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ABSTRACT “

A seven and one half ton electromagnet has been built
primerily for beam analysis in conjunction with the
University of British Columbia electrostatic ggneratqr,"
With a current of 49 amperes, a field in excess of 19,9QQ
gauss over an area of 256 square inches has been dbtained
.across a one inch air gap. The hysteresis loop is
satisfactorily small, being 0.2 amperes wide at a
magnetising current of 15 amperes,

Current'stability with the magnetising current vary-
ing from zero to 35 amperes has been maintained to a few
parts in 10,000 over periods as long as séven hours.

Field stability has been checked using a proton
resonance signal to be one part in 10,000 over a short
period of eight minutes, and to be three parts in 10,000
over the long period of seven hours. | o

Using the stabilising system, the time required to
change the field to a new setting is less than three

seconds.,
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INTRODUCTION

The primary consideration in the design of a large
electromagnet is to gep the largest field“reasonably
possible with an iron core ( upper limit sbout 20,000
gauss ) over the pole area required for the least cpsﬁ;
The cost naturally depends on the pole faces and size
of air gap which are chosen for the specific uses to
which the magnet will bé put. However, the size of
the magnet is governed also by the type of coils,
especially by their ability'to dissipaté the hgat
generated in them, as well as by the kind of iron
and type of iron circuit used. These settle the
window area required for the coil which in turn dictates
the dimensions of the iron of the magnet. Since the
cost of the magnet increases with the size and weight,
with due regard to the relative cost of copper and iron,
the best design hinges on maximum weight economy. This
econony depends on whethef more iron and lgsg_cppperuppu~
more copper and less iron can be used. Again, the leakage
factor increases with increasing dimensions, especially
of the air gap b 2, therefore, the smaller the magnet,
andvair gap, the larger the percentage of useful flux,

The minimum size of the magnet is governed by the

saturation in the iron used, which saturation usually
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occurs first in the iron just behind the_po;é pieces,
Preliminary calculations on the minimum pathrlength and
magnetbmotive“force for the air gap, with a minimum
window area assumed from experience, give a‘tehtativg
size for the magnet, Computations on the size of the
coil needed may then be made by a few successive. )
approximations, once the type of power supply has been
- decided upon. Then, if the particular coil cammot
radiate the power dissipated with a reasoﬁablg temperature
rise, a lerger coil, more turns, fewer amperes)"but the
same ampere-turns must be tried. With this, the -
calculations are repeated for thevlarger window area and
length of iron path now needed. It is seen, then, that
the best overall design depends a great deal on adeduate

—

and effiéient heat transfer from the coils, , ‘ -

There is a choice of air cooling, forced ventilationa’
water or oil cooling., Different types of insplgﬁipn_pp“‘
the coils also allow higher ambient working‘tempergﬁprgs.
Water cooling which is the least expensive and conserves
.most space and asbestos covering on the coils were finally
chosen for this electromagnet.

A one quarter scale model was made up and its

behaviour and field distribution checked, but it was not
possible on such a model to check the coil design which
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therefore was rather cqnéervatiyely'ratgd in rgggrdwpg
heat dissipation and working temperature, However sat-
uration characteristics were checked on the model using

short pulses of current. . T

Following this, the seven and one half ton electro--
magnet was designed by members of the Physics staff_pf'the
University of British Columbiaxafter cal_‘-eful gpnsideyg@égg
had been given to all the above factors. It was to supply
a field of at least 15,000 gauss over an area of 16 inches
square across an air gap of one inch and to do so at a
total.cost of about $5,OOO.OO.A The design"mggg_usgwpf;an
inéeneous method of winding the coils to gpngerye_spéce
and at the same time to provide adeépat¢~w§ﬁ§?_cqpling.

The design was found to be quite conservative, -+ A
field of over 19,900 gauss was obtained with a~magpep;sing
current of close to 49 amperes and a power of aboutAll. m_!
kilowatts. ‘The total cost was near the figure stateg‘abqve.

The magnet yoke and pole piecesrwere made bereggrg,uw
Colville of Glasgow for about $3,000,00; the coils were made
by Cenadian General Electric for sbout $1,000,00, The

Stabilization equipment has cost aboutl$1,000.00.

X Dr, J. B. Warren and NMr. F. Bowers carried out most of ihe
calculations, Mr, T. Mouat assisted in the engineering aspects
of the magnet and coils,
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In the first instance to achieve the energy resolution
required, it was decided to stabilize £he magnetising
current to the required precision and check the variation
in the magnetic field using a proton resonance mgﬁhpd:;; ‘
Finall& it is intended to stabilize the field itself using

the proton resonancenoutput.
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Chapter 1,

The Magnet

(a) Funct;on of the magnet

The magnet was designed to bend'a;five mev. beam of
protons and deuterons through a 920 degree angle for energy

resolution.

" (b) Pole Shape ”

Its general shape is shown in fig. 1. Various i
possible pole piece shapes were considered for this pur-
pose but it seemed very desirable to be able to bend the
ion beam to the left or to the right withéut shifting»the
magnet so that two experiments might be set up together,
Consequently the other most considered de§ign7 pbat_of
a single quarter circle pole piece with banana coilst"
wound round the poles with the whole'magnetTpn a swivel,
was given up. After examining possible shapes of pole |
taper needed to give the field actually required at the
gap, and a round yoke\onAwhich to wind the poles, a square

pole tip was chosen. This gave a very conventional desigﬁ
which is easily adapted for other experiments requiring

a 1arge1{€ such as spectrograph appllcatlons or even for

a cloud chamber; and provision was therefore made for
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altering the gap width and pole shape.
(c) Size , )
Coﬁsider an ion of charge e, mass m,_mo?ing with
velocity v, entering a_magnetip field of strength H.
It will be bent in an arc of radius p such that

Hev-mnm v2

¢

myv

—.—e——

He

In a consistent set of units, c¢c. g. s., €. m. u.;

with H in e. m. u. and e in e. s. u. we have, where ¢

is the velocity of light,

‘IIe = m-zic

If the ion attained the velocity v by being accel-

erated through an electric field of strength E, then,

/2 me ve - eE T

vV = 2e E

mec

therefore H p = 2 c
€ E

=

The value of H P required to deflect ions accelerated

4
through an electric field of five million volts is :

for protons, 3.22 x lO5 gauss cI,
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for deuterons ‘fé'x 3.22 X 105 = 4.55 x 105 gauss cm,, and

5
for tritons Vré X 3 22 x 105 - 5,6 x 10 gauss Cm.
Protons could be deflected in bqth directien.witp a

5
field of: 3.22 x 10 = 16,100 gauss in a radius of
: 55 > \
20 cms.. Deuterons in one direction with a fie}d of :

4,55 X 105 = 15,200 gauss in a radius of

30
30 cms.. Tritons in one direction only with a field of
5.6 x 195 - 16,000 gauss in a radius of
35

35 cm.. Therefore, a square pole tip of size 16 inches
~on a side, equal to 40.6 cm., on a side was decided on.
This then set the size of the round pole pieces and thus

the yoke cross section,

(d) Stebility |

‘Since this molecuiar beam would be reéuired-for the.
Van de Grasff electrostatic generator stabi;izetieﬁ';wu‘__
and also for energy resoiution of three kev, in_fi?e_mev.,

we must require the 4 H to be equal to three parts in
H

lb,OOO; as from (2) e AH=/2mec 1/2 _E
[ e FE

and 4H = 1/2 4 E
i E

When current stabilization is used {I must be less
than Q_ﬂ because of the following factors, all of the
order of a few parts in los'or less |

1. The width of the air gap veries due to the thermal

expansion of the iron and the magnetic force bending the iron.,
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2. The 1ncremental permeablllty of the iron and
'hystere51s vary w1th the prev1ous magnetic hlStOTY?
~ 3. There is a small mechanical hysteresis 1n the

'iron of the,pole pieces, bolts and nuts.

(e) Design of Magnet

The design of the magnet and coile followed in this
manners: ‘ '
Teke H p as 6 x 10° gauss cm. and consider a maximum H of
15,000 gauss across a one inch gap, allqwing a beam size
of ene half inch, . _ o
The pole tips, to be square, will be about 40 cm, on a
side or 16 inches square; therefore the pole tip area is
256 square inches.

Assume a leskage coefficient of 1.8 =

Total lines of force from pole to pole

' H at centre of gap x pole tip area
Now choose the round diameter of 16/2 = 23.inches giving
an afea of the round poles_of |

| D = 415 square inches A
With this and the feakage coefficient, the intensity in

the iron of the round poles 1ncreases to.

1.8 x 15,000 x 256 16 650 gauss
( 11.5)

Consider the yoke area to be 16 x 26 416 square inches
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Then theAmagnetombtive force required, assuming‘sogogygpgds
per inch for 15,000 lines/ sé. cm, for a low carbon steel,
and an iron path length of 123 inches; is equal to |
H air 1 air-+ H iron 1 iron 3

= 15,000 x 1 x 2.54+ 80 x 123 x 2.54

= 38,100+ 25,000

= 63,100 ergs '
Therefore the total 4T N I = 63,100

' 0 o L
and the ampere turns required, NI = 63,100 x 10 = 50,300
| | 4 ampere turns

Considering a maximum current pf 45 amperes, then the number
of turns would be N = 50,300 = 1118 turns |
Copper tubing, which cou1d4§arry the water ashwgllgasm“
the electric current, was preferred. The lowér limit on the
bore diameter of this tubing was set by its_use.as a water
channéi for cooling while the upper limit“wés set by its
ability to bend, as well as having a suitable value of -
resistance for the tufns required. After some trisl and
error calculations, the size of the coppeyutubing>which““
could be reeasonably easily wound in the pancske shape was
decided upon as 3/16'' outer diameter, 1/8'! inper diametef.
Window area would allow an average coil diameter of
28 inches so that for two’times 23 turns per section, the

length of copper, per pancake Woul@ be

2 x 23 f T _x 28 = 337.5 feet
2



Figt 4.

The Electromagnet

to face page 10.



fig. 5

The Electromagnet
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For 24 coils in series the electrical_resistense at ZQ““
degrees C_would be 4.48 ohms which at 50 degrees C would
be increased to five‘ohms;. Thus a D. C. supply etnﬁ§ww.
amperes, of voltage & x'45 - 225 volts wopld_pe_reéuired.
The coils would havelto dissipate, at this current, a
maximum power of S .
I2 R = 452 x 5 = 10,120 watts

(f) Particulars of magnet construction S

The yoke and pole pieces were made of soft}stee;,‘phe
former of five U sections bolted together, the latter of
foufiround and two square pieces bolted together.‘:Ihe
.spe01flcat10ns of the steel called for a carbon content of
1ess than 0.:1% and manganese content of 1ess than 0.4 %
so that for a field strength of 15 OOO gauss, the magneto-
motive force required would be less than 80 ampere turns
per inch. } o - S

The only well machined parts.Were the pqle_tips,>pole
pieces and the inside surfaces of the yoke to which the
pole pieces were attached. These were machined'to‘giye
the one inch air gap a tolerance of plus or minus 0,Cl10
inches. This air gap could be increased an additipnal
ten inches by removing the inner five inch sectipns>of_~“

the pole pieces; The outside tolerance of the magnet was

plus or minus 0.5 inches.
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The square pole tips two inches by 16 inches séparg
had two two inch diameter circular holes_cut out as shqwn
in figures 1 and 3, with like pieces of steel fitted for
fine focussing of the beam., The cross section of the
yoke was 16 inches x 26 inches which is sufficient to N
withstand an attractive force of 30 tons between the poles.
The total weight of steel was 7.5 short tons. o

The magnet is mounted on rollers on = steel ﬁrol;ey N
with roller bearing wheels running on steel tracks embedded
in the floor under the Van de Graaff generator. 1In
conjunction with the rollers four screws were provided at
the base for horizontal positioning across the rail bed,

while four more were provided for levelling ( figures four

and five ).

'(g) The magnet coils » B

The special design of the coils is illustrated in fig. 2
They were wound as double pancakes of two times 23 turns so
that the ends came out tangeniially on the outside. They »
were made of asbestos covered copper tubing, 3/16 of>an_inch
outside diameter, 1/8 of an inch inside diameter so that the
resistivity was less than 8 x 10~7 ohm-inches at 50 degrees
centigrade. The inside diameter of the coils was 23 inches
and outside diameter was 33 inches, meking a total length of
338 feet. Each pancake was spaced by a 1/32 of an inch
textolite insulating ring.
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The individual coils were cemented together with
 glyptal before being baked with three coats of insﬁ;ating
varnish. Short copper strip join the coils in series
electrically while two foot lengths of 1/4 inch saran -
tubing join them hydraulically in parallel to the cooling

water manifolds.

(h) The water cooling system » o

At a pressure of 37 lbs./sq. in., 1.45 gallons of
water per minute flowing through 26 coils in parallel .
kept the rise in waﬁer tempersture to less than 25NQegrees
C at a current of 45 amperes., A pressure switch was
incorporated in the intake manifold and connected into the
interlock system. This prevented power being applied
when no cooling water was in the coils. A lucite cover on
the outlet manifold allowed observation of water flow
through each coil, | " A_
The temperature rise was only ten degrees in a ha}f

hour at & current of 35 amperes when the water flow was
stopped.
The maximum current flow for a 25 degree C temperature

rise, when water cooled was in excess of 60 amperes showing

that the design was quite conservative,
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(1) The magnetic field - o
The maxifum field measured in the gap at the centre at
a current of 48.5 amperes was just over 19,900 ggﬁss} The
number of turns was 2 x 23 x 26 = 1,18é‘and thereforé the
N I was 57,500 ampere turns.

Now 4t NI - 19,900 x 2,54 X x 123 x 2,54

10 o -
therefore X = 72,200 - 50,500
- SER
= 21,700 - 69,5 ampere turns/ inch

312 o
This confirms the design figure that the H'ié>1gs§ than 80
ampére turns per inch. This point of 19,900 gauss was not
the limit of magnetization but it was up on the knee of the
magnetization curve (figure 12). |
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Chapter 2.

The Power Supply for the Magnet Coils

(a) The generators n -

.‘ Two compound-wound D, C, generators were made available
to supply the ten kllwatts of power for whlch the magnet |
coils were designed, One generator was rated at 5@ gi;qj .;'
watts at 44 amperes while. the other was :ateq at 6_k;lpwatps
at 54 amperes. However, this totalupower was no@»ani;gp}e
in the fegulating system since the series field coi}s_were
connected in opposition'to give aflinearmcq?renprcprygﬁpm
characteristic to the machines when the shunt field coils
were separately excited. This was more suitable for smooth
control of constant sensitivity but caused a loss of 3. 5 ) -
kilowatts in output power.  Curves 3 and 4, figure 6 1llustrate
this effect. | | )

Each generator was driven separately by a ten H. P.
three phase A, C, motor using three V belts on multiple
pulleys. | N ) |

| The two generators were connected invseries_to deliver

up to 200 - 250 volts to the magnet coils. Their shunt field
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coils were also connected in series and éupplied separately

with up to one ampere of current by the control system,
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Chapter 3,

The Regulating S stem
The objective of the régulating system was to give an ”

easily varied but accurately regulated magnetic field. This

has been achieved. S

The type of regulator chosen using higy'yacuum'PUbgg,
was preferrea over other types7’8?9,lo bégagserfﬁitg ease
of operation and accuracy. The other most considered types
were the saturable-core reactor'7 which had an écqpyapy»pf
only one part_in 1,000 and ihe phbtocgll and galyaﬁpmetgr”
types. Thé latter had adéquate accuracy but required fine
adjustnent, more care and could lose control with large_"
current changes. . B

A block diagram of the regulating system used here is
shown in figure 7.

All switches and meters were mounted on one rack, the

fregulator rack; as part of the control console of the Van
de'Graaff generatpr. This also cqptained ﬁheNRUbicpn
potentiometer, standard cell, .galvanometer, hatteries,
amplifier, and the regulator tubes. At a distance from.
this of abou£ 25 feet was the magnet itself with the man-

ganin resister and surge-protector-rectifier. Lastly,
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the D, C., power unit, generators and motors were situated in

a small adjoining room.

(a) Operation S

The required magnet current was selected by the setting
of the Rﬁbieon potentiometer'whose voltage‘bucked' that
developed across'the,manganin resistor inserted in the
magnet cﬁrrent leads. The difference of these two voltage,
'the error signal', after amplification, was used to control
- the field current of the two generators through the regulator
tubes.  The magnet current faithfully followed any change
in sefting. Once the current was set, it remaipeq ggnétant

throughout the warm-up period and throughout the days'

variations in temperature.

(b) Precigion of the System -

The varations in magnet current are twofold: B

1. Slow drift due to warming up of magnet, coils,
generator and other components. ' o

2. More rapid veariations due to commutator ripple and
other noise pick-up. o

The precision of the current control depends on the
following ppints:

1. The value of the manganin resistor must be such that

the minimum varistion that can be tolerated in the magnet

current provides an error signal above the input noise level

of amplifier.
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2. The temperature variation in resistance in‘this
resistor must be kept less than one part in 10 OOO )

3. The input noise level of the amplifier must be kept
to a minimum, o o L

4, An accurately contro;led D. C: referenee‘(pr“jpgcgrih
ing' ) voltage must be available, whose variation is also less
than one part in 10,000 o N ;V“‘v_hu

5. Sufficient gain must be availeble in the amplifier
and contrcl loop to allow the system to follow up anyuver;-
ation on the input or output so the eprer_cgrrepptdpee_pot |
exceed 1/10,000 part of the current passing; however the
system must not overshoot or hunt. _ )

In order to regulate over the eurrent range frop five
' to 45 emperes, to one part in 10,000, and give.a 25 P.volt
error signal, a resistor of at least - |

R = 25 x 107° = 0,05 ohms is needed.
| 5 x 1074 S
The upper limit of the resistor is governed by the.emepgﬁ’
of heat it must dissipate'at high currents. In*thie case,
at 45 emperes, it must dissipate . _ B -
I R = 101 wetté, which necessitatee»adequape’:w‘
cooling to keep its temperature and thus res;stancevpppetant.
By using manganin shunt strip of te@perature eoeffi~
cient o = 0.00002 per degree centigrade, it is required

that:
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AR ( 1

R ~10,000
o)
now., R = Ry (14 1)

therefore AR = R, x4 1
end AR =& At

R
o
thereforedd t ¢ 1
- 107
4t 1072 ]
2 x 107

{ 5degr_eesc | )
When the manganin resistor was made‘ up and gttached to
the cooling water system it was found that over an e:j.ght
hour period its temperature did not wvary more t_hgan .2

degrees C. The above condition was therefore easily

fulfilled,
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Chapter 4.

The Units of the Regulator

(a) Standard Resistor

o
A 0,05 ohm water cooled manganin resistor was made up

for the reasons given ip chaper three“abpvg, A ?%-fooﬁwm“
length of one inch manganin_‘shunﬁf was mounted in a glass
tube and connected to the magnet water cooling system. |
Electrical connections were made through heavy brass
.cylinders having separate potential and current‘tgp@inal§.
. These cylinders were soldered tO»thé ends of the‘mapggn}n
strip. After annealing, the complete resistor was sealed
into the glass tube and mounted on the magnet frame as
shown at the bottom of figure 4, _ . o
Care was taken to have identical shielded qoppgr_leads
both from this resistor and from the reference voltage
source leading to the amplifier input, o : N _ '
The temperature variaﬁion in the resistor throughopﬁwpgg_
deay, at currents up to 15 amperes was négligiple.'mTempg?aﬁure
of the cooling water available.was foundrﬁo vary from day to

day by a degree or two but remained constant throughout the
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day, to much less than one degree centigrade as checked over
a two week period.

(b) Standard reference voltage " S
The standard reference voltage was dbtained from.g N
modified Rubicon type B pgtentlometer, with its associated
standard cell, galvanometer and battery supply. The
modification consisted in'bringing out an extra terminal
so that on the most used range, an‘uninterrupped‘vo;tage
was avallable while the potentiometer was being checked
for calibration. The voltage range of the potentiometer
had also been extended to 6.4 volts so as to handle currents
in this regulating system up to 128 amperes if ihat ever
became necessary, v ‘; » o )
The staendard cell was certified accurate to one part in
100,000 at room temperature and the potentiometer to about

two parts in 100,00012. The determining accuracy was there-
fore the constancy of voltage of the battery supplying the

potentiometer. After trying verious sources of dry cells

and storage batterles, two heavy duty Exide 1ead and sulfuric

acid batteries were chosen for the final tests._ On the 50 mg.
drain required, they dropped in voltage sbout 0.5 p volts per
minute after being connected continuously for 13 days.

Superimposed on this, however were small temperature
fluctuations.

Primary cells of zinc and carbon in NaOH appeared to be
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the only ones having ‘the necessary stability and low temp-
erature and voltage drift on 1ow current drain13 14 A
number of cells of this type, Ferbatco F B 4 had been ordered
from Ferguson Batteny Company, Slough, England, but have not

-yet been delivered.

(ec) Brown Converter and amplifier ’
15,16,17

A Brown Converter vibrator | followedvby‘a .
conventional three stage R-C coupled amplifier, feeding a
lock-in detector provided the D, C. amplification with high
gain and stebility reguired to follow the slow drifts in
current. An additional two stage A, .C, amplifier was added
in parallel to look after more rapid variations in current.

Both of thése were then fed into one dirgctfcoupled'stage
which was then directly coupled to the regulator tubes,
Available voltage gain, at 60 cycles, in the three stage
A. C, section was over 300,000 and in the two stage A. C,
section, 5,000 ( at 1,000 cycles pér second), The power
supply for the whole amplifier was built on a separate
chassis to keep the power line frequency out of the system.
The circuit diagram for the above is shown in figure 8 and
follows that used at Chalk Riverls’ 7

A 400 cycle Brown Converter had been decided upon for
reasons of lower noise, less phase delay and greater efficien--
cy. The noise of the 60 cycle type is about two p volts due to -
the capacitive coupling of the cdntacts on the vibrating reed to
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g 15,16,17 . ‘ . T
the exciting coil . In the 400 cycle one, the exciting
coil leads are isolated and brought out at the side through |
a éhieided cable connector to reduce this type-pf_gégp;éng.
The phase shift in the amplifier is considerably less at =
400 cycles than at 60 cycles. Lastly, the greater efficiency
is due to the fact that information on voltage or current
fluctuation is gathered 400 times a second instéad of pn@yu
60 times a second. As the 400 cycle vibrator did not arrive

until recently, all tests have been carried out with the 60

cycle one.

(d) Current regulating tubes | o
Eight 6 A S'7 tubes in parallél connected in series -
with the generator fields provided the control of thé magnet
currght.- These were mounted on separate . chassis together
| witﬁ a filament supply transformer and'associateﬁ ﬁgyigeé o
as shown in figure 9. At low current, the individual tube's
- equalized as the current increased. For longest life, the
tubes passed only half rated current with full load on the
generators.
Complete check on the operation of each tube was pro-
vided by a circuit opening jack as well as a tslo-blo! )

'que and neon'bulb. Cathode current of each'tube was read

by a milliammeter and jack plug. The fuses, rated at %
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ampere protected the circuit against shorted tubes which
would then be pointed out by a glowing neon bulb. An open
circuited tube could bé found by checking for caﬁhode o
‘current. In addition to the above, a currenﬁloverlpgg rglaf,
adjustable from 0.65 amperes to 2_amperes, was inserted in
the common plate lead of the tubes. Lastly, a one
miliiampere relay, connected to the interlogg sysﬁem,“wgg
inserted in the control grid circuit to prevent the grids
from going positive. v ﬁ ) | ' - .

| The.i,OOO ohm resistor in each grid lead was a 'grid
stopper' to damp out any parasitic oscillations. _Fipa;;y,
a small amount of négative fee&pack as well as bias was

provided by a 25 ohm power resistor in the common cathode

lead.

(e) Power Unit o )

A 400 volt, one ampere power supply fed the 6 A S 7
tubes and generator fields in series. This unit, shown in
figure 10 used two G. E, F G 105 thyratrons in a full wave
‘circuit with choke input, followed by an additional L C
filter section. The ripple is less than 0;2 %; The H, T,
(ﬁlaté) transformer was a three K. V. A, oil filled power-
line transformer with its two 1040 volt windings in series
as centre-tapped secondary and its two 104 volt windings

also connected in series for the primary.
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(f) Protectlve dev1ce§ _

The complete system ( flgure 10) was protected by three
interlocks and an overload relay, as well as the surge-
protector-fectifier across the magnet coils ihemselveg,h"
H. T. of the power unit was shut off if the cooling-water
pfessure failed, if the regulaﬁor tubes drew grid cprreht,
or if the power unit cabinet do;rs were opened. The
current overload relay in the generatorg' field_girquit
as mentioned above and shown in figﬁre 92, would 3;9° 
interrupt power to the magnet in case of éshprt circuit.
Lastly, a surge-protector thyrszstron rectifier,»mounted at
the magnet, was connected in reverse polarity across the
coils to discharge them quickly. This rectifier, an F G 105,
~ could pass a surge current of 200 aﬁperes at 1,000 volts.
The surge that could be expected as calculated from a
S_Qhﬁ resistance of F @ 105 is not greater than 225 volts,
The filament of_tﬁi; thyratron was connected in tﬂé’syspgm
such that it had to be on and warmed up before power could
be supplied to the magnet. This is described in the next
chapter, |



‘Chapter 5,

Operation of‘the control system

(a) General switching ) S
The switching arrangement of all the unitsAis ghowhﬁ

, in figure 10, One toggle switch and one push button turn
on all the electronic equipment while an additional push
button is needed for each motor generaﬁor. ( These may be
controlled together if desired with a small change in
wiring, by one set of push buttons. ) The main toggle
switch S turns power on to all the thyratron heaters and
Sola>con§tant voltage transformer as well as aﬂfngmpippte
time-delay-relay. The complete'amplifier.and all heaters
but the‘sﬁrge-protector-rectifier are fed from the Sola
transformer. The time-delay-rélay allows.the thyratron
heaters to warm up before H. T. can be applied to the power
unit. Thus, after five minutes, pfovided_all interlock
switches are closed, field excitation is applied to the

generators'by preééing push button S, This ¢loses relay S
which applies power to the plate tra%sformer of the power ~
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unit., H. T. can be interrupted manually without re-intro-
ducing the time-delay, by means of toggle SWitch SZf AAl;
the equipment but the motor genérgtors is switched off by
switch Sl’

Y
t
S
y

(b) The motor generators ’ _ -
The two motors are controlled individually by on-off
push buttons which are provided with indiéator lamps. The
lamps and buttons are mounted on the switch panel. The
motors may also be controlled independently by push buttons

in the motor-generator room,

(c) The Rubicon potentiometer | S
The Rubicon potentiometer, used as the primary control
.of the system, requires no extra switching in checking its
calibration when used on the main 1.6 volt range. By‘this
means, the accuracy of the current setting may be kept as
high as possible inspite of any variations in the potentio-
meter battery supply, for magnet currents up to 32 amperes;
For very small currents, or for currents sbove 32
amperes, calling for the use of the O.lé or 6.4 volt ranges,
the contrql loop of the regulétor system has to be opened
temporarily and the magnet current left partially A
unstabilized during the re-calibration of the potentiometer,

This is done by first switching the 'manual-automatic'



fig, 11.

The Control Panel

to face page 28
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switch on the amplifier to 'manualﬂ.lfCalibration °r.?e7,.
checking of the calibration is ﬁhen Qarriedrouﬁ byvyprping
the E. M. F. - S, C. switch on the Rubicon potentiometer
to S. C;‘(standard cell) position, The.regulator}Syspem :
is returned to self-stabilization by réversirmg the above

switching procedure,

(d) Manual-sutomatic switch and D, C, level.coﬁtroir o
The 'manual-automatic' switch cuts out the D. C.‘émpli-
fier portion of the circuit buﬁ‘leaves the low gain A, C.
loop still in the circuit. While in this 'manual! position,
the magnet current may be altered over the complete range,
by adjusting the 'D; C level' EoptrQl knob on the'amplifier;

(e) Current and field setting of the mggget _

T.he magnetlc field desired is obtained by referrinb to(
thé large graph of the hysteresis loop mounted at the'ppntrol'
panel, as shown in figure 11. The mégnet current is thenrset
to the indicated valﬁe by turning to the appropriate setting
on the Rubicon potentiometér. The actual magnet éurfent
is indicated by the‘large meter Ml on the regulator tube
chassis as shown ;gﬂflgure 10, For example, with the
0.05 ohm- manganin resistor, a current of 20 amperes was
chosen by setting the Rdblcon potentlometer to 1. OOOO volts,

and then adjusting the D; C, level control knob to make the
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balance meter M@ read at centre, This gave a magnet field
strength of 11,400 gauss.

The additional meters on the control panel tell pre-
cisely what is happening to the system. An understanding
of their function and operation aids in tracing any faults
in the gystem. Ammeter Mzﬁrea&s‘the generators' shunt field:
current and should read between O and 1 ampere énkgirggt
proportién‘to the magnet current. The terminals of the ”:
milliammeter Mé come out from the front of the panel to a
jack plug which may be inserted in the cathode circuit of
each é A S 7 tube to check its operation. Ampet§r M1 as
mentioned in the preceding paragraph reads the‘magpet current
directly and must follow the voltage setting of the -
Rubicon potentiometer directly. A S

The other three meters, on the amplifier chassis panel,
téll the operation of the rest of the electronics of tﬁgg
system, Voltmeter M, when reading centre, ind@caﬂésiﬁhgy
the current setting agrees»ekactly,with.thevdesired value
as chosen by the Rubicon potentiometer setting., A. C.
voltmeter M5 reads the magnitude of the error signal being
transmitted by the amplifier. For best operation under
normal conditions, thi%_Should read as'closé to zero as

possible. This may be always kept reading zero for all
magnet current settings by re-adjusting the D, C, level
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control knob, whieh will maintain the balance meter Mg_at i
centre as well, Corréét setting of the current will not be -
- obtained unless balance meter M@ is set at centre. Voltmeter
Mé reads the D. C. voltage applied to the grlds of the 6 A S 7
regulator tubes. Meter M4 and Mg together give the phase _
and magnltude respectlvely of the error 51gnal in the system
at any time. _ ]

Initial setting up of the regulatlng gystem and addltion-

al adjustments are discussed in appendix 3,
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Chapter 6,

Experimental Results

(a) Drift of the magnet current and magnetic field

Slow drifts of the magnet current were satlsfactorlly
small, of the order of a few parts in 10,000 over a few
minutes and up to seven hours as taken from field measure-

ments using flip-coils and a fluxmeter(appendix 4i Bg o1,
using the highly accurate proton resonance method

%2 23, slow drifts of the field were then measured to be
one part in 10,000 over an eight minute period, increasing
to only three parts in 10,000 over the long period of seven
hours. Part but not all of thié can be accounted for by
iher@al contraction of the iron decreasing the width pf_thg
air gap as discussed in appendix 2. The rest can more than
be accounted for by a decrease of nearly two per cent in |
the resistance of the magnet coils for the five degree
temperature drop at the current used for this test. This
could justify the above mentioned accuracy of the current
drift in the regulator since on the other hand, the

generator coils would have heated up about 25 degrees C
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at the same time, The corrected drift, nevertheless, was a
small but a definite increase in magnetic field,
A small amount of commutator ripple was observed but
was reduced satisfactorily after large condensers were

connected across the generator brushes.

(b) Amplifier and regulating system

The Brown converter and the amplifier and loék}in-detect;
or provided D. C, amplification with a minimum inhereh£ drift.
This resulted in almost complete compensation for the
thermal effects in the components of the regulating system.
The few parts in ten thousand drift observed, after correct-
ion for battery driftqand proton head oscillation drift are
very insignificant compared to the one to two per cent or
greater éhanges in resistance of the magnet and generator
coils due to cooling or warming.

The gain and stability of the system was investigated
by trying different values for the manganin standard resist-

or., With 0,05 ohms, the D, C. amplifier voltage gain could
be advanced to 600 before low freguency oscillation or .

thunting' of the system set in. This showed up on all the
meters and in the magnet field as shown on the proton
resonance 'scope. Various other values of resistance down

to 0,0005 ohms were tried allowing the gain of the amplifier
to be increased to about 30,000, but with the stability of
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the system deéreasing to only a few parts in,l,OQo;over
short periods., With the lowest value of resistance the
noise in the input to the amplifier was as large as the
‘error voltage. Part of this noise was 60 cycle hum due

15,16 ,17
to the 60 cycle Brown converter ‘ . The rest of
this was due to the first tube circuit, most probably
from the heater. B

The 400 cycle Brown converter with a separate supply
of 400 cyclenpower feeding it and the lqckfin détectpr
would allow use of a smaller manganin resistor or response
to0 a smaller error voltége. A stabilized 400 cycle
oscillatqr and power amplifier was built and tested but
has not yet peen incorporated into the system.:

Best sﬁ;bility and accuracy was §btained using the
0;05 manganin resistor. Repeatability of the_currgnt o
setting and the field was good and overshoot on applié¢ation
of a step voltage to the input was smallf_”Rgpeatability
of the field over a five day period as measured with a
flip-coil and fluxmeter wes within 4%. Momentary over-
ghoot of the current on application of a step-voltage
was % empere in 20 amperes, sbout 1%. This overshoot
was not -a continuous error, but this overshoot did increase

in value if the voltage gain of the amplifier was decreased

below a few hundred.
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The time constant 6f the gystem in response to a

step-voltage was between one and two seconds, which was
roughly the time cohstant of the generators, but less
than that of the magnet. This was measured independently
to bé close to ihree seconds using a storage battery,[meter“;.
and stop-watch. It was the_time taken for the current to
rise to 63% of its final value and to fall to 37% of its

initial value.

(¢) Performance of the magnet

P

The inductance of the magnet was 13.9 henries as
measured from its time constent of 3,02 seconds. The resis;
tance of the coils at 20 degrees centigrade was 4.6 ohms,
At a current of 48,5 amperes it gave a field strength of
19,919 gauss as measured With a flip—ebil and fluxmeter,
The saturation curve has its knee at 18,000 gauss while
the ﬁysteresis loop is only O.éfamperes wide at a current
ofvl5 amperes. These are superimposed in figure 12. The
retentivity, of the order of 70 to 100 gauss, was surpris-
ingly small. Figure 13 shows'the fall off of field in the
horizontal and vertical directions. This shows that the
leakage flux is small which confifms'the design described
in chapter l; |

From the calculations given in chapter 1 under 'The
magnetic field' it appeared that the‘H reduired for a field

of nearly 20,000 gauss at the centre was zbout 70 ampere-
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turns per inch, 12 % better than was expected.

i:The temperature rise of the coils'at‘60 amperes was
far less than anticipated, only 25 degrees centigrade. This
was mostly due to the fact that the water pressure availap}e
in the basement of the Physics building where the magnet is
located has been high, from 35 pounds to 40 pounds‘per square
inch as against the 25 pounds per square inch assumed in the
design. The magnet, containing_seven and one half tons of iypn
and over 500 lbs. of copper, has a large thermal time constant
such that at medium currgnts, up to 12 amperes the cooling
was sufficient not only to keep the temperature rise down
but to bring the magnet temperature gradually down from that
of the room to the temperature of the cooling water,;some’
five to seven degreés centigrade lower. From calculations
based on 50 % effectiveness of iron in sbsorbing heat, it
would take gbout two hours for the temperature of_thg’iron
to drop one degree centigrade at a current of 12 amperes,

and water pressure of 37 pounds per square inch. (appendix 2)

(d) Proton resonance measurement of field drift

An R. F; head of a proton resonance magnetometer of
design following that of T. Collins was built up to measure
. 24
the magnetic field drift . It was inserted in the one

inch air gap of the magnet as shown in figure 5 so that al-



though the search coil was in a homogeneous part of the
field the electron tubes were as far out of the magnetig‘
field as possible. A sensitive short wave receivgr together
with a General Radio heterodyne frequency meter, an
amplifier and an oscilloscope were used in conjunptionvwith_
this heéd to carry out the measurements of field drift. The
measurements taken over a one day period are given in
appendix 1. _ -
The measurements of drift were taken in the_fo;lowing
manner. The magnetic field was set with the current |
regulatdr to a value within the_rénge of the oscillator
for a proton sample in the search coil, The freéuency of
the R. F. head oscillator was adjusted till the proton
regonance signal after amplification was observed ngar‘the
centre of the trace on the cathode ray oscilloscppe;m The N
oscillograph trace was then calibrated ih gauss as described
in appendik 1. By tuning the short wave receiver and
heterodyne frequency meter to the R. F. frequency, it could
be measured to one part in 105 by 1lsten1ng for the zero
beat. Readlngs of the oscillator frequency, heterodyne meter
crystal callbratlonbas'well as the drift in the batteries
supplying the Rubicon potentiometer were takenrduring the
day &snd were used in correcting the drift observed in the

motion of the proton resonance signal across the oscilloscope



fig. 15.

Proton Resonance R, F, Head.

to face page

37.



vLovmo:..ov.Q

P ey suasuspued WY L g9y 9 g0y By

=)

stuaalx g = 1 _ §SHrw CLHh-0d

to tace p-317.

41 b1 g

PooH 4 9

wot priduy Pyuvucse y U0)oJ
a3 Pa».r‘.aq . . .

I FYEIN

I - T

aST+

$319N
QS 4+

3

et vt cvmvnd ) — — "

1

I

l

_|,

r
|
t

L




-37-

screen.

(e) Proton resonance R. F. head

The circuit diagram, fiqure 14, shows the head to o
contain a 'weakly'oscillatingkdetectorl consisting of a pair
of 6 AGS tubes in push-pull arrangement. The oscil;ations
are kept small by feedback from the gdditional_6 A G 5 tube
conneéted up as a low gain amplifier24. .Qplyvope'copt?pl?
‘the two-gang varisble air condenser, is-negded to change the
frequehcy'to any value in the rangé from 20 to 42 megacycles
per second. This condenser together with the search coil
inside:of which is‘placed a 0.1 molar solution of Mnso;,a
forms the tank circuit which is loosely coupled to the
oscillator tubes. o

" The compléte R. F. head is rigidly mounted ‘in a heavy
brasé box with the search coil protruding as illustrated
in figure 15. Two 40 turn double pancake wound sweep coils
gre*éemented to the outéide shield plates of the search coil

. for 'wobbling'ithei.field,

(f) Simple proton resonance theory

Protons, of ‘spin I =.%, when in a constant magnetic
field H will orient themselves in one of the two quantized

energy states; the spin can be parallel or antiparallel to
“the fieldf_ If a sample of protons is placed in a coil be-
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tween the poles of an electromagnet with the ax1s of the
coil at right angle to the poles, then tran31t10ps"beﬁween
the two states will be induced when the frequency of the
signal applied to the coil satisfies the resonance condition25
274/ - | V'] Hé where

Y o= B .
i I is the ratio of the

magnetic moment to the angular momentum of the nucleus,
4/ 1is the freQuency in cycles per second
and Ho is the magnetic field intensity:in gauss at

the nucleus. | ‘ .
By using the most recent value: ofW’and substituting

in the above equatlons, the simple relatlon is obtained
for the magnetic field Hy 1n terms of the frequency24 25
Ho(kilogauss) = 0.2348 (X 0.0002) f£(in me/s)
The accuracyvof this equation is limited by that in the

26
. known value of ¥V,

() Future use of proton resonance for stabllizatlon '

Although up to the present the proton resonance 31gnal
has been used only to measure the field, it is intended to
feed this information derived from the magnetic field direct-
ly into the current regulator so as to’ keep the field constant : .
and stabl};zed against all changeszs. The sbove type of
R. F. head is very suitsble for this when followed by a dis-

criminator or lock-in detector, for it has a large signal to
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noise ratio, better than ten to one, and has only -one main
frequency control, | _ ‘ S
Three or four R. F. heads may be necessary tq»goyer the
range of fiélds from a few kilogauss to 20 kilogsuss as

‘indiCated in the table below:

frequency of oscillator H
me/s kilogauss
8.52 2
17.04 | | 4
22.6 o o 10
85,2 - 20

Thé lower limit of field measurementé~using this method is
set by the weakness of proton signals below about 3,000
gau5327, whilelthe upper 1imit,is'determined by the désign
of.avstable varisble high freéuency oscil1ator with a

separate tank coil, tunable up to 85 me/s.



Appendix 1,

Measﬁrement of field drift using the proton resonance method..

(a) Calibration of the oscilloscope | -

. The oscillbscoﬁe X plates were fed from the same source
which provided the 'wobbling' current for th sweep coils
around the search coil so that two resonance peaks were
observed each cycle.' The oscillator dial was moved up and =
down and the frequency for which the resonance peaks were at
the extreme right and extreme left of the screen noted. From
‘this and the relation given in chapter 6, the trace of the
scope was calibrated in gauss.

The results are surmarized as follows:

Oscillator dial|Heterodyne meter|Crystal check Corrected
reading frequency mc/s correction mec/s| frequency me
. ker s
74.8 14,9395 -0,044 2 x 14,8955
' _ ~ = 29,791
74.6 - 14.8430 -0.044 o 12;X 14,7990
= 29,598

The factor two came in as the second harmonic of the heter@-
dyne frequency meter was used. Therefore the width, repre-
sented by the four inches of oscilloscope trace

- 234.8 x (29.7910 = 29,5980)



_ -41-
=234.8 x 0,103
= 24.18 gauss
and per 1/10 inch division
40 o
2 0,60 gauss,

(b) Short time test for eight minutes

The equipment had been funning>for five hours when this
test was made. The battery drift was negligiblef However
the oscillator increased 0.0008 mc/s in freéugncy“fpom"tpe
‘zero#h to the eighth minute which would show up as a drop
in field of | | " |

234.8 x 0,0008 = 0.188 gauss
| = 0.2 gauss ‘ 3 _
the observed fluctuation was from % X Q.é = 0.3 gauss

| te -1 x0.6 -_0;-6 gauss =
therefore correcting for the_Q.Z gauss drop, the fluctuation
in the field was from + 0.3 S

| to ~ 0.4 gauss for eight minppgs

The average measured field oVer the_eight minutes was
234.8 x 29.65 = 6,962 gauss S
Therefore fluctuation was é%€§' = 1 part in 10,000 of the

‘field over a period of eight minutes,

The valué of the manganin resistor used in the current
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regulating system was 0,0499 ohms. The voltage setting on
the Rubicon potentiometer was 0.6006. Therefore, the

magnet current was I = 0,6006 = 12,032
0.,0499

= 12,03 amperes.

(c) Seven hour test

The small voltage dial on the Rubicon potentiometer - -
was varied to move the resonance pesks from one side of the
oscilloscope screen to the other in order to get the
relationship between small voltage changes and small magnet-
ic field changes. It was found that a change of 0.005 volts
corresponded to a change of 24,18 gauss in the field,

The eduipment had been on for one hour before readings
were taken. The test lasted six hours and 50 minutes, The
results were as follows.

Batteries dropped in voltage 32, 6 p 4 6 2 - 202 P.volts.
(- 202 = O, 493 p volts/min.g

(T 410
This drop is equivalent to drop in field of
202 % 10-6 X 24.18v= 0.98 gauss
5 x 1073 -

At the same time, the corrected oscillator freéuency dropped
from 2 x 14.8619
to 2 x 14 8580 =~ 0,0078 mc/s
which is equivalent to a drop in field of 234 ,8 x 0,0078
= 1.83 gauss

corrections then are a fall of 2.81 gauss
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The observed fall in:field was 0,6 gauss -
subtracting ihis frdm the .abovVe correction we get
2.81
_ 0
corrected rise in field 2.21 gauss
at an average field of 6,962 gauss

which is a variation of _2,21 = three parts in 10,000
| 64962 .



Appendix 2,

Thermal effects in the magnet

(a) Effect of temperature change on the magnetic field = .
At the beginning of the long test run the ropm;tgmpepg—

ture was 22 degrees centigrade while the cooling water tem-
perature at the intake was 15,2 degrees centigrade,. Al the
end of the test the cooling water had risen to 17 degrees
centigrade. ‘ L

If we assume the magnet was cooled 5 degrees centigrade
after seven hours we may calculate the decrease in air gap
width due to the linear contraction of the steel of the
magnet. _ 7 _ »

The net linear contraction will be due to a one inch
section of steel., Taking o = 10.5 x lO"6 per degree
centigrade for soft steel we find from '

| L = Ly (1 +«t)
that 4L = L,xX4t
therefore AL =aAt _
Yo - 10.5 x 106 x 5

- % part in 10% | o
This will affect the flux density in the air gap directly
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as

Hoip = é;ﬂig;;__‘f Hiron diron

lair
andAHair 2 - NTI- Hiron I:i.ronj'

1 A1 4 _
(Tap- o7 L 10

therefore AHaJ'r = - A 1§ir
Hoir tair

This shows that a net decrease in air gap width of 3
part in 10,000 will cause an increase in field strength of

the same amount.,

(b) Estimated time for magnet to cool

This calculation is npt straightforward @ecause inphe
unknown factors in heat traﬁsfer from_the coppe?ﬁcg;;s to
the cooling water and also to the steel of the_@ggngﬁfﬂ ‘
However, it can be estimated with the help'pf the empirical
information given in H., C. Roters 'Electromagnetic Devices!'.
The data is as follows: o ‘

Room temperature “ 22 degrees centigrade

Cooling water intake temperature 15.2 " "

-Cooling water outlet temperature 17 " "o ~
(after 7 hours) :
Total flow of cooling water 92.2 c.c,/sec,

Magnet current 12,03 amperes
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Resistance of copper 4 6 'ths

Weight of copper present 500 lbs,.

Weight of steel of magnet 7% tons, :

Heat capacity of copper 180 joules /1b. /degree
- ecentigrade-

Heat capacity of steel 225 joules/lbs./degree

- centigrade
The heat energy added by the electrlc current is | _ _
(12.03)2 x 4.6 = 667 watts = 667 Joules/sec.
The heat energy taken awagy by the coollng waﬁer is
| 92.2 x 4,18 x 2 = 770‘joule§/se¢,_
This leaves a net amount of heat energy of-iﬁﬁfjouleg/segi
which is taken away from the copper and steel and thus will
lower their temperature. | |
Considering the copper alone, to lower its temperature
one degree centigrade requifes taking away from it of
500 x 180 = 90,000 joules, _ -
Therefore, if the copper is considered first alone, the time

teken to lower its temperature one degree centigrade is

: - 14,6 mi .
ORI minutes

After some time, the steel becomes between 45 % and
50 % effective in sbsorbing heatl. Therefore, assuming 50 %
effectiveness, the heat energy taken away to lower its

temperature by one degree centigrade is
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A x 7.5 x 2,000 x 2256 = 1,690,000 joules.
To this, add that of the copper 20,000 joules

giving a total of 1,780,000 joules.
The time required to lower the whole magnel one degreé“w
centigrade once heat transfer had been established between
the copper and stegl would be

__]_-3780q000 ) = 4.8 hOU.I‘S
103 x 60 x 60

which could only account for a drop of about 1 degréés
centigrade in seven hours.,

A complete anaiysis would have to take into account
the thermal conductivity of the steel of the magnet follow-
ed by a solution of Fourier's heat equation for this shape
of solid. It can easily be seen that the steel of the
pole pieces would have to cool down before the yoke of the
magnet could feel the effect of the cooiing water,

An éssumption that the pole pieces‘formed % of the
weight of the magnet would change the time to cpol<them
one degree to the right amount. This would change the time
to cool the copper plus the steel of the pole pieces only,
to 1.4 hours for a one degree drop or 7 hours for a drop
of 5 degrees centigrade.



Appendix 3,

Adjustment to the control system necessary for optimum

operation o _ )

The proéedure for starting the magnet is as follows:
1. Push the main toggle switch S; -up to apply power to the
amplifier and all heaters. 'This lights the amber indicator
bulb. A five minuté fime delay prevents operating the H. T.
relay. ’ N _ _ _
2, After waiting five minutes, (or after hearing the 'eclick'
of the time delay relay) push button 34 whereupon the red
jewel indicator shows, indicating H. T. is applied to the
power unit. If the red Jewel does not 1ight, thén one or
more of the interlock circuits are open. These interlocksi
are: ' | . o
| (a) Attdggle switch on this main panel marked 'q, T,
inteilock.‘ This must be in the 'on' position,

(b) The pressure switch at the intake menifold, the
cooling system. Water must be turned on and most important

the water outlet tap must also be turned on.

(c) A one milliampere relay on the regulator tube
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chassis., This relay opens if the 6 A S 7 grids become p051t1ve.
(a) The push switch on the doors of the cabinet rack
‘enc1031ng the power unit., This cabinet rack is mounted in the
motor-generator room. N o

Now, providing all the interlocks are cloeed? and depend-
ing on the Rubicon potentiometer setting and_D,fC. level
conirol, the generator shunt field current meter Mg should
read ( and the 6 A S 7 cathode current meter Mé if plugged
into one of the jacks). | |
3. Now the motor generators may be‘switched on by pushing “
.the two black 'on' buttons, lighting the indicator lamps.- The
'magnet cnrrent meter M; should read., _ 7

Current is inéreased or decreased by moving the ma1n o
voltage dials on the Rubicon potentiometer. After each change
of setting, the D. C. level control knob should be adjusted
so that balance meter M, reads centre, Thie should, at the

same time cause error signal meter Mé to read minimum, If

it does not do so, then the hum balancing potentlometer '

(screw-adjustment) mounted at the back of the D C ampllfler

power supply chassis should be adjusted for mlnimum reading

: on this meter with no signals coming in (disconnected both
ghielded leads to the D, C. amplifier chassis input and

ground the centre terminals).

For preliminary adjustment and calibration of the
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Ruybicon potentiometer - see ' Operating direction special
Rubicon type "B" potentiometer cat., no. 2780,_ser;al no.,
53750, ' from the Rubicon Company, Philadelphia, Pa., U.S.A.

If during the above adjustments, the shunt field
current meter M, drops to zero, and the magnet curreﬁt
falls while the meters oﬁ the amplifier panel,_Mé,'Mg and
Mé, show off balance readings, then the current overload
‘reley ( figure 9) must have been tripped; opening the shunt
field circuit of the generators. This may be reset by
pushing the reset button on the'current regulatinéthbg
chessis. If it will not stay in, then either there is a
short in the circuit which would show up by a reading
greaier than one ampere in Mo or else the rheostat o
adjustment on the relay is set too low. This is a screw
driver adjustment at the back of the current regulating
tube chassis. It should be adjusted to trip at just above

one ampere of shunt field current.
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Appendix 4,

Use_of flip-coils and fluxmeter

Field strength measurements were made Wiﬁh spegig;ly
constructed flip-coils and a Rawson Electrical Co. flux-
meter. Four coils wound on lucite forms were made up to
cover the range from 10 gauss to 20,000 gauss. Each coil
was screwed tightly to a long smooth board two inches wide
and shimmed with corrugated cardboard strips so as to slide
into and out of the one inch pole gap without turning. The
board was rdbbed lightly with paraffin wsex so that it
moved easily though fitting tightly. o

A squéré’hardwooduframe with holes spaced oneh;ncbl
and fitted with lucite plugs was mountgd'ovér'thg magnet
pole pieces to hold the'flip-coils in any position in the
gap between the poles. _

Two of the flip~-coils were calibrated on a magnet
using aJproton,resonance signal'to measure the:field.. The

other two coils were then calibrated against these,
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