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SUMMARY

This report describes a series of tests made to eva l-

uate the performance of a triaxial SQUID magnetometer system

designed for use as part of a compact , omnidirectional ELF

antenna system. The mutual r n 9~~~~ic orthogonality among

the three channels was determined to be no greater than 2 x

radians and the instrument noise level of each of the

three channels was determined to be on the orde r of or less

—14 1/2than 2 x 10 Tesla rms/Hz . These results are

consistent with the specifications required of the SQUID

system and , thus the SQUID portion of the antenna will not

limit overall performance of the antenna.

The measurements were made in the Spacecraft Magnetic

Test Facility at the Goddard Space Flight Center , Greenbelt ,

MD . and at the Low Field Facility , MIT National Magnetic

Laboratory, Cambridge , MA.
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EVALUATION OF A TRI AX I A L  SQ UID MAGNETO ME TER DE SIGNED
FOR USE AS AN ELF MAGNETIC ANTENNA

I .  INTRODUCTION

A triaxial SQUID magnetometer system was purchased for

evaluation of the feasibility of using this type of instru-

mentation in a compact , omnidirectional ELF receiving

an tenna.~~~
5 Most of the performance characteristics of the

SQUID system were verified by the manufacturer during the

pre—delivery acceptance testing . Howeve r , because of the

very elaborate testing facilities needed , the manufacturer

was no t requ i r e d to measur e the rn~~~etic orthogonality among

the three channels or to determine the instrument noise

level of the individual channels , without a superconducting

shield mounted in the dewar system .*

*In operation , a superconducting shield cannot be located

aroun d the an tenna as it woul d sh iel d the an tenna f rom the

signal to be measured. With the superconducting shield

r emove d , Johnson noise f rom  the con duc t in g por t ions of the

dewar can couple into the SQUID system and possibly degrade

the performance characteristics of the antenna.
Note: Manuscript submitted March 13, 1978.
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After the SQUID system had been used in the field for

p r el i m i n a r y eva lua tion of its pe r f o r m a n c e , it was brought

back to NRL for the additional evaluation. In particular ,

it was desired to measure the following characteristics.

(1) the magnetic orthogonality among the three field

sensing coils , one for each channel ,

(2) the effective instrument noise level of the SQUID

magnetometer and the dewar ,
I

(3) a careful measurement of the response of each

channe l, that is, the ou tpu t signal  for a give n

change in input field.

II. BACKGROUND

O rt h o go n a l i~j

The response of a SQUID magnetometer to ambient mag-

netic field changes is a function of the angle of the

magnetic field relative to the norma l to the plane of the

field sensing coil. During the initial design consideration

for the ELF antenna system (Ref. 1) a configuration using

thr ee (n o m i n a l l y) orthogonal SQUID sensors was propos ed :

the outputs from these sensors would be squared and then

added to form a rotational invariant quantity. It was shown

that to implement this rotationall y invariant data processing

scheme for a platform with a stability of l0~~ ra d i ans or

less3 , the mutual orthogonality among the three field

sensing coils ought to be less than l0~~ radians. During

the pre—acceptance testing by the manufacturer , it was shown

2 
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that the rne~hanica1 orthogonality among the coils was better

than l0~~ radians. However , the manufacturer did - t  have

access to a facility to test the rn~~ netic orthogonality, and

to construct such a site would have been financiall y prohib-

itive. Howeve r , such a facility does exist at the Goddard

Space Flight Center in Greenbelt , Md . where magnetic ortho—

gonality could be measured to (nearly) the precision

required.

Noise

Since the magnetic field sensitivity of the SQUID

system is several orders of magnitude below environmental

background noise in the 30—130Hz band , (the band of interest

for ELF reception) the measurement of instrument noise is

quite difficult to perform. During the preacceptance

testing , a superconducting shield was placed in the dewar

surrounding the antenna to shield the antenna from environ-

mental noise and also , unfortunatel y, from any Johnson noise

that migh t be generated in the dewar walls and coup led

into the antenna. To determine whether the Johnson noise in

the dewar degrades the antenna performance , the entire

system with the superconducting shield removed , must be

measured in a facility where the ambient background noise is

known to be of the order or less than 10 14 tesla rms/H z”2.

This level of background field noise could be achieved in a

very large superconducting shield , but such a shield would

h ave to have a room tempera tu r e  access r eg ion of the or der

3
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of one foot in diameter. However , the Low Magnetic Field

Facility at the MIT National Magnetic Lab, provided the

ideal site for the noise measurements.

During the pre—acceptance testing of the SQUID magnet-

ometer by the manufacturer , the response of each of the

channels were determined by the following procedure:

(1) the magnetometer , without superconducting shield ,

was operated on the least sensitive range ,

(2) the system was taken to a remote “magneticall y

quiet ’1 site ,

(3) a loop dipole of known size was excited by ac

current and the magnetic field at the site of the

SQUID magnetometer was determined and the responsiv—

ity of the SQUI D ca l cu l a t ed ,

(4) the DC response was determined by fli pping a bar

magnet of known magnetic moment.

There were two difficiencies to these tests. First the

measurements were made on the least sensitive range setting

while in operation unde r water the SQUID would operate on

the most sensitive range. Secondly, these measurements were

made over a surface of finite conductivity and any variation

in skin depth with frequency might effect these ac measure—

men t,3.

At the Magnetic Test Facility at Goddard , once the

4

_ _  - I  - - .



earth’s magnetic field has been cancelled to an accuracy of

a nanotesla , a known field dc or ac can be applied in any

prescribed direction with an amplitude known to plus/minu s a

nanotesla. Since this field is at the center of a Braumbek

coil and the coil system is above the surface of the earth ,

any possible effects of a frequency dependent skin depth

measurement would be negligible.

III. RESULTS

A. Goddard Tests = M a ~ ne tic Or th o~ onalit1

The Goddard Facility consists of three sets of 138 in

diameter mutuall y orthogonal coils , in a Braunbe k configu-

ration to maximize the field uniformity at the center of

the syGitem (see Fig. 2) . This facility can compensate for

the earth ’s magnetic field to at least 1 nanotesla; further-

more , it can provide magnetic fields in any direction ,

vary ing from 0 to 55 ,000 nanotesla , with at least one

nanotesla accuracy and with a uniformity of 1 part in l0~

ove r a centrall y located 2 meter cube . Orthogonality of the

Goddard magnetic axes was specified to be l0~~ radians of

arc but had not been checked to this degree of precision.

The sensing coils of the triaxial SQUID magnetometer

in the low sensitivity (l0~~
3T) mode were mounted at

the center of the test area and aligned (l0 2 radians)

with the 138 m diameter coils. The earth ’s magnetic field

was nulled , and a calibration field was applied to each

5
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axis in turn. The SQUID outputs were measured ith a

DVM and several sets of reading s (field on , field off , field

reversed) were averaged in order to accurately determine

the sensitivity of the SQUID magnetometer. These results

are indicated in Table I.

The follow ing procedure was utilized to check the

magnetic orthogonality of the SQUID sensing coils. With

the SQUID axes aligned to at least l0 2 radians with

the Goddard coils , fields of 9000 mT were sequenciall y

app lied to each of the three perpendicular directions. For

each applied field , changes in the outputs of the SQUID axes

orthg~ onai to the applied field direction were measured

(i.e., for a vertical applied field(UD) , the east—west(EW)

and the north—south(NS) SQUID output signals were noted

before and after applying the field.) Magnetic fields

aligned with the SQUID coils could not be determined , since

they exceeded the dynamic range of the system. We assume

that these fields are 9000 mT to within a part in ~~~ for

the 10 2 radian alignment - .

For convenience , we will call N , H and U the three

Godda rd  F i e l d  d i r e c t i o n s , and 1, 2 and 3 the three SQUID

axes directions. Initiall y 1 is aligned with N , 2 with

E and 3 with U. If the mi salignments in the SQUID axes are

denoted by 
~~~~ 

e
~~

, ~~~~ etc. , and the misalignme rtts

in the Goddard Field directions are nN H ’  nN U ,  n0 H’

6



etc. then it can be shown that to first order in e and n

that for a 9000 mT field app l ied  in t u r n  to N , E and U

(see Appendix A)

(a) H
1
N
h~ + h~ H~ + h~~h~ 

— n + e (r a d i a n s )
81 X 10 NE — x ,y

(b) H~ h~ + h~ h~ + h~ H~ 
— = n + e (1)

81 x io 6 wu — x , z

(c) h~ h~~ + H ~ h~ +~~~~H~ 
+ e

81 X 106 EU — y,z

N N N E . E E U U Uw h e r e  (H 1, h2, h3
) , (h1, t1 7,h 3) , (h1,h2,H3) are

the measured components of the fields app l ied  in  the NS , EW ,

and UD direction respectively. [Note the signs on the righ t

hand side of Eq. (1).) The measured field components and

a l l  the q u a n t i t i e s  i n d i c a t e d  in  Eq , (1 ) [ (a) , (b ) , ( c )  I ar e

show n in Table I.

If we assume that the n ’s a re  l 0~~ r a d i a n s  or less

in accordance with the facilities specifications , then the

maximum SQUID nonorthogonalities based on the da ta in Table

1 and Eq. 4 would be l.5xl0 4 
radians for x—y , l .6 X 1 0 4

radians for x—z and 1.2XlO radians for v—z.

As an additional check on the experimental consistency ,

the SQUID dewar was rotated 90 degrees in the horizontal

plane so that NS was now al igned with y, EW with —x , w h i l e

TJL) remained aligned with z. The above experiment was

7



repeated with results also indicated in Table 1. In this

case , howeve r , Eq. (1) (a) would read

N E  N E  N E(a) H1h1 + h2h2 
-r h3h3 — 

8l xlO 
- = 

~NE 
+ 

~~~~ 
( r a d i a n s )  ( 2 )

Note that the signs have reversed order in Eq. (2) . This

means that if the + sign were appropriate for the first

orientation the — sign is appropriate for the second orienta-

tion. Therefore from Eq. (la) and (2a) we can determine that

-4~ -4n
NE 

= l.5XlO radians and 
~~~ 

= 0.9X10 radians.

Unfortunately, since the dewar could not be put on its

side we could not effect an interchange of the other axes

to unambiguously determi ne the other misalignments. However

because of the consistency f the data for the two orienta-

tions nearly independent of rotation , we conclude that both

the Goddard coil and the SQUID triaxial magnetometer are

aligned to ‘10~~ radians.

In addition to the tests just described several

auxillary tests were also performed. An aluminum shield

for the SQUID was used to cut down the amp litude of storm

generated hi~ h fre~ ueng~ noise (sferics) detected when the

system was installed at a land based field site. [Underwater

operation would not require such a shield because the water

will filter out the sferics l . In order to know the amp litude

of a detected signal at the field site , the attenuation

characteristics of the aluminum shield had to be carefully

determined. By applying a time vary ing field to the Goddard

8
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coils we were able to measure the attenuation characteristics

of the aluminum shield as a function of frequency from 0.1

Hz to 2000 Hz. These results are shown in Fig. 3.

Also , the SQUID magnetometer was utilized to measure

the noise frequency spectrum of the Goddard Test Facility.

These tests were used by the operators of the test facility

to evaluate the performance of their feedback circuitry

and to help them design the next generation of electronics

to null the higher frequency components of the ambient

field. An examp le of these results is show n in Fig. 4.

Shielded Room Noise Tests

The shielded room facility at the National Magnet

Laboratory (NML) consists of 3 layers of mumeta l and 2

layers of aluminum formed into a dodecahedron (see Fig .

(5) ) . It is capable of shielding ambient fields to better

than 2xlO 14T/ Hz~~
2 at selected frequencies in the

spectrum. The magnetic noise in the room is primaril y caused

by 60 Hz leakage and vibrations of the room in response to

building vibration. This latter noise is at a minimum from

midnigh t to about 6 A .M. when the building is almost emp ty ,

machinery is off and the subway (which pratica ll y goes under

the building ) is not running .

These measurements at the NML would determine if the

unshielded SQUID system disp layed a noise leve l comparable

to or less than that of the shielded room . Noise levels

9



w i t h i n  the shielded room s l i g h t l y  exceeded the l0~~~

T/Hz1”2 level but by comparing the noise measured with

our SQUID belonging to the NML we could set an upper limit

on our SQUID and one system noise of less than 2xl0 14T/Hz1~
’2
.

The SQUID system was mounted inside the room , suspended

from the walls to decouple it from the floor , and a series

of noise spectrum measurements were taken in the early

morning hours when the room was quiet. These results were in

good agreement with the room noise spectrum determined in a

previous independent study. Our results are indicated in

Table II.

A spectrum of room noise was also obtained by recording

the SQUID output and analyzing this data with a spectrum

analyzer. A typ ical spectrum is shown in Fig. 5. This

analysis once again confirme d the uppe r limit on the SQUID

—14 1/2system noise to be less than 2xlO T/ Hz which is

the order of the minimum room noise at selected frequencies .

The sensitivity of the flux transformer p ickup coil was

reduced by approximately an order of magnitude and the noise

spectrum was remeasured. At this new sensitivity , the room

noise was well below the SQUID system noise for much of the

spectrum. In this case the measured SQUID system noise was

lx l O 13T/ Hz ”2 in agreement with the specifications.

These results are shown in Fig. 6.

Techniques for measuring the coherent narrow band

noise at 76 Hz were tested in the NML sh ie lded  environment.

10



These measurements were performed by recording the SQUID

output and a 76 Hz reference. For analysis the tape was

played back faster than it was recorded generating a very

long effective time constant and therefore a very narrow

bandwidth. The resultant coherent noise at 76 Hz was an

order of magnitude larger than expected. The measurements

were repeated using a 152 Hz reference on tape but a frequen-

cy halver on play back to provide the 76 Hz reference. The

noise at 76 Hz was reduced by an order of magnitude. To

eliminate the possibility of cross talk in the tape recorde r ,

the first set of measurements were repeated with the SQUID

output shorted . The 76 Hz noise was now at or below its

level when the 76 Hz reference was obtained by halving at

152 Hz. Thus there was significant leakage of 76 Hz from

the oscillator into the SQUID electronics which made it

imperative not to use any frequency that is being detected

as a reference.

IV. CONCLUSIONS:

In order to test the performance of the triaxial

magnetometer we used the two best magnetic test chambers

in this country. We conclude from these measurements that

the axis orthogonality of the magnetometer system is less

than 2x10 4 radians and that the noise is less than

l.6xl0~~
4 T/ Hz1~

’2. These limits of veri fication are a

r e f l e c t i o n  of the  precison of the existing and available

facilities. They do no t neces sa r i l y  r e f l e ct the ul t ima te

11



capability of the system as an ELF magnetic antenna.

In fact we conclude that the specifications were met

and therefore do not limit the feasibility of the antenna.

In addition very useful information was obtained on

the susceptibility of this instrument to electrical pickup,

on the performance of its aluminum shield , and on the

specifications of the test facilities themselves. This

latter information proved very useful to the personnel at

these facilities and in some respect justified , especially

in the case of Goddard , the generou s donation of their time

and effort in assisting with these measurements.
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APPENDIX A

It is desired to estimate the actual errors in ortho—

gonality of a three axis SQUID sensor that is known to be

orthogonal to at least io 2 radians. The method used was

to align the system to 1U 2 
radians with the three

mutuall y orthogonal coil directions of the t3raunbek coil

system at Goddard. It will be shown that the “scajar ”

product of nearly orthogonal (‘1tJ 4 radians) fields in the

SQUID reference frame are to first order simply related to

the nonorthogonalities of the SQUID reference frame and the

nonorthogonalities of the reference fields. In the follow-

ing we assume that the reference fields are orthogonal to

lU~~ radians (their specification ). If the Goddard f~ield

directions are i’~~, E , U standing for North—South , East—West

and Up—Down and the SQUID axes directions are 1, 2, and 3 we

will assume initially that 1 is aligned ( l U 2 rad) with N

and 2 with ~ and 3 with Up, than a field along N will have

measured SQUID components as follows:

L
where is within a part in It.)4 of H L

~ and h~ and h~ are  down

by at least two orders of magnitude. The ScJUIt.) axes are not

quite orthogonal. So we can use a Gram—Schmidt procedure to

rotate them to an orthogonal coordinate frame. Using this

procedure in the SQUID frame can be rewr i t t en  in the

orthogonalized frame as follows:

13



= H
L
~1 x

= 

~1 1
~x + ~2

= € 3H
N + c4h~ + c~h~

The c ’s are the Gram Schmidt coefficients. They are

rather complicated functions of the angles between the SQUID

axes but since the SQUID axes are known to be orthogonal to

at least iu 2 radians then to first order in the maximum

nonorthogonality ~ (ie neglecting terms of lU~~ or less)

N _ NH1 —

2 
h~ = ~ H~ + h~ ( 2 a )

c~ ( l — ~ 
) 1 hN = 1~ i~I~

’~ + ~ h
N +3 x y z

Sim ilary for a field along E

= h~ + + hE3

E — hEh1 
—

(2 o )
= 

~ h~
’ + tix y

= ~ h~ + ~ H~ + h~

4 E H Lwhere again 
~
1
2 

is within a part in 10 of H ano and

are two orders down in magnitude . Since we actually

measure the components in the SQUID reference frame , the

following product can be easily formed

H~ h~ + h~ H~ + h~ h~ = (pseudo scalar product) PSP (3)

using the transformations in (2) we can rewrite (3)

14
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~~H~~ ti~

+ ~ h~ h~ + h~ H~ + ~2 H~ h~ + ~2 h~ h~

+~~~ h~
J hL + ~

2 H E H1
~~+~~

2 hEx z y x y

+ ~i hN hE + ~ h
E ht

~ + ~ H~ hNy z x z y z

+ h~ n 1
~z z

dropping all second orde r terms involving either an ~ 2

or a ~ times a small h. We get

PSI? E1~ h~
’ + h1

~ H
E + h~ hF~ + ~~H

”1 HEx x y y z z x y

but + h H~ + h~ h E

is just the scalar product of H~ and HL in the ortho-

gonal coordinate systemand is equal to Ih~~Iii~~ cos (~~~- -nNE
)

where nNE is the nonorthogona lity of the reference coil

system . Since n~~ is less lU~~ radians we can use

the small angle approximation.

Therefore

PSP = 1H N J J F1 C J flNE+~H~ H~

but

N E .  b 4H H is the same as IH I IH to a part in 10 so triatx y

= 18~~ HE I ~ ~NE~ ~

i?S P
— —  ..
~H L

~ ~H~’j

15
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If one now rotates the SQUID frame so that 2 is aligned witn

N , 1 is aligned with —E etc. (to within iu 2 radians)

than the sign of the ~ term is just opposite to what it

was in the initial case.

So that in this case

or 
= I~~~I HE ‘~~NE 

‘
~~~~ (H~ HE)

1?SP
— ~NE ~
IH t
~
h I I H E I -

This result can be generalized to fields in all three

directions and rotations about any axis to give Eq. (1) in

the main text where the ~ ‘s have been generalized to

e ’s.
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Fig. 1 -— This figure is a photograph of the Triaxial SQUID Magnetometer
that was tested. At the left is the cylindrical liquid helium dewar in which
the magnetometer is mounted. The boxes on the right are the electronics.
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Fig. 3 — Attenuation versus frequency for the cylindrical aluminum shield.
Triangles are the data for the field along the axis of the shield for perpen
dicular fields.
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Fig. 4— A typical noise spectrum along one axis of the Goddard
facility. Tape recorded data was analyred using a spectrum analyzer
whose output in magnetic field units wa~ plotted versus frequency .
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Fig. 5 — A photograph of the MIT shielded room facility
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Fig. 6 —  A typical noise spectrum obtained with the SQUID along one
direction in the MIT shielded room. Data were tape recorded at MIT
and spectrum analyzed at NRL. Magnetic field is plotted versus
frequency.
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