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AN ELECTROMZCHANICAL ANALOGUE FOR THE STUDY OF

STRONG FOCUSING SYNCHROTRON BETATRON ORBITS
Lawrence W. Jones and Kent M. Terwilliger

Although exact anilytical solutions to the strong focusing
equstions are gossible in the linesr case, non-linesr fields have
been sugrested? as a possible mesns of svoiding resonsnce problems.
Althoush the equstions of motion in non-linesr fields are not readily
soluble snelvticelly, they sre being studied on some of the large
electronic digitsl computers., In addition to these computer programs,
it wes thought desirsble to have = morc flexible method of studving
these problems. To this end the electromechsnicsl analogue at '
Michigen hss been built.

The snelogue, following s suggestion by Crene,3 is essentieally
an A.C. gelvenometer, where the coil current is msde proportional to
angular displascement of the coil. The field in which the coil moves
1s produced by a field coil on a laminated iron yoke. The motion of
the coil is given as follows for constant field:
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'gis the torque on the coil

is the angle between the plane of the coil and the field
i is the coll current in anpere turns

I is the coil moment cf inertis

A is the coil ares

B is the megnetic field.

By reversing the field with e period T, strong focusing motion
is schieved,.where (4T in ths above corresponds to the parameter
of Cv and S. The data are snalyzed by comparison with the corres-
ponding sinusoidal oscillation.

The mechanicsl structure of the analogue 1s illustrated in

figure 1, The rotor of a veriable capacitor is attached to the coll
sheft.

The circuit block diegrsm for the aneslogue is shown in figure 2.
Coil current is made proportional to coil displacement through the
top set of equipment. The communications receiver 1is tuned to a
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frequency f, corresponding to the oscillator frequency when the coll
is at ¢ * 0. Rotatien of the armsture detunes the oscillator pro-
ducing & voltage signel from the F.if. detesctor proportional to f - fq.
This signal is empliried and applied to a pair of 6Lé6's which in

turn control the coil current. The output of the D.C. amplifier is
also spplied to an oscilliscope for observstion and photographic
recording of the coil motion on moving film,

The field current is controlled by a bank of 6SN7 tubes. A
pulser is used to trigger a stasndard scaler, and the square wave
signal from the scalsr is used to drive the 6SN7's to produce a
square wave current in the fleld winding.

The versatility and relisbility of the present form of the snalogue
are lixited by three factors. First, the friction in the Jewel
bearings produces a constant damping force. Future plans include
rebuilding of the mechanical structure of the snalogue with a torsion
suspension to minimize this friction. Second, due to the coil's in-
ductsnce, s phase shift is introduced between the coil current snd
the derived voltsge signsl. If this current lags the voltage, a
constent driving force results in the sine wave czse. This phese
s1ift mey be bslanced out by placing inductence glso in the B+
lesds to the 6L6's and then sdjusting the resistors R] end R in the
circult for any desired vslue of phase shift. As presently used,

the phsse shift driving is adjusted to belance frictional demping

for a sine wave emplitude near the center of the rsnge of interest.
The third limitetion at present is the maximum frequency of field
reversel possible without grestly distorting the square wsve field
current pattern, due to the inductance of the field winding. For
field reverssl frequencies of 50-75 cps, the distortion is not serious,
and a8 this proves to be a convenient frequency for other ressons, no
change here is contemplated.

Non-linearities may be introduced into the armature feedbsck loop at
the D.C. amplifier input (X on the block diagrem of figure 2)., How-
ever, as presently operated, the 6L6 Vg-ip charscteristics cen be
used to provide up to 10% cubic non-linearity by adjusting R2 to a
low value, and increasing the gain of the D.C. amplifier, With this,
the analogue hes been used to study solutions to the equation:
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The amount of non-linesrity present 1is determined by using a
constant field snd observing the frequencies of the cubic "sine"
motion resulting from the equation of motion
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McLachlanu glves a solution to this equetion where the observed
(= 27 £ observed) is given as follows:
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By finding the frequency of oscillstion versus maximum amplitude,

@(/ud mey be found, This will be the seme asu% for the cor-
responding strong focusing motion. m»

Crane hes suggested2 that for certain modes of oscilletion, the
above cubic strong focusing equation might provide exceptional
stability by "locking" onto s resonance. Here the equilibrium orbit
would resemble sn orbit st an integrel resonance of the linear theory
and discplacements from this would result in oscillations in phase
and amplitude about this orbit. Courant5 and Kerst® have observgd
such locked-in motions on the large digital computers, snd Kerst
has analyzed the frequency with which such oscillations will occur
about this equilibrium orbit,

These locked-in orbits are observed with the anslogue; in psar-
ticular, the orbit corresponding to the ¢rz m resonsnce of the linear
theory has been studied. An attempt has been made to find the range
of pulser frequencies over which the locked-in motion 1s stable.
Preliminary results indicate that the field alternstion frequency may
be veried throurh 5% before the asmnlitude of the locked-in equilibrium
orbit crows sbove a velue of X for whiche& xa/n resches 7.6%. Since
Wo¢ fe¢my & 5% change in pulser frequency corresponds to e 10%
chenge in n in & synchrotron. Due to the uncertsinty of the effects
of friction and phsse shift, these results should be rzgsrded as
tentstive.

Another problem which has been studied for this mode of motion
is the smnlitude of the "wow" about the equilibrium orbit. Orbits
have been observed end photograsphed where the amplitude vs. time of
the meximum goes through zero to the opposite phase, snd yet the
orbit does not "blow up." This sppears on a photograsph of the orbit
83 an spperent phsse "slip" of 180° in the betetron motion. The
effect csn be 1llustrsted in the following grsphs:

XﬁNAx
ceeene ke equilibrium ordiner-y
velue of x max "wowing"
T
DS WU ST\ WRIUUUSIOY SUUITS VRO &~ equilibrium "wowing"
velue of x mex through O
-t




--—

..}4..
Future plans for the analogue include, in addition to further

study of the above problems, study of cublc motion with the opposite
sign of non-linesrity, and study of lock-in motion on other integral
resonsnces.
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ANALOGUE BLOCK DIAGRAM

2 i1 | R.P.
* =~ | | OSCILLATOR
- TUNED
4 -~ | T0 7 MC. :
]

© A A it w7\ - | e

COMMUNICATIONS
RECEIVER

TUNED TO
28 MC.

300 TURNS ; j

4
Lt ey
S e ———
v
.
.

rY R ) s

ot mlnet as
P e sy
i '/,_.-.»—..I

§

|

A

uii

-
Y
r
\X3

{
-t H
4 4

p
J

FIELD COIL
2000 TURNS

12 6SN71s
IN
PUSH PULL

PARALLEL

~

F.M.
DETECTOR

R——

OSCILLOSCOPE

Tx

PHASE
INVERTER

A.

SCALER

| varIaBLE
«] PULSER

FIGURE 2




