Measurements and mechanisms of Thomson’s jumping ring
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Measurements of the phase delay of the current and force on a ring floated on a commonly available
Thomson'’s jumping ring apparatus were performed for phase angles from 12° to 88°. The force and
phase data show excellent agreement with a linear inductive model. We find that the demonstration,
as usually performed with large highly conducting rings, operates in the inductance-dominated
regime at 60-Hz line frequency. Stroboscopic photographs of the jumping ring, for both
room-temperature and 78-K rings, confirm that the same time-averaged inductive phase lag
mechanism, not an electrical transient, accounts for the jump height. We introduce a simple
room-temperature demonstration that illustrates the importance of the phase lag: Despite its greater
weight, a stack of thin rings will float higher than a single ring as the inductive phase lag comes to
dominate the parallel resistance of the combined rings20@ American Association of Physics Teachers.

I. INTRODUCTION of the current in the ring, and is in complete agreement with
theoretical treatments by Page and Addhend Saslow’
Thomson’s jumping ring was first exhibited by Elihu (see Sec. )lin marked contrast to Mak and Young'sex-
ThomsoR in 1887 and modified to include the “floating Perimental results.

ring” variation by John A. Fleming in 1898.This vivid The explanation behind Thomson’s jumping ring has been
demonstration of electromagnetic induction is still used inVa”lOljSh/8 ascribed to tlme-ave1r7aged inductive phase
physics classrooms to illustrate Faraday’s and Lenz's%aws lag;" """ core saturation effects;'” and electromagnetic

and is the basis for linear actuators for servomechaniceﬁ"ans'ents,l-2 We took stroboscopic photograplisee Sec.
purpose®as well as induction heatignd rail gun€ I11B), varied the initial phase (_)f the applied voltage for bqth
A conducting ring placed over the ferromagnetic core of 00M temperature and 78-K rings, and performed numerical
solenoid may levitate or jump off when the solenoid is SUIO_modellng to determine the relative importance of these ef-
plied with sufficient 60-Hz alternating current. While the f€Cts for our standard apparatus.
jumping ring effect is described in a number of textbdoKs
as simply the repulsion between a magfiké solenoigland
an oppositely directed induced magiete ring, this expla- Il. THEORY
nation suffices only for a monotonic increase or decrease ) ) _ ) o
from zero current in the solenoid. Since, however, the dem- A sinusoidal currents= | sin(wt) in the solenoid induces
onstration is usually done with alternating current, the levi-an emf€ around the ring which drives current through the
tation requires either the inductive phase lag of the induceding’s impedance’:
current in the ring to provide a time-averaged repulsive
force>! or a sufficiently large electrical transient to induce € Molg .
a jump in the first quarter-cycle of the solenoid currént. 'f‘%‘ Rz+szz[Rr cogwt) + ol sin(wt)], 1)
The importance of the inductive phase lag was recognized ' '
from the outset by Thomsdn®and has been discussed morewhereM is the mutual inductance between the ring and the
recently in a number of theoretical treatmeHts'® The ex-  solenoid,R, is the ring’s resistance, ard is the inductance
perimental record, however, is less complete and more coref the ring in the presence of the solenoid and c8re.
tradictory. Mak and Youngd’ in measurements on their own  The field of the solenoid flares out at the top, giving rise to
floating ring apparatuévhich contained an unlaminated iron g radial componerB,(z), such that+16
core), dismissed the inductive phase lag mechanism and pro-
posed that phase delays in the magnetic core were dominant. B, (2)=— P ’9_32 )
Hall'® used an apparatus identical to ours to explore the lift- P 2 9z~
ing force as a function of frequency over the range of 20— . . . . . .
120 Hz, but did not examine the phases of the fields anc(ij Th'SdBP mteractg ;N'th the ang _cur.reritr to give a time-
current in the ring. Schneider and Eftehave recently de- ependent upward force on the ring:
scribed a custom-built apparatus which operates in the induc- - S R
tive transient regime with a saturated iron core, using long F= i; I dIXB,=2mal[B,(2)]z, 3)
tube-like rings. i _ ) . _
In the present study, using a commonly available apparaWherea is the radius of the ring. The vertical f|elg at the
tus (CENCO Scientifig,!° we have measured the amplitudes center of the core is given approximately bg,(0)
and phases of the relevant quantities that cause the repulsiveunlgz, with n the effective permeability of the iron,
force on the floating ring, namely the radial component ofwhich is assumed to behave linearly, without hysteresis or
the magnetic field due to the solenok},, and the currentin eddy currents and is the number of wire turns per unit
the ring |, (see Sec. llIA. Over the frequency range of length. SinceB,(z) is proportional to the solenoid current
20-900 Hz, the dominant mechanism requires the phase ldg, we may write
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The first term in the brackets arises from the part of the ring
current which is in phase with the induced emf and is thus
90° out of phase with the solenoid current. It causes an os-
cillatory force at 2o whose time average is zero. The second
term, which comes from the inductive phase lag of the ring
current, produces a time-averaged lifting force
wZer

oC
(Fyeemau oo RE 72 z=mau ; 2 sit 62, (5)

[R, cog wt)sin(wt) + oL, sif(wt)]2. (4)

where the magnitude of the phase anglef the induced
current is given by

ol,
For notational simplicity, the phase lawill be considered

to be a positive quantity.
If the amplitude of the currerity, mutual inductancé,

(6)
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permeabilityu, and height of the ring above the solenoid are
held constant, Eqg5) and (6) predict that the vertical force
on the ring is proportional to sfr, which may be written as

! 5 = 12 = 12 , Fig. 1. The experimental apparatus consisting of the solenoid with lami-
Ry We nated soft iron core is suspended from a wooden b@aotishown upside

( er> +1 (; +1 down over the electronic balance. A cardboard tube rests on the balance and

holds the ring and a pair of small pickup coils. The time-averaged electro-

magnetic force on the ring is measured with the balance; the radial and

where w,=R, /L, is the so-called “corner frequency,” the vertical pickup coils measure the amplitudes and phases of the radial mag-
frequency at which the ring’s resistance and inductive reac?€tic field and the current in the ring, respectively.

tance X, =wL, are equal. Equatiori7) has the following
limits:

(F)xsir? 6=

c
+1 (T

50 at the center of this short core, and considerably less
toward the end®’ The inductance enhancement is further
reduced because the core fills less than 40% of the average
cross section of the solenoid windings.

The CENCO solenoid uses a cylindrical nickel-plated
brass retaining clip(1.25 mm thick, 3.9 cm highwhich
wraps around the core and is slit vertically to clamp the iron
core under pressure from a radial set scféBecause this
clip permits large eddy currents to flow opposite in direction
) to the ring currenfwhich adds a short-range lifting force at
For frequencies much below the corner frequency, the forcgigh frequencywe removed it for these measurements. The
depends quadratically ow and the ring's resistance. For apparatus is supplied with a large aluminum ring
frequencies considerably above the corner frequency, thgs.0cm o.dx 4.0 mm thickness 16.2 mm long), but for the
force reaches a limit which is independent of batland the  present measurements we used a smaller, more resistive ring
resistance of the ring. (5.1cm 0.dx3.18 mm thickness6.4 mm long made from
6061-T6 aluminum alloy tubing. The increased resistance
raised the corner frequen¢q. (8b)] to a more convenient
value for measuring the forces and phases.

The CENCQ?® solenoid consists of eight layers of 62 turns
each of #14(1.6-mm-diam copper wire wound around a A Floating ring measurements
4.45-cm outside diameté¢o.d,) plastic form(see Fig. 1 The
length of the solenoid is 12.5 cm, and it is fitted with 1.9 cm We measured the magnitude and phase of the emfs in-
end caps which determine the closest approach of the ringluced in a pair of small pickup coil.3 mm diameter
The magnetic core is a close-packed set of 30-cm-long #14onsisting of 10 turns each of #34 enameled copper wire
oxidized and annealed soft iron rods wrapped in a 3.49-cmplaced just outside the radius of the ri(f§ig. 1). The radi-
diam plastic sleeve. Over the full range of operating currentally oriented coil measured the flux change dueBjppro-
the core increases the inductance of the solenoid by a cowided by the solenoid. The vertical pickup coil served as a
stant factor of 10, much less than the expected relative peside-look current transformer to measure the current in the
meability (u,>1000) of the soft iron. This low enhancement ring, I, . At the typical core extension of 10.2 cm, and in the
is due mainly to the demagnetizing field set up by the magabsence of the ring, the solenoid produces negligible vertical
netic poles, which reduces the relative permeability to aboumagnetic field at the position of the pickup coils, which lie

2
(a)<|f—:> 5~w:;—:, Sin25~a)2(—), (8a)

R 1
( w= wc:L_f) 5=45°, sirf 5= 5. (8b)
r

Ry .
w> 1| 6907, sirf 6—1. (80

r

[ll. EXPERIMENTAL ARRANGEMENT
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outside of the core. Likewise, the ring produces negligible 0 90
radial magnetic field for a radial pickup coil at the center of =
the plane containing the ring. Thus we measured the ampli- g-20r vertical coil (I,) 170 ?
tudes and phases ¢f and B, directly and independently, ® a0 | ’ {50 £
rather than inferring them from small differences between s )
large axial flux measurements as was done in previous 8 60} 130 &
studies'?” The vertical pickup coil was calibrated to mea- s £
sure the ring current by replacing the ring with a single loop E 80 110 8
of #12 copper wire and passing a known current through it. g L N S
A fast Fourier transforniFFT) network analyze(Stanford =-100 - {10 <
Research Systems SR78@rovided sine waves to a power radial coil (B, )
booster(Kepco BOP-20-108] which then drove a 115/24 -120 ! * : -30
VAC transformer wired backwards so as to step up the volt- 0 200 400 600 800

age to the solenoid. The current was set at 250 Frequency (Hz)
=0.5mA rms’ enoth— to give a measurable force WI-thOUt ig. 2. The phases @, andl, relative to the current in the solenoid as a
undue heating of the ring. The signals from the small picku unction of frequency P

coils were sent to a high-impedance preamplifRrinceton '

Applied Research 113and then to the network analyzer.
The phase of the solenoid current was monitored as a voltage
drop across a small noninductive resistor in series with th?n
solenoid.

The CENCO solenoid was removed from its steel base an
attached upside down from a wooden frame. The ring an
pickup coils were mounted on a cardboard tube which di
not touch the iron core, but rested atop an electronic balanc
placed 35 cm below the inverted apparatsese Fig. 1 The
balance measured the reactive force needed to support t
weight of the ring and cardboard tube. The repulgliféng,
in the normal orientationelectromagnetic force on the ring
increased the apparent weight of the ring on the balance. c

For most of the measurements, the core was extended 10h
cm above the surface of the solenoid and was held fro

above by the wooden support. In the absence of the ring, th The phase of the ring current begins at 90° at low frequen-

pickup coils showed small phase shif@—6° radial, 0°-9° ; : ; :

vertica) from 10 to 900 Hz, due to hysteresis and eddy cur-L1es (whereothe fng behavgs .I'ke a pure resistanpasses

rents in the core. through 45° at 120 Hzthis is the corner frequency,

= w /27 as given by Eq(8b)), and then drops toward 0° in

the inductance-dominated regime at high frequency. The

phase lagy of Egs.(5)—(7) is thus the difference between the
The power required to make the ring jump exceeds ouphase ofl, of Fig. 2 and 90°.

current-controlled capabilities. Instead, we operated the up-

right apparatus in the conventional voltage-controlled wayg Force on the ring

by connecting the solenoid to the 60-Hz power line through

an autotransformer. We measured jump height for room tem- The time-averaged lifting forcéF) and sirf & for fixed

perature and liquid nitrogen-chilled rings, and took strobo-solenoid current are plotted as a function of frequency in Fig.

scopic photographs during the jumps. A solid-state relay3. The two curves follow each other closely, and in complete

turned on the solenoid at a zero crossing of the power linagreement with Eqs(5)—(8) the force reaches half of its

voltage. A home-built circuit consisting of a zero-crossinghigh-frequency limit at the 120-Hz corner frequency, when

detector, pulse synchronizer, and delay generator ensuresk=45°. Thus the inductive phase lag mechanism accounts

that the stroboscopic images were synchronized with thentirely for the force on the ring and we conclude that the

start of the jump and at 1/60-s intervals thereafter. A binaryeddy currents in the core of the apparatus are unimportant.

counter limited the number of stroboscopic images to 8 or 16his result contrasts with the findings of Mak and Yotihg

in order to permit unambiguous identification on the photo-whose solid iron core, more prone to eddy currents than our

The phase shift oB, with frequency remains approxi-
ately 0° from 30 to 700 Hz, despite the contribution the
ring makes to the magnetization of the cofahile it dif-

rs from the shift observed without the ring, which went
rom 0° to +5° over this range, much of this difference can
e attributed to slight contamination of the signal due to the
ertical nonuniformity of the ring current. Since the primary
agnetic field lines of the solenoid flare diqg. (2); also

ef. 4], the induced emf and current in the ring decrease with
vertical distance from the center of the solenoid. This non-
uniformity leads to incomplete cancellation of the radial
mponent of theB field arising from the ring current and
nce induces a small contaminating emf in the radial pickup
oil.

B. Jumping ring measurements

graphic negative. laminated core, could have obscured the mechanism ex-
plained above. Figure 4 shows the time-averaged f@ftes
IV. RESULTS AND DISCUSSION sir? 8, in complete agreement with E¢p).

A. Phases The Lorentz forc¢Eq. (3)] can be calculated directly from
: the measured amplitudes of the radial magnetic field and the
With the ring present, the phases of the ring curtersind ~ fing current, the ring diameter, and the phase faidor. (7)].
the radial fieldB, are shown as a function of frequency in With (3)-250 A rms in the solenoid at 120 HB,=(1.30
Fig. 2. The phases are measured relative to the trigger sign&l 10 > Trms)+15%, |,=(30Arms)*25% and sifs
provided by the solenoid current. Since the pickup coils mea=0.5, the force is calculated to be (X0 *N)30%, in
sure the time derivative of the magnetic flux, the raw signalgood agreement with the average force measured by the elec-
from the coils have been integrated. tronic balance, (3.790.03)x 10 3N.
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Fig. 3. (@) Measured sifhid and (b) time-averaged floating forcéF) vs  Fig. 5. Theoretical plot of shwvs R/ wL (or f, /f ) taken from Eq(7). The
frequency, where is the phase lag of the ring curreht. The asymptotic  inductance- and resistance-dominated regimes are shown, along with the
behavior at high frequency is in accordance with E@8—(7). The fre-  three rings which are discussed in this pagarthe ring used by Haft® (b)
quency at whichs=45° and the force reaches half of its asymptotic value is the standard ring supplied with the apparatus, @dhe custom ring used

the corner frequency,= 120 Hz defined in Eq(8b). for the floating measurements.

. . _ C. Force vs height
At a fixed frequency of 120 Hz, we increased the solenoid

current aboe 1 A rms, more than would be sufficient to lift =~ Measurements of force versus frequency for various

the custom ring off the upright apparatus. The force is proheights of our ring above the solenoid end cap were made to

portional tol 2, as predicted by Eq5) and reported by Half ~ @scertain how the corer frequency and force change as the

for a considerably larger ring at higher currents. This resuI¥Ing moves away from the solenofdee Fig. 6 The cormer

confirms that saturation of the CENCO core is negligiblef€duency rises slowly from 115 Hzing nearly touching the

under typical operating conditions, and that its permeabilitySCl€n0id end cap to 145 Hz(ring about halfway up the

w is essentially constant, justifying the simple linear inductorc0"®, then reaches 450 Hz with the ring just above the end

model. of the core. Slnceé-zthe resistance of the ring is approximately
In order to compare the results of our custom ring, theRr=4.7x10"%Q,**the inductance of the ring while resting

larger ring supplied with our apparatus and the ring in Hall'son the end cap 4, =6.5x10""H in the presence of the

apparatus, we plot sidvs R/wL (or f./f), [Eq.(7)] in Fig. core. The rapid increase iy occurs as the inductance of the

5. The corner frequencies of the three riri@20, 55, and 13  ring falls toward its calculatéd free-space value of,=8

Hz 18 respectively have been superimposed on the curve.x10 8H.

Figure 5 is divided into regions where the impedance of the

ring is dominated either by its inductancR/wL <1) or by i i i

its resistanceR/wL>1). The large, highly conducting ring D- The jumping ring effect

used by Hall operates dt=4.6f; at the 60-Hz power line  As noted in Sec. I, the naive explanation of the jumping
frequency, well into the inductance-dominated region. Ouking (“solenoid magnet repels the induced ring magne’
custom ring lies slightly in the resistance-dominated regionaccurate—but only when the electrical transient causes the
and the large ring supplied with our apparatus is almost eXring to leave the solenoid in the first quarter cycle of the

actly in the middle. This analysis is important for under-splenoid current'*? The voltage-controlled jumping ring
standing the behavior of the ring when its resistance is re-

duced by chilling it in liquid nitroger(see Sec. V A

10
8 _cooacaoseoses 0-1cm
8 ¢
7 Z 6
6 f g R 2.5cm
o~ o @
Z 5t IR N & ill— 48cm
\5 4 F . 7.4 cm
E 3 2 o 9.7cm
2 F 5 cpersaee® 11.7 cm
1 E 0 DS 1 1
0 0 200 400 600 800 1000
0 02 04 06 08 1 Frequency (Hz)

sin®s Fig. 6. (F) vs frequency at various heights of the ring above the solenoid
end cap, along with the fits to E¢7), scaled to the high-frequency limit in
Fig. 4. The time-averaged fora#) vs sirf & over a frequency range of each case. The corner frequencies increase a factofdfs-450 Hx over
20-900 Hz shows the linear dependence expected from the inductive phasieis range in height, while the inductance-limited static force on the ring
lag theory. drops by a factor of 8.

241 Am. J. Phys., Vol. 68, No. 3, March 2000 P. J. H. Tjossem and V. Cornejo 241



@

?
>
>

phasesp=0 and¢= /2 of the line voltage, arbitrarily set-

n " FAS I‘ 1" Al
“ ,," “‘. ."’ "‘. ,‘”‘. ,," "‘. .'H‘. :.’ ' ting M:(QILEZ%(L:Lr)l”.2 to permitt.easy qgmpzlris:)n of ';Ee
20 Py gy oy oy 1y currents(The actual ring current is considerably larger than
N o ‘/?\v‘./\;\_,",/\,'\jff\}/\f\y\,\ the values shown. By scaling up from our 0.250-A data, we
~ AR R S S N A R T R ; _ e ;
LN S O A O R N N estimate that, =500 A rms under these conditions, consis-
DAY Y R Y Y tent with a caloric measuremem. Although the additional
PN A A S force due to the transient can initially be quite laigem-
®) . : : : , par_ed to the tlme-ayeraged foycavhen the solen0|c_i is
200 /\ /\ /\ 0 A A switched on as the line voltage crosses through ZEig.

0 A A 7(b)], the impulse it gives to the ring is a small fraction of
 —200 \/ V\/ \/\ the total momentum transferred to the ring, provided the ring
» —400 stays on the core for many cycles of the power line voltage.
~ 600 If instead the power line voltage is at a peak when the sole-

—800 noid is turned on, the transient forffeig. 7(d)] is negligible,
) s . ! : s and the instantaneous force resembles the steady solution.
0 002 004 006 008 01 Our stroboscopic photographs, taken under conditions that
Time (s) accentuate the effect of the transieri=0), show that at
© 60— - — modest jump height&30 crr? the Ia(g_e ring takes six fra_lmes
ol N ,I“ ,'“ ,".‘ ,'“ (0.1 9 to leave, accelerating until it reaches the height at
2 ‘,' ‘.‘ :: ‘.| '.' t‘| '.' |'. l.' l‘. ‘.’ “. V\;hlch r|1t Would'floatt.1 Smc(j:e theég;ng s';)ayshon trr]le core long
Nﬂ AN SN A N A R I S after the transient has decayégiven by the shorter time
s 0 ./:.}‘ \)(/}\)(/?\}/}k\}/}\}/}\_} constantr,=0.003 s) the electrical transient accounts for at
-20 ‘l"' t ',' Vo '.l ! ‘\‘ ! '.‘ I,' ‘.I most a small fraction of the momentum transferred to the
of¥4 A ring.
—6o L LA U VA UL VA Large, cold rings with lowered resistance should accentu-
@ A A A A A A AL LA ate the effect of the electrical transient by increasing thg time
0 t constant of the ring; large currents may cause the ring to
-100 leave the core over the time scale of the transient, especially
=~ 200 for a jumping ring apparatus designed to have a short RL
~ a0 time constant to match that of the rifgReducing the alu-
minum ring temperature to 78 K drops its resistance by a
—400 factor of 8 or 10(depending on impuriti¢® and increases
~500 Lt : ! ' ' the time constant accordingly. Our stroboscopic photographs
0 002 0.04 006 008 01 showed the chilled ring staying on the core for four frames,
Time (s) or 0.07 s, still 2—3 times longer than the time constant of the

Fig. 7. Simulation of the solenoid curren{t) (the smaller valug the ring

chilled ring.
Finally, we performed two simple tests to determine

currentl . (t), and their productg(t)-I,(t), showing the electrical transient . . . .
when the solenoid is first turned on. Pl@ shows the largest transients whether the transient affects the Jump helght for rings on our

which occur when the line voltage crosses through zepe=Q) as the Standard apparatus. First, we removed the SO|Id-Stat§ rEIay
current is turned on. Plab) shows their product, which can be quite large (Which turns on only at the most favorable zero crossing of
in the first quarter cyclénegative values of the product indicate a repulsive the input voltage and measured jump heights by applying
force). In (c) the line voltage is at its peaky(= 7/2) at the moment of turn 120 VAC of arbitrary initial phase across the solenoid. In a
on. The product of t_hese cur_reptsz plottgd(dﬁ, shows almost complete dozen trials the |arge aluminum ring jumped at4Dcm at
absence of the transient and is indistinguishable from the steady state solu- L
tion. room temperature, and &2 cm at 78 K. This insignificant
trial-to-trial variation in jump height indicates that the start-
ing phase of the line voltage is unimportant, and hence that
the electrical transient plays no role. Second, we found the
same jump height when a room temperature ring was held
down and then released, a situation where the transient has
long since decayed. The ratio of jump heights for 78 vs 293
K rings (2.2 is readily explained by the time-averaged in-
ductive phase-lag modgEq. (7)], in that thef ,.=55-Hz ring

at room temperature has $i#=0.54, whereas the chilled
ring with f.=6 Hz, has sif6=0.99. The ratio of jump

can be modeled most simply as two induct@ise solenoid
and the ring coupled by a linear mutual inductance:

Vo sin(wt+ @) —l4(t)Rs—Lgls(t)—MI/(t)=0
— 1 (DR = LI/ (1) = MI(t)=0.
Solutions to these equatioffsl,(t) andl4(t), each require a

transient of the forme™ """, with 7=L/R, in order to satisfy heights(assuming that the distance over which the mechani-
the initial condition! (0)=15(0)=0. These RL time con- 5| work is done is the samés thus predicted to be 1.8. The
stants depend upon the respective parameters for the ring agflijjed ring, then, jumps 20% higher than the simple time-
the solenoid. For the CENCO apparatRg=0.75(), Ls  averaged inductive phase lag model predicts.

=0.047H, so7,=0.063s, whereas,=1/(27f;)=0.003s To understand more clearly the increased jump height of
for our large ring at room temperature. The instantaneoughe chilled ring, note that the inductance of the solenoid and
force on the ring is proportional to the product of the two ring are not constant during the junigee Fig. 6. As the ring
currents,l(t)-1,(t), from Eg. (3). Figure 7 plots a simula- moves up its inductance drops because less of its flux is
tion of 14(t),I,(t), and their product for two different initial enhanced by the core; the corner frequeficincreases. As
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f. exceedsf the force becomes highly dependent on the

value of the resistance. Even the largest, best-conducting I .

ring which starts out in the inductance-dominated regime [ e ® .

described by Eq(8c), will enter the resistance-dominated g T .

regime in which Eq(8a applies, and the increased ring cur- < *

rent which flows in the chilled ring can then produce a higher %1 3
jump. é’. i

The chilled jumping ring clearly benefits from the fact that
the demonstration is usually done under voltage-controlled
conditions. The impedance of the solenoid with the core in
place is dominated by its inductive reactance. The presence 0 — —
of the ring on the core causes a back emf arising from the 123 4 5 6 7 8 910
ring current which cancels some of the flux through the so- Number of rings
lenoid, and hence lowers its impedance. This allows 20%
more currentl i, to flow in the solenoid when the standard Fig_. 8. The specific fqrc(aforce/weighl vs the m_meer_of i_denticz_al rings for
ring is resting on the solenoid as compared to when the rin{hich R/«L =3, showing that a stack of such rings will rise umti 3, then
is removed. As the ring jumps, the relatively Iarger current ‘IIkto the starting height when=9. Additional rings cause the stack to
flowing in the chilled ring causes a further drop in the im- Sie
pedance of the solenoid, raising the currkgtand contrib-
uting further to the lifting force. Thus we have a two-step o
mechanism: First, the increase in the corner frequency movedctance(both mutual- and self-as a second ring is added.
the ring out of the inductance limit, permitting more current W& can afford to ignore these changesMrandL since we
to flow in the chilled ring. Then, the greater current in thefound that replacing the 6.4 mm high ring in our apparatus

ring causes the solenoid to draw more current from theVith @ 12.8 mm ring made from the same tubing stock moves
the corner frequency from 120 to 60 Hz, attributable to halv-

power line. ; - i .
ing R while keepingL constant. In Fig. 5, then, the second
_ _ . exceeds the added weight of the ring, so the stack rises.
A. The thin chilled ring In general, the force on a single ring is proportional to

The dramatic effect of chilling the ring in liquid nitrogen [from Eq.(7)]
in order to make it jump high into the air has become a 1
popular extension of the demonstrati3rt>!® Figure 5 Fio
shows that large rings which are already in the inductance- —
dominated region will not jump much higher with lowered ol
resistance. Conversely, a particularly impressive demonstraphis force just balances the weighf of the ring at some
tion using a chilled ring starts W!th a room-temperature ringinjtial height above the end cap of the solenoid e F ;.
in the re&stgnce-dpmmatgd r.e.glnﬁ/(uL>l). _ Thenth ring reduces the resistance of the staciRta, so

By selecting a ring of significantly smaller cross sectionine force on the stack is now:
than the standard ring, and adjusting the solenoid voltage to
give an adequate jump at room temperature, one can chill the F oo 1
ring to 78 K and achieve an enormous increase in the height n R
of the jump. A thin copper ringmade from a used ultra high ol
vacuum gasketwhich jumps 30 cm at room temperature,
jumps over 5-m high after being chilled in liquid nitrogen. A The specific force is the total force divided by the total
comparison of the ratio of the jump heightk7:1) with the  weight:

2
+1

2
+1

conductance ratf8?’ for copper(6.7:1) illustrates the sig- R \2

nificant effect of moving from the resistantearm ring to (_ +1

the inductance-dominatehilled ring regime. Fn_ Fn_ lel ©
nW nF; R \? '

B. The floating stack of rings "aor) T2

The availability of large numbers of identical thin rings selving Eq.(9) for F,,/nW=1.0 (i.e., for when the force on

makes possible another intriguing variation on the standarghe stack supports the weight of the stack at the initial height
demonstration which does not involve chilling the ring. With o the single ring yields

the core extended to 10—14 cm, place a single ring on the
apparatus and adjust the current so as to float it about half- B i

way up the core. Then place a second ring atop the first. The n ol

first will rise up to meet the second ring; as you let go, both L _ , . -
rings will settle to float at a higher position than the first ring Which has the trivial solutiom=1 (the first ring, by defini-
alone. A third ring will make the stack float still higher. tion, has a specific force of)las well asn=(R/wL)". Re-
People observing the demonstration may be surprised th&rning to the example of the single ring for whiéwlL
despite its growing weight, the stack of rings rises. This ef-=3, the specific force is just enough to float tive 9 ring at
fect can be explained by referring to Fig. 5. Consider a singlehe starting height. A plot of specific force vs the number of
ring of ratio R/wL=3 and ignore thdslight) change in in- rings for RlwL=3 is shown in Fig. 8. The specific force

2

[n—1] =0, (10)
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