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SUMMARY

The basic  fea tu res of the A ustralian  
National University m agnet a re  described , 
introducing c ritic a l p a ram e te rs  intended to be 
m easured .

D escription of the design and co n str­
uction of instrum ents to indicate m echanical 
s t r e s s ,  tem p era tu re , p re s su re , re la tiv e  
motion, cu rren t and m agnetic field, is given.
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1. INTRODUCTION

In 1967 work began at the A. N. U. on the design of a 300 kilogauss exp­
erim ental magnet. No other such device existed, so that new ground had to be 
broken in theory and technology before the p ro jec t looked like culminating in the 
creation  of a p rac tica l device.

This m agnet should therefo re  be looked upon, not m ere ly  as a new m ore 
powerful re sea rc h  instrum ent to serve , in p a rticu la r, the d iscipline of solid s ta te  
physics, but also as a piece of engineering re sea rc h  in its  own right.

This is  certain ly  the attitude of its  bu ilders, and it is because of th is that 
the provision of adequate instrum entation has been regarded  as a m ost im portant 
aspect of the work.

2. DESCRIPTION OF MAGNET

The magnet, a section of which is shown opposite, consists  essen tia lly  
of two concentric coils, named inner and outer, connected e lec trica lly  in 
p a ra lle l.

The outer coil is  basically  a homogeneous plane helix of 48 tu rn s , the 
dim ensions, field rating , power consumption and cooling requ irem en ts of which 
a re  lis ted  in Table I . The construction is  based on the B itter p rin c ip led ) of

TABLE I

Inner Coil Outer Coil Total

Inside d iam eter 
Outside d iam eter 
Length
F ield Contribution 
Pow er
Cooling w ater
C urrent
Voltage

2.22 inch 
9.2 inch 
8 .0  inch 
135 kilogauss 
4 MW
0. 9 cubic f t/se c  
26.7 kA 
150 V

10.5 inch 
26.8 inch 
16.25 inch 
165 kilogauss
25.5 MW
6.5  cubic f t/s e c  
168 kA
150 V

300 kilogauss
29.5 MW 
7 .4  cubic f t /s e c  
194.7 kA

in terleaved  sp lit d iscs , but the p rincip le  has been developed well beyond previous 
p rac tice  and m ore is  expected of the s tru c tu re  in te rm s  of streng th  than has 
previously  been the case. The expected s tre s s e s  based on calculations derived 
a fte r R eferences 1 and 2 a re  graphed in F igure  1 .

The inner coil is  essen tially  a plane helix of 96 tu rns and is  of consid-
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erably  d ifferent pitch from  the outer coil. However it is  not m echanically 
homogeneous, consisting in fact of eleven concentric sub-coils a ll of the sam e

F  3 0

14 16 18 2 0  22 24 26 28 3 0  32 34
radius cm

Figure 1. S tre sse s  in outer coil. M aterial is  . 07% Ag-Cu hard

tem per. ^  expected azim uthal s tre s s .
(b) expected 0.1% proof s tre s s .

p itch and e lec trica lly  in p a ra lle l throughout the com posite s tru c tu re . The non­
homogeneity of the inner coil is  beneficial to azim uthal s tre s s  d istribution  which is 
expected to be as graphed in F igure  2 . Main p a ram e te rs  a re  lis ted  in Table I 
as for the outer coil.

Cooling of both coils is  by m eans of axial w ater passages -  punched holes 
in the d iscs  of the outer coil, and m illed s lo ts  on the outer su rface  of each of the 
sub-co ils  of the inner coil. With the design w ater flow and maximum field, tem p­
e ra tu re s  in the outer coil a re  expected to be as shown in F igure  3 and those in the 
inner coil as in F igure  4 .

Since the design of the m agnet is  based  on new theory  and innovations not 
p reviously  verified  experim entally , and since its  safety depends on certa in



DESCRIPTION OF MAGNET 3

radius cm

F igure 2. S tre sses  in inner coil. M ateria l 0.25% Zr-C u hard 
tem per.
(a) expected azim uthal s tre s s .
(b) expected 0.1% proof s tre s s  co rrec ted  fo r operating 

tem p era tu re .

radius  cm

F igure  3. T em peratu re  p ro file  -  through cooling holes, outer coil.
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RADIUS cm

F igure 4 T em peratu re  p ro file , inner coil.

c ritic a l p a ra m e te rs  not exceeding known lim its , it was considered d esirab le  to 
incorpora te  adequate instrum entation into the m agnet s tru c tu re . Section 3 gives 
an account of the p rincipal variab les in the m agnet and the p rac tica l m eans 
adopted for m onitoring these  variab les. As will be seen, in som e cases it was 
found im practicab le  to m easu re  the desired  variab le  d irec tly , or in as many 
locations as one would like.

3. PRINCIPAL VARIABLES

3 .1  M aximum m agnetic field

M easurem ent of th is variab le  is  an obvious necessity  and is 
read ily  accom plished by m eans of an inductive pick-up coil in the high field region 
of the m agnet, coupled to an electron ic  in teg ra to r.

3 .2  Voltage applied to m agnet

This is  m onitored and usefully co rre la ted  with m agnetic field.

3 .3  S tress

Estim ation of th is variab le , which is  a function of position, is
m ost im portan t from  the point of view of verifying theory , and for safety of the 
s tru c tu re . However, the only s tre s s e s  found possib le to derive even approxim ately 
a re  the azim uthal s tre s s e s  at both cylindrical su rfaces of the outer coil and a t the
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inner surface  of the inner coil. These may be derived from  m easurem ents of 
rad ia l s tra in , using the fact that rad ia l s tre s s  h e re  is zero , making a reasonable 
assum ption as to axial s tre s s .  The re levan t re la tion  is:^1»2)

t Q Ee0 + m z

w here t^ and t a re  the azim uthal and axial tensile  s tre s s e s  respectively ,
. „  . . m easured  rad ia l displacem ent . . ,,is  the azim uthal s tra in , equal to -------------------- --------- 1-------------- , and m is therad ius
rec ip ro ca l of Poissons ra tio  -  approxim ately 3 .3  .

'0

The value of t assum ed depends on other assum ptions about the 

rig id ity  of the coil s tru c tu re . C ertain ly  a negative (com pressive) component of tz
can be sim ply calculated from  the known axial clam p force and the electrom agnetic 
axial clam ping fo rce j x . T here  is , however, a tensile  component which,

t'z
for rig id  long solenoids, approaches a lim iting value given by the equation for —

Pm
in R eference 2 . The appropria te  value for t calculated from  this equation forz
the inner su rface  of the outer coil is  approxim ately 5,500 p . s . i .  which m akes the 
maximum uncertain ty  in tg  from  th is source of the o rd er of 1,600 p . s . i .

3 .4  F o rces

T here a re  many fo rces  about which one would like to have know­
ledge, but few which one can m easu re . The inner coil is  hydraulically  clam ped so 
that th e re  is a t hand a ready m eans of m easuring  the axial fo rce on the inner coil 
from  hydraulic p re s su re s . Such inform ation is  useful in determ ining whether the 
inner coil is  in the m agnetic cen tre  of the outer coil and in verifying the contact and 
clamping fo rce  applied to the inner coil.

The cu rren t d istributing  rin g s  encircle  the m agnet and hence experience
induced cu rren ts  and rad ia l fo rces e ither inw ards or outwards. In passing , it
should be explained that these  cu rren ts  a re  beneficial in so fa r as they allow the
applied cu rren t to be d istribu ted  to points around the magnet which a re  essen tially  at
equal potential. This is of p rim e  im portance especially  for the inner coil w here the
flow of cu rren t in or out of the end tu rn s  has been carefully  controlled to avoid large
unbalanced fo rces. However, it is  difficult to calculate the size  of the circulating
cu rren ts  with accuracy, and it is  prudent to m onitor them  as d irec tly  as possib le.
Since for the ring  _E = j p

w here E is  the induced e lec tric  field  ,
j the cu rren t density ,
P  the re s is tiv ity  of the ring  copper ,and
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it is  possib le  to derive  j from  a m easurem ent of E . This is done by placing a 
single inductive m easuring  loop in a rep resen ta tiv e  location on the ring  su rface . F or 
a loop of length 1 and induced voltage v ,

The location of the loop is  im portant because the shape of the cu rren t d istributing  
rings is such as  to suggest that th e re  will be considerable variation in cu rren t 
density. The loop th e re fo re  m ust be located in a region w here the local induced 
cu rren t density  m ight be expected to be about equal to the average cu rren t density in 
o rd er that the re su lts  will lead to an estim ate  of to tal induced cu rren t and nett fo rce  
acting on the d istribu ting  system . The location was chosen afte r a com puter study of 
fields produced by the m agnet and by circu lating  cu rren ts  in the rings.

3. 5 M ovement between adjustable p a rts

The inner coil may be moved axially by hydraulics. This ability  is 
p rim arily  due to the system  chosen to apply axial fo rce to the inner coil and allows 
adjustm ent of the position of the inner coil to the magnet cen tre  of the outer coil 
which should enable m inim isation of fo rces acting on it. Once the adjustm ent is 
possib le , a m eans of m onitoring m ust be incorporated . Such m eans also  allows a 
check on axial deflection under load.

3 .6  T em pera tu res

Together with s tre s s e s , tem p era tu res  constitute the m ost c ritic a l 
variab les of the m agnet because the streng ths of m a te ria ls  used a re  a function of 
tem p era tu re . T em p era tu res  a re  re la tive ly  easily  m easured  by m eans of th e rm o ­
couples but th e re  is a problem  of inductive pick-up in the signal leads to be invest­
igated.

The streng th  m ost c ritica lly  dependent on tem p era tu re  is  that of 
the glue bond of the inner coil. In F igure  5 is shown a graph of s tre s s  vs 
tem p era tu re  upon which is  drawn an envelope containing all points of the inner coil 
glue bond under a ll conditions of field strength  up to the maximum. Also drawn is 
the experim entally  determ ined  streng th  of the com posite bond developed for these  
coils. C learly , a 10 o r 20 degrees variation will have fa r  m ore effect on the glue 
bond than on the streng th  of the m etals employed. The hottest p a rts  of each of the 
inner sub-co ils  -  the top ends -  a re  m easured , using two therm ocouples for each 
m easurem ent to enable c ro ss  checking or to allow for a loss due to breakage during 
assem bly  of the m agnet.

The outer coil is m onitored by a num ber of fixed therm ocouples 
and also  by rad ia lly  m ovable therm ocouple probes operating in a num ber of slightly 
enlarged s lits  between d iscs  of the outer coil.
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2000

IOOO

5 0 0

50 IOO 150 2 0 0
TEMPERATURE °C

F igure  5. Inner coil glue sh ear s tre s s e s .

(a) envelope for a ll p a rts  of the coil under 
a ll conditions of energisation.

(b) ■'j two types of epoxy re s in  tested , 
and y
(c)
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C ertain special situations req u ire  m onitoring w here the cooling is 
ra th e r  complex. All such situations have been checked experim entally  by model but 
th e re  is always the possib ility  that the model was inadequate. The re s is to r s  feeding 
the inner coil a re  a case in point. They lie  rad ia lly  in the w ater space above and 
below the outer coil. The g ross velocity of w ater here  is  zero  a t the inner end of the 
re s is to r s ,  so one m ust turn  to secondary effects such as turbulence caused by efflux 
from  the outer coil channels or by natural convection. If these  effects prove to be 
insufficient, it would be sim ple -  but tim e consuming -  to add circu lating  vanes. 
However, model experim ents show that natural convection alone should be adequate, 
so it is  e a s ie r  to do nothing except m onitor tem p era tu re  (hoping, with good ground, 
that nothing ex tra  will be required).

A s im ila r situation occurs in re la tion  to the copper d istributing 
fingers feeding from  the re s is to r s  to the ends of the inner sub-co ils. Due to 
com pactness, it was found im possible to provide d irec t cooling to all su rfaces of 
these  components, and one m ust re ly  on secondary effects. Again, model experi­
m ents indicate the secondary effects to be adequate, but it is  prudent to m onitor this 
a re a , nevertheless.

3. 7 C urrent D istribution

A large  p a rt of the complexity of the magnet design has a risen  
because of the complex and potentially dangerous situation at the ends of the coils.
In the body of the coils, equipotential su rfaces a re  alm ost vertical planes a c ro ss  a 
tu rn , and perpendicular to the d irection of j . Fortunately , in the body of a coil, 
fo rces a re  very  favourably balanced. It is  essen tia l to p re se rv e  this sta te  of a ffa irs  
a t the ends of the coil, and th is  can be done only by p reserv in g  the vertica l equip­
otential su rfaces as closely as possib le. This is  made possib le by distributing  
cu rren t to the f ir s t  tu rn  uniform ly around it in equal, d isc re te , and evenly spaced 
increm ents. Twelve distribution  points a re  used for the inner coil and four for tne 
outer.

M onitoring of th is d istribution  is  achieved by m easuring  appropria te  
re s is tiv e  voltage drops. The re s is to r s  a re  the obvious m easuring  p laces for the 
inner coil. In the outer coil the end tu rns a re  fo u r-s ta r t  and a convenient check is 
the voltage drop ac ro ss  these four sections.

3. 8 Magnetic F ield  D istribution

The re la tiv e  contributions of the two coils to maximum m agnetic 
field is  im portant to know since both coils a re  designed n ear the lim its  of strength  
and it would be desirab le  th e re fo re  not to energ ise  the combination to full field a t the 
expense of overloading one coil. Known varia tions of conductivity from  the specif­
ications suggest that there  w ill be sm all d ifferences in the contributions of field 
from  what was intended. On the other hand it may tu rn  out that in p rac tice  one 
coil is  s tro n g er than expected (the s tra in  may be le s s , o r the cooling b e tte r than
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anticipated) enabling the contributions to be optim ised for maximum cen tral field.

The field  d istribu tion  may be checked by using an inductive loop around the 
outer coil in conjunction with the maximum field pick up coil. The ra tio  of these 
two m easurem ents  may be co rre la ted  with the theore tical steady s ta te  ra tio  of the 
two coil c u rre n ts . F igure  6 shows the approxim ate theore tical co rre la tion . These 
m easurem ents should a lso  give us an indication of the tran s ien t division of cu rren ts  
between the two coils.

F igu re  6. T heore tical re la tion  between the average fields m easured  by two 
pick-up coils and the c u rren t d istribution between the two m agnet 
co ils . is  the average field in a pick-up coil in the middle of
the m agnet with d iam eter 5 cm s. B3 is  the average in a coil 
12 cm s away from  the m edian plane of the magnet with d iam eter 
92 cm s. 1} and I2 a re  the inner and outer cu rren ts , each 
no rm alised  with re sp ec t to the design values.
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3. 9 Cooling Channel hydraulic ch a rac te ris tic s

The heat tran sfe r ch a rac te ris tic s  of the cooling channels depend on 
the flow velocity through the channels. The b est way to m onitor instantaneous w ater 
velocity is  to estab lish  the co rre la tion  between w ater velocity and p re s su re  drop by 
a se r ie s  of te s ts  w here w ater velocity is kept steady. The quantity of w ater flowing 
in a given tim e may be m easured  and hence the channel w ater velocity derived.

This co rre la tion  may be done for each of the coils separa te ly  and, 
once done, allows independent adjustm ent for each coil by m eans of the s e r ie s  valves 
provided.

The design p re s su re  drop is  100 p. s. i. but la rg e  deviations a re  
expected because of the sm all s ize  of the cooling channels in re la tion  to the manuf­
acturing and assem bly  to le rances which w ere determ ined on p rac tica l and economic 
grounds. The hydraulic ch a rac te ris tic s  of the complex groove shape for the inner 
coils have been checked experim entally.

P re s su re s  a t the tops and bottom s of the coils a re  tra n s fe rre d  by 
m eans of sm all pipes to tran sd u ce rs  operating on the s tra in  gauge princip le .

4. THE MEASURING SYSTEMS - DESIGN CONSIDERATIONS

It is  evident from  the previous section that in many cases the principal 
variab le cannot be m easured  d irec tly , but m ust be derived from  m easurem ent of 
another m ore access ib le  variab le. The distinction m ust therefo re  be m ade between 
"p rincipal” variab le  and "m easured” variab le. All the p rincipal variab les d iscussed  
can be e ither m easured  d irec tly , and th e re fo re  a re  them selves m easured  variab les, 
o r can be derived from  a m easured  variab le. Table II lis ts  the p rincipal variab les 
and the associated  types of m easured  variab le. It will be seen that th e re  a re  in all 
ju st four types of m easured  variab le, and th e re fo re  four types of m easuring  system , 
which may be called

1. tem p era tu re

2. displacem ent

3. voltage

4. p re s su re

The design of these  four system s w ill now be d iscussed .
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TABLE II

P rincipal variab le  M easured variab le

m axim um  (central) m agnetic field voltage

m agnet voltage voltage

s tre s s displacem ent

force p re s su re

voltage

movement displacem ent

tem p era tu re tem pera tu re

cu rren t distribution voltage

m agnetic field distribution voltage

cooling channel hydraulic ch a rac te ris tic s p re s su re

4 .1  T em perature

All tem p era tu res  a re  m easured  by therm ocouples using . 003” or 
.008" d iam eter copper-constan tan  w ires. The sensitiv ity  of these therm ocouples is 
only 4 .2  m.V. p e r 100°C so that voltages induced in the signal leads and in the 
therm ocouple itse lf  m ust be kept quite sm all. Therm ocouples located in or on 
conductors m ust have no contact with the conductor to avoid cu rren ts  that might be 
flowing in the conductors also  p artia lly  flowing in the therm ocouple. Tw isted copper 
-constantan p a irs  a re  used to ca rry  the signal voltage through the varying m agnetic 
environm ent. A carefully  tw isted p a ir of constant pitch p (distance between c ro ss  
over points) and w ire d iam eter d may be considered as a succession of positive and 
negative inductive loops of a re a  pd (actually ) connected in s e r ie s . Two

cl
adjacent loops will have fluxes Bpd and -  ( B + —  • p ) pd respectively ,

where B is the field perpendicu lar to the d irection  of the w ire and s is the d istance 
along the w ire. Hence the ra te  th is flux is  added to by successive p a irs  of loops is

dtf pd dB
ds 2 ds

Integrating between points 1 and 2 on the tw isted p a ir we have
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)

This is  correct provided an even number of loops lie  between 1 
and 2 . If there is an odd number, then an extra flux component must be added 
equal to -  pd or + B2  pd depending on which end of the twisted pair the extra 
loop is considered to be added. The two cases are of course sim ilar, except that one 
case is  equivalent to the wire being twisted 180° throughout, compared with the 
other.

Adding the extra flux component for the odd loop case, we find

pd
2 < B1 B2 >

so that the general case may be written

^ ± ^  (B  + 2 '  1 - B2 >

The induced voltage in a twisted pair cannot therefore be greater 
than that induced in a single loop of that twisted pair placed in the maximum field  
through which it is  routed.

dBIf p = 1 cm, d = 0.07 m. m. and as high as 300 kilogauss

per second, the induced voltage will not be greater than - 7 - m. volt, equivalent to 
, 1 ^ oOabout J°C .

4 .2  Displacement

Measurement of displacement is centred around a commercial 
device -  a Bentley Proximator. It operates on the principle that the close prox­
imity of a metal surface to a high frequency coil alters the coil’s tuning charact­
eristic. It has been verified experimentally that steady fields of a few thousand 
gauss have no effect on the proximator’s calibration, but it is  uncertain what effect 
higher fields, of the order of a hundred thousand gauss, may have, especially on 
the inbuilt solid state electronics. This, together with the size of the proximator 
(5 ” diameter x 1 ” long) makes it desirable to locate it well outside the structure.

The real problem with displacement measurement is  then in the 
transfer from the point of interest within the magnet structure to the proximator.
The displacement of the inner surface of the outer coil, for example, needs to be 
transferred through a temperature and field environment varying in time and space. 
Fortunately the slits between discs provide an ideal radial channel which can be made 
to accommodate a transfer wire of up to 0. 020 inch diameter. Invar wire, 36%
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_6
N i-F e  with a tem p era tu re  coefficient of expansion of only 0. 8 x 10 , (Reference 3)
has been used under a known tension, to nullify the effects of the tem p era tu re  
environm ent, but unfortunately invar is  m agnetic. This p roperty  has two general 
effects in a space-vary ing  m agnetic field: it a lgebraically  adds to the applied tension
in the w ire and it causes a side-w ays fo rce  which, with the action of friction, causes 
an uncertainty in the tension.

The effects can be examined theore tically . We assum e that the
invar is m agnetically sa tu ra ted  with a m agnetisation of Mg which is  fixed in value
but locally takes the d irection  of the field B . It follows that, if B has a d irection
8 with the axis of the m agnet ( the z axis ), the component of m agnetization
along the w ire -  r  d irection  -  is M = M sin 6 and the resu lting  longitud-r  s
inal force at each point in the w ire is

M s in 0  dBdF _  s_______ __ r
dV / 0 X dr

w here V is volume.

Hence the tension at any point at rad ius r  in the w ire, addit­
ional to the applied tension at radius r£  may be expressed.

F r ( 1 )

where a is the c ro ss-sec tio n a l a rea  of the w ire.

Sim ilarly  the sideways fo rce p e r unit length of w ire may be derived, which re su lts  in 
an uncertainty in tension in the w ire due to friction  of

<
tfM  a s

A >

r 2
cos 0 ( 2)

w here is the coefficient of friction.

H ere the in tegral of the modulus is taken because the w ire is not 
rig id  enough to allow a sideways force in one direction to be offset against a sideways 
force in the opposite d irection  severa l w ire d iam eters  along the w ire from  the f ir s t  
force.

The in teg ra ls  in equations 1 and 2 may be obtained from  
computed field components of the magnet. F igure  7 shows how q ^ z and

dz
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d B z
d z
AND
d B r
dr

dBz
d z
AND

dB r
d r

[TH

MEDIAN 
PLANE'

------- f

IO CMS RAD. 2 0

F igure

IO CMS RAD 2 0

F igure  7(b)

D irection of field and 
m agnitude of field g rad ­
ients along displacem ent 
m easuring channels in 
outer coil.

7(a) for channels 18 cm s 
from  m edian plane.

7(b) for channels 8 cm s 
from  m edian plane.

(a) angle 0  

dB

The d iagram  

defines 

the axes 

used.
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dBr
dr

vary along the rad ia l channels. The values of the two in teg ra ls  over the length 
of the channel a re  as shown in Table III .

TABLE IE

/ r 2 dB
/  sin0  — -  * d r

J v 1 d r r
/ r i

dB
C O S 0 dz dr

D istance of channel 
from  m edian plane 
of magnet.

( W b/m 2 ) ( W b/m 2 ) ( cm s. )

-  0 .7 - l . i 8

-  2 .6 -  5.3 18

The m agnetisation of invar may be determ ined experim entally  as a 
function of applied field. This was done by placing sam ples of invar, som e weighted 
with copper, in a field gradient adjusted so that the upward force

M
A

ju s t balanced the gravitational force. —  was determ ined from  a field plot
4

using a magnet which produced m agnetic in tensities of about 8 x 10 A /m  
(actually 940 to 1040 oersted  in the region of in te rest). According to B ra ils fo rd ^ ) 
th is  is  well in excess of what is  requ ired  -  about 500 A /m  - to produce satu ration  in 
invar (or any ferrom agnetic  m ateria l).

n

Values of Mg (Wb/m ) calculated from  these experim ents ranged 
between 1.38 and 0. 72 and com pare favourably with the re su lts  given by 
B railsford(4) of Ms = 1 .4  . Substituting th is value, the values of the definite 
in teg ra ls  in Table III, a = 0 .2  x 10"^ m^ and Y  = . 2 inequations 1 and 2 , it 
is  found that the resu lting  maximum components of w ire tension occur in the 18 cm s 
channels, th e ir  m agnitudes being:

r 2

J r l
0.13 lb. fo rce  tow ards m agnet cen tre
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'  r 2
T = + 0.053 lb. force,r

J r l

These fo rces will cause s tra in s  which will change the length of the w ire even though 
the applied force a t the outer end is constant. The change in length for an average 
fo rce of 0. 05 lbs. over a w ire  length of 10 inches (E = 21 x 10® p. s. i . ) is  about

j 2 m il. (0. 00008 inch) which would re su lt in an e r ro r  of 300 p. s. i. in calculated

azim uthal s tre s s  at the inner rad ius of the outer coil if unaccounted fo r. It can be 
concluded therefo re  that the m agnetic fo rces on the invar w ires may be neglected and 
will lead to e r ro rs  not exceeding a few hundred p. s. i.

B ra ils fo rd ^ )  also gives m agnetostriction coefficients which suggest 
that an in c rease  in w ire  length of up to about 0. 2 m il. m ight be expected. This may 
a lso  be considered insignificant, especially  when it is  opposite in effect to the 
m agnetic force.

D isplacem ent m easurem ents of the inner coil offer a different 
problem . Axial d isplacem ent may be tra n s fe rre d  from  the term inating  assem bly  at 
e ither end of the coil through either cooling w ater o r s tru c tu ra l m a te ria l of fa irly  
constant tem peratu re . The rad ia l d isplacem ent of the inner surface  of the inner coil 
may be tra n s fe rre d  rad ia lly  inw ards into the access  hole. In both cases th e re fo re  the 
environm ent through which displacem ent is to be tra n s fe rre d  is  m agnetic -  with much 
higher field gradients than fo r the outer coil -  but not severe ly  therm al.
Molybdenum w ire was chosen for its  availability , non fe rro -m agnetic  p ro p e rtie s  and 
sufficiently low therm al coefficient of expansion ( 4. 9 x 10"® ) -  R eference 3 .

4 .3  Voltage

The m onitoring of voltage, e ither induced or as a re s is tiv e  drop, 
p resen ts  no problem  as the levels a re  usually  of the o rder of a volt o r so. Substan­
tia l tw isted p a irs  a re  used  and the problem  of induced noise, d iscussed  under 
’’tem p era tu re” , is re la tiv e ly  insignificant.

4 .4  P re s s u re

No p a rtic u la r  problem s a ro se  in the design of p re s su re  m onitors. 
In general, p re ssu re s  have been tra n s fe rre d  through sm all d iam eter tubing to 
localities outside the m agnet s tru c tu re  suitable for the installation of com m erical 
p re s su re  tran sd u cers . H ydrostatic p re s su re  m easurem ent in high velocity flows 
requ ired  suitably shaped p ito t heads designed a fte r N .P . L. standards.

The rem a in d er of th is paper deals with technical detailed d esc rip ­
tions of the instrum ents including the routing of signal w ires and tra n s fe r  devices.
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5. DESCRIPTION OF INSTRUMENTS AND ROUTING OF WIRES

It will be found useful to re fe r  to the sectional drawing of the magnet 
included at the beginning of Chapter 2 .

This section is divided into four sub-sections, each headed by one of the 
four m easured  variab les d iscussed in the previous sections, v iz . ,

1. tem p era tu re

2. displacem ent

3. voltage

4. p re s su re

5 .1  T em perature

M easurem ent of the tem p era tu res  of the inner and outer coils and 
the e lectrodes and re s is to r s  feeding the inner coil, is  here  described .

In general, therm ocouples a re  made from  .008 inch d iam eter 
copper-cons tan tan therm ocouple w ire form ed into a regu larly  tw isted p a ir.

5 .1 .1  Inner coil

Each inner sub-coil is  term inated  a t either end with a 
1/8 inch thick fib re  g lass insulating ring  (to prevent therm al d iscontinuities due to 
end cooling) through which cu rren t is taken via cylindrical contact pins. Four 
tem pera tu res of each sub-coil a re  taken, two at each end under the fibre  g lass rings. 
This num ber was chosen because it is expected that th e re  will be a significant 
difference in tem p era tu re  between the bottom - where cooling w ater en ters  -  and 
the top, w here water ex its, and because a redundancy of two is advisable for such 
im portant m easurem ents using such frag ile  instrum ents.

The construction of each of these therm ocouples is 
illu stra ted  in F igure  8 . F ir s t  two sm all holes a re  d rilled  through the fib re  g lass 
ring at righ t angles to each other and at 45° to the coil axis, the two holes m eet­
ing close to the end su rface  of the coil. The separated  w ires of a p a ir a re  then 
passed along these holes to m eet again w here the holes coincide. H ere the joint is 
form ed using 157PA high tem p era tu re  so lder, and the whole m ade firm  and insul­
ated by m eans of ara ld ite . This method of construction provides the advantage of 
firm  anchorage. The sm all loop so form ed is oriented so as to have no coupling with 
the m agnetic field.

A fter em erging from  the insulating rin g s , the tw isted 
p a irs  a re  routed rad ia lly  outw ards to the vicinity of the outer edge of the coil, being



DESCRIPTION OF INSTRUMENTS AND ROUTING OF WIRES 18

fixed by m eans of lacing twine.

F igure  8. Construction of therm ocouples for the ends of the
inner coil.
(a) 1 /8" fib re  g lass ring  (section)
(b) . 008" therm ocouple w ire
(c) a ra ld ite

The inner coil is  term inated  at each end by an assem bly 
whose purpose is to provide independent contact p re s su re  to the cu rren t-ca rry in g  
contact p ins, to c a rry  the cu rren t through sem iflexible conductors, and to d istribu te  
cooling w ater to the sub -co ils . These assem blies, known as the term inating assem b­
lies , a re  housed in a s ta in less  steel body and it is through this body that the th e rm ­
ocouple p a irs  pass  in 1 /4"  x 1/8" channels, two to an assem bly. From  th ere  the 
w ires pass through fibre g lass tubes and w ater sea ls  to the outside. M iniature 
connectors adjacent to the w ater sea ls  allow ease of assem bly.

5 .1 .2  E lectrodes

Within the term inating  assem blies for the inner coil 
described  above, a re  twelve sem iflexible conductors known as electrodes. The 
purpose of these  is  to provide connections to each of the 132 contact pins even though 
these may move axially as a re su lt  of tem p era tu re  and s tre s s  changes. The 
e lec trodes a re  ra th e r  thin in o rd er to enhance flexibility and hence tend to be hotter 
than m ost o ther conductors. T heir tem pera tu re  is m onitored by m eans of two 
therm ocouples to each elec trode , each therm ocouple being mounted on a 0.0005" 
m ylar s tr ip  and glued to its  own electrode. These p a irs  a re  routed to the channels 
in the term inating  assem blies  and thence follow the inner coil therm ocouples.

5.1 .3  R esis to rs

Feeding the e lectrodes, which in turn  feed the inner 
coil, a re  24 re s is to rs , 12 at each end of the coil. These re s is to rs  a re  made from
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sta in less  stee l tube and copper tube, hard soldered together in various proportions 
to obtain the d esired  re s is tan ces . The purpose of the re s is to r s  is  to d is tribu te  
cu rren t evenly from  twelve equally spaced points around each end of the coil. 
Actually th e re  a re  only twenty-two re s is to r s  since two contain no sta in less  steel.
Each of the twenty-two contains inside its  bore, two therm ocouples ( a redundancy 
of one ) insulated by 0. 0005" m ylar and a ra ld ited  to phosphor bronze springs which 
p re s s  the therm ocouples against the inside su rfaces of the s ta in less  stee l p a rts  of 
the r e s is to r s .  An enlarged view of one of these therm ocouples is shown in F igure  9.

F igure Construction of therm ocouples used for m easuring  
the tem peratu re  of re s is to r s  (greatly enlarged).
The 0. 035" phosphor bronze w ire (a) p re s se s  the 
therm ocouple (c) against the inside su rface  of the J ,f 
d iam eter bore of the re s is to r  (b) .
(d) m ylar
(e) ara ld ite

5 .1 .4  Outer Coil

The therm ocouples in the outer coil may be divided into 
two groups -  fixed and moving. The fixed therm ocouples, eight in a ll, m onitor 
tem p era tu re  at the inner and outer edges of the coil near the top and bottom fa c e s .
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There is again a redundancy of two.

The routing for the inside thermocouple pairs is along 
slits formed by two butting discs from which the coil is constructed. The discs are 
over 0. 020 inch thick and their edges have been trimmed to provide a . 025" wide 
rectangular section channel through which each pair runs, encased in a . 020" 
diameter stainless steel tube. Near the outer edge, the channel is widened to take a 
second thermocouple. From there on, the routing for both inside and outside thermo­
couples is the same. They travel axially along a channel formed by scallops punched 
from the edges of the discs and pass through holes in the encasing stainless steel 
torsion jackets. Figure 10 shows the location and routing of these thermocouples.

Figure 10. Construction and routing of the outer coil fixed 
thermocouples.

The moving thei^mocouples or "probes" are essentially 
sim ilar to the inside fixed thermocouples but they are routed in a straight radial line 
to the outside of the magnet. This enables them to be moved along the . 025" wide 
channels thus providing a complete temperature profile.
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T here a re  four levels w here probes m ay be in serted , 
th e re  being in general four positions at each level a t in tervals  of 90° around the 
m agnet.

Each probe com prises a . 020" d iam eter s ta in less  s tee l 
tube in which is  a therm ocouple p a ir so ldered together a t the end of the tube. The 
therm ocouples a re  insu lated  from  th e ir tubes. The construction of these  probes is  
shown in F igure  11. Each probe is mounted on a d iam eter b ra s s  tube with 
provision  for a w ater sea l and a m eans of indicating the position of the therm ocouple 
within the coil.

awwwxWxvWxWWV

F igure 11. Therm ocouple probes
(a) . 020 inch d iam eter s ta in less  stee l approxim ately

8 inches long.
(b) copper-constantan therm ocouple w ire . 003 inch

diam eter.
(c) hard  soldered therm ocouple joint in epoxy re s in

tip.

The route for the probes beyond the . 025" wide channels 
is  through insulated holes in the to rsion  jackets and through holes in the surrounding 
conductors. The en trances to the . 025" wide channels a re  fla red  out a little  to m ake 
in sertion  of the probes a little  ea s ie r.

5 .2  D isplacem ent

M easurem ents a re  taken of the rad ia l position of the inner and outer 
reg ions of the outer coil; the rad ia l position of the inside su rface  of the inner coil and 
the axial position of the inner coil. In the case of the outer coil, the m easurem ents 
a re  with re sp ec t to a c irc u la r  re fe ren ce  fram e which surrounds the m agnet and which 
is  supported independently.

5 .2 .1  Outer Coil

Thirty-tw o m easurem ents a re  m ade, eight a t each of
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four levels  in the coil. Of the eight at each level, four a re  of the inner reg ions and 
four of the outer su rface  of the coil, in each case spaced a t 90° in tervals around the 
coil.

F o r the inner reg ions, tra n s fe r  of rad ia l position is  by 
m eans of . 020 inch diam eter invar w ires threaded at the inner end. The outer coil 
is  p rep a red  with . 025 inch wide rad ia l channels s im ila r to those used for the tem p­
e ra tu re  p robes. In addition, a t the inner end of each of these  channels is  a sm all 
th readed  tag form ed from  a disc of the coil. The invar w ires may be in serted  into 
the channels and screw ed into the tags after the m agnet is  assem bled. A w ire  
screw ed into its  tag is shown in F igure  12 .

/  /  /  / .

/ / / / / / .

' / / / / / / ,

SECTION A-A

F igure 12. D etails of invar displacem ent tra n s fe r  w ire  from
inner edge of outer coil.
(a) invar w ire .020" d iam eter
(b) threaded  tag
(c) insulation in outer coil
(d) d iscs  shaped for easy  entry  of probe
(e) insulation lining access  holes in to rsion  jacket.

At the outer edge, position is  sensed by the bakelite  tip 
of a sp ring  loaded pusher. This is  illu s tra ted  in F igure  13 . Again the position is  
tra n s fe rre d  by m eans of invar w ire  through the surrounding s tru c tu re  to the ex te rio r 
of the m agnet.

In a ll cases, the invar w ire  is  held under constant
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F igure 13. Detail of displacem ent probe for outside edge of 
outer coil.
(a) spring loaded push rod
(b) bakelite sensing tip
(c) invar tra n sfe r  w ire  . 020” d iam eter
(d) inner tra n s fe r  w ire  teflon covered
(e) fib re  g lass insulating tube.

tension applied from  the m agnet s tru c tu re , and the position of the outer end of the 
w ire is  m easured  off the c ircu la r m easuring fram e by m eans of a Bentley P rox im ato r. 
The invar w ires , a t the potential of the coil, p ass  through insulated holes in the 
surrounding s tru c tu re . W here they m ust leave the cooling watei" environm ent, 
effective low friction  sea ls  a re  form ed sim ply by passing  the w ires through slightly 
la rg e r  d iam eter holes in teflon plugs. F igure  14 shows the m eans of applying fo rce 
to the pusher which is  p re sse d  against the coil, and the teflon w ater seal.

5 . 2 . 2  Inner Coil

During the testing of the m agnet it is  intended to 
m easu re  the rad ia l position of the inside su rface  of the inner coil a t four points 
spaced 90° . These m easurem ents will be re la tiv e  to a com pact cen tral m easuring  
fram e placed in the access hole of the magnet. It does not seem  possib le  to provide 
an a lte rnative  m eans of making these  m easurem ents when the access  hole is req u ired  
by experim en ters .

The m agnet access  hole is  within a tube, known as the 
co re  tube, p laced inside the inner coil. Radial position of the coil is  sensed by four 
sm all springloaded probes which p ass  through teflon sea ls  in th is tube. Bell cranks 
with jewel bearings tran s la te  rad ia l motion from  th ese  probes to ve rtica l motion 
which is  tra n s fe rre d  out of the access hole by m eans of four molybdenum rods.
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Figure 14. Detail of displacement 
transfer wires from the 
magnet.

(a) invar wires

(b) spring pushing
stainless steel 
probe tube (c) 
and tip (d) 
against outer 
surface of coil.

(e) teflon water seal.

SECTION A - A
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The axial position of the inner coil is  determ ined from  
m easurem ents of the axial position of the s ta in less  steel bodies of the two te rm in a t­
ing assem blies. Two molybdenum w ires, 0 .021” d iam eter, a re  attached to each 
term inal assem bly  and a re  taken in an axial d irection  through w ater sea ls  to the 
ex terio r of the magnet. The w ires a re  placed under tension and the position of th e ir  
ends m easured , by Bentley p rox im ato rs, re la tiv e  to the clamp tube which is the 
cen tral supporting s tru c tu re  of the magnet.

5 .3  Voltage

Several voltages a re  m easured  within the magnet for various 
purposes v iz . , to determ ine cu rren t distribution o r to c o rre la te  with cu rren t in a 
re s is tiv e  c ircu it; to determ ine, by integration, an average field strength; and to 
determ ine induced circu lating  cu rren t.

In the f ir s t  category comes the m easurem ent of magnet voltage 
itse lf which is done by m eans of a tw isted pa ir of leads connected a c ro ss  the two 
cu rren t d istributing  rings which a re  separated  by a qu arte r inch of insulation.

The cu rren t distribution to the inner coil is  checked by m easu re ­
m ent of voltage drop a c ro ss  the feeder re s is to r s . Each of these re s is to r s  is hollow, 
enabling an insulated lead to be brought through the middle to connect to the inner end 
of the re s is to r . At the outer end of the bore of the re s is to r ,  another connection is 
m ade, the two leads leaving the re s is to r  as a p a ir.

The cu rren t d istribution within the outer coil is checked by m eas­
uring the voltage drop in each of the four " s ta r ts "  for about a turn at each end of the 
coil. Soldered connections a re  made to the outer edges of appropria te  d iscs and the 
leads taken axially  along a channel form ed by scalloping the coil d iscs s im ila r to tha t 
described  for the outer coil fixed therm ocouples. These voltage leads, those from  
the re s is to r s ,  and the r e s is to r  and outer coil fixed therm ocouples all subsequently 
trav e l the sam e route to the ex te rio r of the magnet.

In the second category, field streng th , th e re  is a coil wound on a 
bakelite fo rm er mounted within the core tube, and a num ber of single turn  loops 
placed within the cu rren t d istribution  rings which surround the magnet. The la tte r  
may be used also for m easurem ents in the th ird  category -  determ ination of 
c irculating cu rren ts  from  d ire c t m easurem ent of the induced e lec tric  field.

5 .4  P re s su re

Two ranges of p re s su re  a re  m easured  and may be c lassified  as low 
p re s su re  and high p re s su re . The low p re s su re  m easurem ents a re  a ll concerned with 
the cooling w ater system . In general, p re s su re  is tapped off at the points of in te re s t 
using a 3/16" O. D. Nylon tube which tra n s fe rs  it to Consolidated Electrodynam ic 
Corporation (C. E. C.) p re s su re  tran sd u ce rs  mounted external to the magnet.
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P re s su re s  a re  m onitored at both ends of both coils.

The high range covers w ater p re s su re s , norm ally  2000 p. s. i. to 
3000 p. s . i . , which a re  associated  with a com m ercial hydraulic unit used to apply 
the squeeze fo rces to both co ils. Only the inner coil p re s su re s  a re  m onitored 
continuously by m eans of C. E. C. tran sd u ce rs . Other hydraulic p re s su re s  a re  
m onitored by m eans of bourdon tube type gauges.
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