Vhen the Y and Z coils are rectangular, the S/N-

ratios of different structures of the X graöometer the åre salne as in Fig.

14 beeause the distance no longer depends on the X coil radius. [n Y
and Z gradiometers with circular coils both aforementioned asymmetric

gradiometers are better than the symmetric one when Rron" ) 25 mm.

However, when J?*,r" ( 15 mm the symmetric structure shows the best

s/N-ratio. vrrith rectangular coils the worst s/N-ratio is obtained with the

asymnetric gradiometer where 4 : 3, whereas both other structures have

similar s/N-ratio curves. For rectangular coils the s/N-ratios are over 2

dB higher than with circular coils.
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