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MAGNETIC INSTRUMENTATION FOR THE BEAM SWITCHYARD

I. TNYRODUCTION

In order %o use effectively the electron beam from the Stanford two.
mile linear sceelerator, &n elaborate heam swibtchyard is needed. 'The msgnetis
in this switchyard will provids the 12° ena 24° deflections necesssry o al-
low the various experimental areas to be reasonably well shielded and scparated
from each other. wo basic components will constitute the swibehysyd: a
switching magnet and a defleciing magnet system. Filgure 12 shows the switch-
yvard schematically.

The switching magnet will serve to divert the beaw into the deflsciing

magnet systen; it is designed for pulsed operation. This provides the cax

&= }.’r;a -
pility of switching only cccasional pulses into the experimental arses. The

pulsing rate for switching msgnei is 360 cycles per second. The magaet
pulser is able to pulse the magnet with an securacy of 14 and repeat the
operation in less than 2 1/2 milliseconds. 9he magnetic fﬁ@ld in the magney
rises sinusoidally and has & peak value of 207C geuss. {For 2% BeV bean).

The deflection magnet sysitem, a dc systam conteining several individusl
magnets, will bend the beem, momentum analyze it, ard direct 1t toward the
end station. %Yhis system should be of the zero-dispersiocn type becaouse one
may wish to conduct the beanm several hundred feet from the deflection syster
o an experiment. Wo conform with current beewm parameilzrs the electron
energlies were assumed to lis in the range of 5-25 BeV, while the angular
divergence was varied from 107 o 10™% radians. Bending magnets with a
field strength of 18,000 gauss and quadrupole megrets with a 2,000 gauss/em
gradient were taken as the building blocks of the system.

The purpose of this report is to present a possible instrumentation for
these magnets which can measure the magnetic field intensity with the re-
guired accuracy.

The accuracy required for the field messurements vary from tlg in the
pulse magnet to (01 in tho bonding magnets (see Teble 1), ¥n the follow-
ing we would like 1o list the different measuring methods which can be used

in the various magnets in the beam switchyard.
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TABLE I

BEAM SWITCHYARD INSTRUMENTATION

Accuracy

Magnets Field Messuring Instrument
‘Pulsed Magnet Electron Magnetic Resonance 14,
Gated Integrator 1%
Suadrupoles Compensated Wuclear 014,
magnetic resonance:
Flip coil + integrator .01,
Bending Magnets - Nuclear megnetic . 0014
resopnance
Flip coil + Integrator .01




We would like to divide this note into the following secticns:

1i. iscussion of the instruments
I¥I. 7ield measuring probes in the negnets
V. Cables

V. Proposed system



1. MAGNETIC INSTRUMENTATICN FOR THE BEAM SWITCHYARD

a, Nuclear Megnetic Resonance (NME)

The nuclei of certain stoms have a net intrinsic sugular momeniim which,
because of their charge, gives rise to a net délipole magnetic moment. The
interaction of this dirole moment with a radio frequency Tield in the pre-
sence of a dc magnetic field is called nuclesr magnetic rescnance. The
frequency f at which resonance occurs is dirveetly related to the de figld

Ho by the following formulas

7 .
n o : . . ,

F = —— Ho vwherse yﬂvls the "gyromsgnetic ratio” for the nucleus
21 )

Values of (yp/&x) for verioud nuclei are given in Teble 2. 'Thus, an WMR
device converts the problen of messuring magnstic field to one of nmeasuring
frequency, which can be done 4o cné pert in 10°. The accuracy of the massure-
ment, then, is the accuracy with which 7y is known, usually about .001%.
NMR measurements have the advanitsge of high & acy, but suffer from slow
speed, and the requirement for a fairly homogencous field. The slow speed
results from the complexity of the edjustments which must be mede to the
MMR gausemeter to make the measurement. Also, the “relaxation time”

(the time reguirved for the dipole moments to f&sp&nﬁ to the rf field) is

of the order of 0.1 - 1.0 seconds for WMR, so fields that vary at rates
greater than 60 gaus: /s&c or 80 give very weak signals apd are difficult

to measure.

b. Electron Megnetic Resonance (EMR)

-~

This phenomenon is directly amalogous to NMR, except thet the interact-
ing dipole moment arises from the intrinsic anguler mameniim of the electron.
Certain maierials, called paramagncbﬂ have an electron population that ex-
hl‘b ts this net electren "spin,” and thus a net dipole moment. Bacsuse of
the much smaller mass of the eléctron, howsver, the vglue of the gyro-

X e e
magnetic ratic is much larger. For free electrons, -—= = 2799.31 kc/gﬂl
: axn
For electrons in a crystal lattice; this ratic is modified by the crysial-

line field and by nuclear maments, and for the parmmagnetic materisal

DPPH(L1L - diphenyl 2, vicryl hydrasil),

7‘:: P (‘; L) \
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The some dissdventage of comnplex adjustwent still existes, bubt since the
relaxation time for D P P H is about .2 usec, fislds can be measured thal
have rates of chenge as high as 10° geussfesc.? Homogeneity requirements

are somevhalt relaxed, but are still severs,

¢. Flip Coil - Integrating Method®
if a coil ds rotated in 8 de magnetic field, a voltage is induced in

1%t as givern by

e ™ ) sin
cotl Tahs }BO & o
whare
13 the number of tuwms
A is the are
A8 The angular fregusncy
Bﬂ is the magnetic flaid
6 is the angle wede by the coil axis with BQ

If the coll is rovated through exactly 1807, from {?1 = 0° to sa = 180° 3
and the oulpul of the coil is integrated, the oulput voitage of the inte-

granor will be independent of o

SHAD

Q - 0 i) .
e, s e WHETE RC 48 the Integrator consbant
int Be :

Thus, if the constant N&/RC is determined, a measurement of B o CBR
be made. Accuracy of ‘the meusurement is determined by the accuracy of the
integrator, the accuracy of inltial positioning of the coil with the field,
and the accuracy of the ;8‘"‘0 angle tthmﬁgh which it turns. It can be shown

they the accuracy fachors are shout

e
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measurement error. The leaksge resigtance across the capecitor veries be-
tween 10,000 and 300,000 megolms, depsnding upon tempsrature and mumidity.
For a capacitance value of 0.1 ufd (integrator gain of 10) and a leakege
resistance of 10 k meg, the time constont of the leskage decay is 10,000 sec,
corrasponding to a dsceay of ,Olﬁ/&&cg This decay, coupled with intepraition
errors end DV accuracy, sets an upper 1llmit of about 0.02 Lo 0.0%4 in the

accuracy of measurenent.

e

Another type of integrator which is heing consldered is the vopliage to

s

frequency convertar type, coupled with s digital scalsr. Such & system is
o]

eq

shovn in Flg. 2. Clrouit operation 1s as follows: A positive voliare step

at the input of the integrater causes the oculput of the integrator o drop

?"\

lineariy et & rate Eo/hcg When the intsgrator oubpul reschss a present

evel (gbout 0.2 volis) a negative level delector sends out & pulse. This

pulse triggers & blocking oscillstor whose cubpui appears at A, =2nd alsc
triggers ax Impulse generator. This consists of & seturating core trans-
former coupled o s flip-flop civoult. The outpub of this generaitor is a
walse of well-defined voli-second aren, and 1z chosen to just reset the

integrator Lo sero ocubput. I the inpub voltege is still present, the cub-

put of the initegrator agein falls to Tthe preset level, and iz again yeset o
zaro, with ¢ second pulse appearing at A, This procsss conbimue g wntil the

voliage is removed froam the inpud or changes polarity. I the input is negs-
tive, a simlilar set of stages detects the positive output of the integrato

and vesets it to zero, with e pulse train gppearing at B.
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The waveforms for & single cycle of a square wave of amplitude EO are shiown

in Fig. 3.

INpVT e ; » EW

INTE &R ATOR————— \I\
N

A outpul” n ﬂ ﬂ ‘J H

.B' Ou‘FPuT H e

Fig. 3-- Voltage to Freqﬁency Waveforms.,
Since the time between pulses is given by

°t
t_ = - RC, vhere e

hok
-0

, is the jbrigger level,

- 10 -



it is clear that the rate of the pulses is proportional tc E , and the tobal
: S o s

Egﬁber of pulses at A 1is the positive portion of the integral of Eo’ within

& proportionality constant. Similsarily, the numbers of pulses at B represent
thé negative porticn. If the pulse trains appearing at A and B are fed %o
the positive and negative inputs of a reversible (up-down) countier, respectively,
the total count will be proportional to the integral of the input waveform. An
anelogous argument can be made 1f the inpub varies during the interpulse
interval,

Voltage to frequency converters of the type described sbove are available
commercially with accuracies of .029, linearity of .002%, and sensitivities
of 1000 cps/mv. At reduced accuracy (.1%), sensitivities of 20,000 cps/mv
are obtainable. '

Since the integrastor range of cperation is always lesgs than Eetg which
is typically less than 500 mv; the requirsmentis on the integrating amplifier
ére greatly relaxed. Higher gains can therefore be obtained in the integrator
before linearity is lost; integrals as small ag 100 uvolte-seconds can be
- measured with an accuracy and resolution of 107 volt-sec. Miller integrators
with the same accuracy have typicel sensitivities of l/lOO of this'figureo
Despite the apparent increased complexity of the v-f integrator over the
Miller type, the reduced requirements on the analog ampiifier and the zgbsence
of the digital voltmeter mske the v-T converter scheme less expensive. Alsc,
the counter (sealer) on the oubput follows_the input with no lag, and therefore
the counter can be gated off immediately after the mesasurement is taken, resulb-
ing in an infinite display, drift-free readout. Coil vibration and bounce have
no effect on the measurement.

A third type of integiator also uses the v-f converter, but the cutputs at
"A" and "B" are fed to a summing network and counted alike. The total count

then corresponds to the sum of the area under the input waveform, regardless

- 11 -



of polarity. That is:
t
=K u/\ le, ldt,
H i
0
where

¥ is the tobal counts

K is & proporcicnality constant.

Such an integrator has the advantage that the coll which is being rotated =
in the field need not be aligned exactly with the Ffield; (i.e., dW/ae = 0)
. 3

(9] . . ‘ 4 e g
provided ¢, - 91 = 1807, Also, since a simple scaler can be uged instesd of
e reversible type 2t 1s redu y about 30% for the whole system., This

+} ible type, ccst is reduced by about 30% for the whol £ 37
integrator suffers from the disadvantage, however, that coil bounce and vibra-
tion are not averaged out as in the other types, and thus additicnal error is

introduced if these effects are present.
&

d. Gated Integrator - Pulsed Magnet Interlock Svsitom

This system has been described in a previous technicel note” and will be
briefly described here for completeness. The system block disgram is shown
in Fig. k. Since the field in the pulsed magnet is varying with time, voltage

is induced in a stagtionery ccil according £0 the relation

., OB
ecoil = ﬂA’S%

If the output voltege of this coil is integrated, the voltage at the inte-
grator cutput will be proportional to the instantaneous magnetic field. The
cutput of the integrator and the coll cutput are fed to level detectors, and
when these signals reach preset levels at the same time, an interlcck signal
is formed by a coincidence cirecult. Also, the output of the integrator is

fed to a gate circult driven by a variable‘delay, and this gate forms a pulse

w 12



of 2 usec width vhose amplitude is proportional to the magnetic field when

the gate is spsned.

-
__«..lm . Coil ) ig
b b = gLy
bl Cdemmeege A ] | GaTe o pulss
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Level
, DeTecrel
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igeaT puts@
ouV
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FIG. b--CGated Integrator.
For a full discussion of the interlock system, refersnce to Technicsl Note
TH-63~73 should be mede.
e. Hall Devices

Magnetic measurement devices ubilizing the Hgll Efféct cannot be used due

to radiation sensitivity of the materisl used in the rrove.® Tield measure-

ment in magnets cubtside the rediation area could utilize these devices,

IXTI. PROBES

a. MR

The MME probe consists of a vial containing the sample in agueous solublon
(usually also containing a paramagnebic selt solution to decrease the relaxa~
tion time), surrounded by two or more colls connected to the electronlc equip-
ment. Usually about 1 cc or more of gample solution 1s required to achieve
reasonable signal strengths. One of the coils is connected to a 60 cycle
scurce of alternating current, and is placed so that its field is parallel
to the wmagnetic field to be measured. This coll provides a magnetic field

sweep of about D.5 ~ 1.0 gauss so that the resocpance condition is continually

- 13



swept and ac¢ coupling can be used in the detection egquipment. The second

0

coll is connected to the source of rf power, and is placed so that its Tield
is perpendicular to the magnetic field to be measured.

If no third coil is used, the oscillator is made so that its oscillations
are marginal, i.e., the source 1ls just barely osciilating. When resonance
occurs, the amplitude of oscillations is dawmped, and the resonance indication
is observed. In some systems a third coil is used, placed at right angles to
both of the cther coils. A receiver is connected to its terminsls; when reso-
nance occurs, the amplitude and phase of the receiver Oﬁﬁpu‘c; changes and a
resonance indication is obtained. Construction detalls of a typical 3F-coil

probe are shown in Fig. 5.

TO e
BOVR

o -
TR&H":-. =

|- reufimEns |

Swesp P

FiG. 5--IMR Probe Detalls.

b. B

The EMR probe consists of a helix, 1.5% mm in diameter, 20 om long, with
a 1.5 mn glass tube containing the ssmple of T P P H inserted within the bhelix.
See Fig. 6 for ccnstructioﬁal details., Coupling to this main helix is accom-~
plished with ancther helix, 3.2 mm in diameter end 1.8 mm long. This coupling
helix is directly connected to coaxial cable, and is terminated at the other
end in a 50 ohm resistor.

"t g,
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Fit. G--Cutaway View of Helix Coupler.

The probe asserbly is mounted in a plastlce tube for p?ct@cﬁibn and helix

aligmment. See Fig. 7.

The £lip coil consists of a rectangular coil of wire with a turns-ares
product lerge enough to provide sufficlent signal for the integrator at the
smallest fisld to be measured. Since the gensitivity of the integrator unit
is not yet established, this turns-area product is still undetermived. The
asctuator for the flip coil is designed as follows: )

Fig. 8 shows two types of actuators permanently placed in a guadrupole
megnet. The type shown in Fig. A is a lipear cam driven by a double acting
air cylinder. Construction of all parts are of nou-magnetic materials. In
operation the air cylinder piston moves forward driving the cam block with
it., The cam block has cut into it a cam groove which engages a pin protrud-
ing from the flip coil shaft. As the cam moves Torward (or back) the pin is
rotated 180° by the action of the cam groove on the flip coll shaft vin. The
number of degrees of rotation of the coil is controlled by the contour of the
cam groove end cannot be adjusted after having been cut. Thrust force on the

pin is taken up by the thrust collars on the flip coll shaft which bear
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d. Cated Integrstor

The probe for the gated integrator consists of a stationary coil, with a
turns~area product of 0.1 w®, The signal from this coil will be transmitted

to the electronics via coaxial cable,
TV, CABLES

Radiation sensitivity of cosxisl cable filled with wariocus dielectrics
has been carefully studied.® Of the cables studied, only those with Magnesium
Oxide (Mg0) dielectric are suiteble. The attenuation properties of RG-81/U at

the highest frequency of interest {4 - 6 KMC) bave been measured and sre plotted
in Fig. 10. The curve for Mg0 cable 1s not smooth due to a standing wave set up
in the wmeasuvement eguipment by the connectors at the ends of the cable. It
can be seen that the Mgl cable compares favorably with RG»&/U cable, with an
atienuation of 20-k0 db/100 £t. This cable will be used wherever coaxial
cable is needed, from the EMR Helix to the waveguide system, from the flip
coile to the integrators, and as cable for the gated integrator and HMB.

Because 20 db/l00 ft at 4.0 KM is excessive attepuastion, waveguide will
be used to transfer power from the EMR electronics to the probes, about 55 feet
below ground. At the switching magnets, a transition to coax will be made and
an air-actuated, coaxial 5-pole switch will select which of the 5 magnets in

which a measurement is to be made., (See Fig. 11.)
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V. PROPOSED SYSTEM

a. Bending Magnets

Since these units sre dc magnets, WMR could be used. However, long runs

»

of cable {up to 500 feet) are necessary between the oscillator-inditator unit
end the probe. For this reascn, MR cannot be used in all magnets unless a
set of buildings are provided to house the NMR electronics. {Sse Figz. 12.)
Flip colls and integrabors will alsc be used with the bending magnets. Here,
long runs of cable are permisszible since the coll is a low-impedance, high-
voltage signal generator. For economy, & single integrator and readout will
be used for each set of bending megaets {four in all)ﬂ nd & selector switch
uged to select the magnet U0 be measured, To eliminate drift, a pre- and
post-trigger will be provided from the coll fiipping control Lo gate the IVM

of counter. PFlacement of coil flipping mechanism can be seen in Fig. 9-C.

b, Quadrupoles

Becavse of the cbvious inhomogenelty in the quadrupoles, NMR camnot be

Flip coils, 2 per megnet, will be positioned =g shows in Fig. 8. Excspt
for the fact that 2 colls are needed. gl reperks wil) h respect to £lip coils
in the above paragraph appl bor The coils to b2 used may have different

- AN Sp. - »
geometries, however.

A stationayy coll will be used to drive the gated integrstor for pulsed
magnet measurement. This equknwwnt will be used to provide the interlock’
for the mun. In eddition, BMR probes will be used Tor calibration

ver., because excessive Ltransmissicon loss cannot be tolerated, e sega-

!
et

ilding above the pulsed mognets must be provided for the EMR electronics.

(=t

gated integrator elsctronies will also be housed in this aumxilisxy bUTldLn"
(Sec Filg. 12.}

The magnets are conuneched in four series circuits:

1. Bending Magnets, Bean A
v s e B o s ot ey
2, Bepding m&gumia, Benm B

3. Guadrupole Magy

=

&y
J
D
ot
o)

e
brd
6]
=]
B
¥

L, Guadrupule Magnets, Beam B



LAYOUT OF BEAM TRANSPORT SYSTEMS 1 To END STATION A
FOR END STATIONS A AND B | 1
( ALL LENGTHS IN METERS ) , 37707 10TAL DEFLECTION

Po = 25 Bev/c
S M. 80 m 0.5°
E————é
|
0.5°
R, = 40Bev/c
LEGEND
EQUIPMENT MAGNET
m NMR [ QUADRUPOLE -
[d EMR W BENDING MAGNET . . TO END STATION B
A FLIP COIL = SWITCHING MAGNET 12.5%TOTAL DEFLECTION

- —-—

‘WMR: PROPOSED NMR SHACK

| ——

® GATED INTEGRATOR Frée.ra
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LAYOUT OF BEAM TRANSPORT SYSTEMS
FOR END STATIONS A AND B .
( ALL LENGTHS IN METERS )

TO END STATION A

- 245° TOTAL DEFLECTION

Po = 25 Bev/c
S.M. 80 m 0.5°
Eé’
0.5
%= 40 Bev /¢
LEGEND

M BENDING MAGNET

0 QUADRUPOLE

REF. BENDING MAGNET
—e—POWER SUPPLY, BENDING MAGNET - TO END STATION B

--O'-POWER SUPPLY, QUADRUPOLE MAGNET '2'5°TOTFAL DEFLECTION
1C, 13
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