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ABSTRACT

A steel ball bounces in synchronism with'a vertically dscillating
piston. The piston su;éace is a hardened gteel-diék on which the ball
bounces; two—dimensiona} horizontal focusing is provided»by the-cpn-
cavity‘of tﬁe surface. . Thevperioa of oscillétioﬁ can SeIQariéd oﬁér
a 3:1 range, with the amplitude kept constant;,fAs‘the’period'is iﬁ—
creased, the ball bounces higher. As the periodﬁia decreased, the ball

bounces lower, contrary to the intuition of most observers. The model -

illustrates the important properties of synchrotron accelerators.

INTRODUCTION -
The principle of phase stability, first formulated bj Vekslerl
an& McMiilan,zitrénsformed the cyclotron, designed by E. Q. Lawrence,_'

iﬁto"othe: more versatile forms of accelerators. We describe a working

mechanical synchrotron analog that demonstrates quite clearly the

prinéiple of phase stability. The model also demonstrates‘the important
focusing properties of a practical synchrotron.
S THE PHASE STABLE CONDITION
.A hérdened—metal piston moves up and'down in sinusoidal fashion
with fixed amplitude and frequency. If a small steel ball is'dropped
frép the proper height above the piston and at the_aépropriate time with

respect to the phase of the piston's motion, the ball will bounce in a

',stable mode. Each impact of the ball on the top of the piston will occu

during the time when the piston is passing from maximum upward velocity

at the center of its stroke toward zero velocity at the top of its strok

Phase stability, with the ball striking the piston at nearly the
same time in each piston cycle, is maintained for the following reasons:

1) Suppose that immediately after an impact the steel ball has

tnsufficient kinetic energy for its time of fligﬁt in the air to match

the piston's period of oscillation. The next imﬁact will then occur

earlier in the piston cycle, when the piston velécity is higher, so that

.more kinetic energy will be transferred to the ball upon impact than for

" the preceding impact; hence the ball will rise hiéher than before and

the succeeding time of flight will be slightly longer than before.

2) If,'by contrast, the steel ball has too muc’% kinetic energy so
that its time of flight is longer than the piston's period of oscilla-
tion, the next impact will take place later in the piston cycle and

consequently the ball's kinetic energy will be smalier immediately



after impact and the ball's succeeding time of flight shorter than the
previous one. |

A remarkable phenomenon will occur if the ball is bouﬁcing in a
phase stable mode and if the frequency of oscillation of the piston is
then gradually reduced. The condition of phase stable bouncing con-
tinues, because the time of flight increases and correspondingly the
ball rises to a greater maximum height than before (see Fig. 1). . (This
behavior is contrary to what one's intuition would suggest; a lower
" frequency usually implies a lower energy, so mosf,observers expect the
ball to bouﬁce less high when the frequency is lowered.) - This phenom-
enén can be understood in terms of the following considerations.

Supposg the ball is bouncing in.a ﬁhase stable mode. An
igpact‘occhfs. Then the period ﬁf the piston oscillation is made to
increase. This means that the.next impact will occur when the piston

velocity is slightly higher, since one full cycle of the piston motion

will not quite be completed when the next>impact occurs. This, in .turn, -

will effect a lengthening of the time of flight, since more kinetic
energ& will be transferred to the ball upon impact than before. 1In -
the simplest theory the ﬁhasé of the bounce would oscillate forever
about the '"stable phase.” But_in practice, the inherent friction of
the bouncing piocess quickly damps out the oscillation, and the ball
bounces higher than before, and close to the new stable phase.
in a similar fashion, increasing the frequency of piston
oscillation or shortening the period will lead to shorter time of
flight and lesser maximum bounce heights for the ball.
OPTIMUM INITIAL CONDITIONS
, Some interesting quantitative considerations can be made.

Assuming negligible air friction, a coefficient of elasticity e, a

- the time of flight is to equal the period of the piston oscillation, T

piston angular frequenncy w, and a piston motion émplitude A, the’

optimum ball height and timing for initiating phase stable bouncing

.can be calculated. Since the piston motion is sinusoidal, the position

of the top surface ﬁay be_described as y, = A sin (ut - 7). The
question, then, is what are the apprgpriate initial valués of Yy and
t for dropping ghe ball. Impact‘will-occur, of ccﬁrse, when Yy = yp.

By insisting-that'ghe kinetic-energy gain upon impact equal the
loss due to inelasticity, the resdlt is readily obtained that the piston
velocity at the instant of impact must be vp =[(1 ~-e)/Q + e)] vé, in
which vé is the velocity of the ball immediately after impact. And if
»
then the magnitpdevof the velocity of the ball immediately before and
after impact must be lvbl =‘vé.= (1/2)gT, in which g 1s the acceleration
of gravity, taken as 980 cm/éecz.. This, in turn, implies that the ball.
must be released at a time T/2'before.impact and at a height (1./2)3('1‘/2)2
above the position of impact.. ‘

Defining the piston positfion yp = 0, the piston velocity v_ =
~Aw at time t = 0, and K = [(1 - &)/ (1 + e)] (g/sz) ',.thelfollowing
results obtain:

1) The ball must be released from a height Yy = (1/2) g ('I'_/2)2

+A (1 - Kz)l/2 at time t = (T/27) cos-lK, when the position of the
piston is yp = ~A (1 ~ K2)1/2 and the velocity of the piston is

v_ = -ApK,

P

2) The position of the ball and plate upon the first impact is

2,1/2 ' : :
Vp = A (1 -K") / and the Iimpact occurs at time t = (I/2) + (T/2n)
cos-lK. Succeeding bounce heights will be the same as the initial

drop height.
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3) Since“K <1, the'amplitude‘is subject to the condition

g g (1 -¢)
A > T
w” (1 + e)
Supposing e = 0.95 and T = 1.00 sec, then A > 2.00 cm. If
A = 5.00 cm then the ball must be feléaéed from a'height of 127.1 cm
at t = 0.185 sec, when yp = -4.58 cm énd vp = -12,56 cm/sec. At impact

P

Sucéeeding bounce heights will also be 127.1 cm above the zero position

Yy = 4.58 cm, vp = 412,56 cm/sec, vé = +490 cm/sec, and t = 0.685 sec.

of the piston.
THE ANALOGY

Even thoﬁgh‘néhanalogy'is perfebt,.the parallels between this
mechanical dgvice and cErtéin forms of accelerator are:ingtructive. .

(1) There 1s-a éttong parailel 1n.the pheﬁomenon of synchronism
or phase stability;iwithfstability'obtaining when impacts occur during’
the quarter cycle that tﬁe‘giston velocity decreases from its maximum
value toward zero. If there were no enérgy losses, viz., no air resist-
ance and perfectly elastic impacts, the synchronous impacts would occur
just as the piston rea;héd zé;o velocity ‘every cycle and the total
. energy of the ball, kinetic plus potential, would be maintained at a .
constant value. ‘ » |

In circular accelerators, the phase stable condition obtains
when particles are accelgrated during the quarter cycle for which the
electric field falls from maximum value to zero.

(2) As the frequency of the piston oscillation is lpwefed (thé
period increased) béunce heights and the total energy of the ball

increase as the square of the periced.
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In the synchrocyclotron Ehe particle energy is iikewise
increased by lowering the frequency of the accelefating field and
causing the particlé to travel in larger orbits.

TWO-DIMENSIONAL FOCUSING

If the piston had a plane upper surface, the ball position
would be unstable, in so far as motion in the two orthogonal horizontal
directions is concerned. The piston.is therefore given a concave
spherical surface, with a radius of curvature of about 4 m. This
shape insures that the ball is given a radial focusing force, to keep
it from.drifting away from the finite area of the piston. Practical
accelerators use similar magnetically derived focusing forces to keep
the particles from hitting the magnetic pole pieces and the circum-
ferential walls of the vacuum chamber.

The machine is designed to be operated, safely; ﬁy inexperienced
museum visitors. All the mechanism is therefore enclosed and methods
are provided for retrie@ing stray bélls and for injecting the ball into
the oscillating mode.

Operating controls are a motor start button, a speed (frequency)

_change knob, and a ball-start button. A pressure pad on the floor

stops the machine whgn the experimenter leaves.

The cabiﬁeti(Fig. 2) is 0.9 m wide, 2.4 m high, and_1l3 m deep
and is made of-pahels attached to a welded frame of square steel tubing.
It is divided into three compartments which will be called the base,
the stage, and the back volumes.

The base is about 0.9 m cube and contains the variable frequency
plate drive mechanism and plate sweep system. Projecting from the top of
the base into the stage volume is the column which supports and moves

the piston. Behind the base is the rear volume which is ~0.9 m wide



like the bese, 0.4 n deep and 2.4 m high.' It contains the "ioading
mechanism" (a motor-operated system for raisingvand dronping the ball
onto the oscillating piston), a relay system for controlling this |
mechanism,-and'an illuminated box for a written description of the
displays

‘The stage volume is above the base and in front of the back

volume and is V0.9 m square by 1.5 m high. It is enclosed on two sides

and the front by 6-mm-thick transparent acrylic plastic sheets. The .
top is'open to permit the ball to bounce higher than the restricted
height of the machine Two illumination boxes in wings to either side
of the stage volume contain vertically mounted'40—wett fluorescent
lights‘to illuminate the stage. The "floor"‘of-the_stage volume is
sioped to a conmon "pick~up" point in rear center-behind the cscillate'
ing plate. _ ‘

| MECHANISM - OSCILLATOR

The "oscillator" consists of .a feirly constant'speed:(3/4 hp
capacitor start) motor, a variable—ratio37be1t'drive,'e-gear-and—chain
speed‘reduction to a crankshaft, and comnecting rods_td_a_variation of
a "Stephenson's-link" for fi;ing the‘stroke df‘e vertical:column |
'which.supports the piston. .

The mechanism is made mostly of commercial components mounted
between two vertical 12-mm-thick steel plates welded to a similar
horizontal botton plate.._No attempt was made to reduce the v120-kg
weight of the'mechanism, because nc attempt was made to counterbalance
the csciilating plate. '

The speed range is 1imited hetween’38 and 114 rpm and:the

amplitude'is adjustable from 50 to 150 mm (peak to peak).

The amplitude is selected and fixed such that oscilletidns
(at the fundemental frequency) will no longer be sustained at a bounce .
height of over v3 m (38 rpm). Even at this reduced amplitude, the
peak acceleration’at the highest frequency approaches 1 G, and with

the oscillating components weighing about 30 kg the remaining stationaryv

weight of 90 kg is not excessive.

Many possible harmonic modes of bouncing are possible at the

highest plate frequency, and it is p0351ble to accelerate balls in these

modes to heights that severely dent,the piston plate. To suppress these

modés, the injection phase-requirements are rather stringent, and the
rate of change of frequency is limited by requiring many turns of the
speed-change knob to -cover the frequency range.

. The injector'ie.a rod uith an electromagnet on the end (see'
Fig.;3); It lifts'the'bail'from the stage'to above the piston and
drops it at the proper‘time} .it is moved by the injector motor.

The injector motor is a reversible 6 rpm gear—motcr with an
electric brake.' It is'chnected via a slip‘clutch to an axle pierc-
ing the back wall of the stage at an angle of (-)30° to the horizontal.
A rod or "arm" of ~0.4 m‘length is attached to the axle on‘the stage
side of the wall at an angle of 60° to the axle. It sweeps a conical
path from vertically downward to 30° above horizontal as the axle is
turned. At the end of the arm is an electromagnet with its core
parallel to the axle.

Another arm is also attached to the axle (on the back side of
the stage well) to ccunterbalance the magnet arm and to operate limit
switches.

One half-turn of the axle moves the magnet tip from a position

1 mm above the ball (at the lowest point on the stage flcor) to a



positibn 0.4 m above';he center of the oscillating pistoﬁ.
* PISTON-SWEEP SYSTEM

If ;ﬁé machine {s abandoned witﬁ the ball bouncing, the motor
stops and the’ball ultimately comes to resg near the center of the
piston. The ball must be moved off the piston to pick-up position on
ihe sfage before injection can begin. A tank qf V2 liter volume is
chargea with compressed air at 80 psig whenever the oscillator motor
bstopg. When the start button is pressed this air is exhausted through
" a series of nozzle hoies in a block in front center stage and thus
blows the ball off the piston and on to the stage. The ball then rolls
to the lowest point of the stage and on to a small photocell.

' RELAY . SYSTEM

A presgure-pad switch on the floor in front of the machine
provides "hold" power for operating relays and thus shuts off the
machine when the experimenéer leaves.

A cadmium~sulfide photocell4 in the stage floor at the bgil
pick-up position uses the general stage 1llumination to detect the

- ball and otherwise inhibit ;he operation of.the injectpr arm.

The requirements fér‘;;arting the injection cycle are: "Start
ball" button pushed, oscillator motor rumning, injéctor arm down;
injector arm motor stopped, béll at pi;k—up position, and speed
(frequency) maximum. Limit stops érg set on the maximum an& minimum
available frequencies. The maximum frequency (114 rpm) gives a bounce
height slightly less than the injector arm height. |

The requirements for dropping the ball and starting the
injector arm down are: Frequency maximum, injéctor arm up, injector
motor stopped, and oscillator crankshaft phase correct. (The phase

switch is adjusted to make the first bounce of the ball equal to the
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height of the injector arm. These requirements prevent the arm's
passage. into the path of the bouncing ball.
PISTON DISK

w5

The piston disk was made of "KETOS"” o1l hardening tool steel

260 mm diam by 60 mm thick. The front surface was ground concave to a
dm épherical radius, and the back surface was tapped with three
mounting holes on a 75-mm~-diam circle.- The plate was.heat treated to
Rockwell C-60 hérdness.

Some Brinelling (denting) is observed with each bounce of the
ball from heights above 3 m, so the minimum frequency of oscillation
is limited to 38 rpm.

The coefficlent of elasticity is a function of the height of
drop of the ball, changing from 0.97 at 15 cm to ~0/95 at 3 m.

The balls uged are chrome-alloy steel, composition 1, grade 50
ball bearings, 16 mm diam. Carbide balls damage the place too much,
quartz balls shatter, and ceramic b&lls don't bounce well. |

A sﬁeet-metal pipe and cloth webbing strip are clamped around
the piston disk with a metal band to form the piston skirt. The
skirt keeps stray balls éut of the operating mechanism, aﬁd the webbing
absorbs energy from.a "grazing miss" ball so it can't come through
or over the acrylic windows of the stage volume.

SPEED (FREQUENCY) CHANGE MECHANI

The speedvcﬁange mechanism uses a V-belt bethen two pairs of
conical half—pulleys.3 The two cones of the motor pulley can be
squeezed together by the e#perimenter by means of a screw mechanism.
As,the motor pulley is squeezed the belt is forced to run at a larger
radius. The belt will not stretch, so it forces the two cones of the

driven pulley apart (they are squeezed together by a spring), reducing
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the effective radius of the driven pulley and thus increasing the
speed.

The screw mechanism has limit stops to set the maximum and
minimum frequency, a slip clutch so the stops can't be broken, a
microéwitch to detect maximum speed setting and permit injection,
and a sprocket-and—chain connection to a knob on the ekperimenter's
control panel.
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Fig. l.
Fig. 2.

Fig. 3.

- FIGURE CAPTIONS

Bounce height vs frequency.

Mechanical synchrotron analog.

Stage region showing piston, injector arm, piston'Sweép

nozzle block, and a ball.
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