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Summary. - Largely quantitative experiments by Pappas have indicated 
that the momentum imparted to an eleetrodynamie impulse pendulum 
was not balanced by an equal and opposite momentum change of field 
energy as required by the special theory of relativity. The authors 
repeated Pappas' experiment using discharge currents from a capacitor 
bank which contained a known amount of stored energy. It turned out 
that, for momentum conservation, the magnetic-field energy required would 
have been 1000 to 2000 times as large as the energy that was actually stored 
in the capacitors. In the second part of the paper the pendulum experi- 
ments are interpreted in terms of Ampere's force law. It  is shown that 
the Ampere force exerted on the pendulum is almost exactly the same 
as the Lorentz force, but it arises in different parts of the pendulum 
conductor. Furthermore, the Ampere reaction force does not reside in 
the field but in the stationary part of the circuit which supplies current 
to the pendulum. Hence in the Ampere eleetrodynamics the momeDtum 
is definitely conserved. The experimental and analytical iindings con- 
firm the work by Pappas. A new and important experimental fact 
emerged from the present investigation. The momentum imparted to 
the pendulum was found to be significantly smaller than the calculated 
mechanical impulse given by the Lorentz and Ampi~re force laws. The 
Ampere force distribution offers an explanation of this observation in terms 
of the elastic distortion of the pendulum structure. The Lorentz force 
distribution could not produce this distortion. 

PACS. 41.10. - Classical electromagnetism. 
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1. - Pappas' experiment. 

Ever since the elastic properties of the ether were abandoned to accomodate 
the special theory of relativity, it was felt that  another mechanism for ab- 
sorbing reaction forces in the field (vacuum) was required. In the situations 
considered in this paper, the reaction forces counteract Lorentz forces exerted 
on current-carrying metallic circuits. I t  seems to have become the generally 
accepted view (1) that  the rate of change of electromagnetic momentum in 
the field can support a force which accelerates or decelerates magnetic-field 
energy to and from the velocity of light o. The energy-momentum density 
is related to the Poynting vector by 

(1) p = (I/c~)(E X H ) ,  

where E and H are the electric- and magnetic-field strengths at a point. The 
volume integral of the rate of change of this momentum density over all space 
gives the vacuum reaction force 

= f (dp/dt) = f • H)d , (2) 

where t stands for t ime and v for volume. When the integral is not taken over 
all spaoe, the rate of change of momentum may be smaller than indicated by 
eq. (2). I t  is customary to make up the difference by the surface integral of 
Maxwell's stress tensor over the finite volume of the momentum integral. 
In  the context of the present investigation the integral of eq. (2) will always 
be taken over infinite space to avoid any complication with Maxwell stresses. 
Then for any instant in time the vacuum reaction force may be written as 

(3) F, o = 

where m. is the equivalent electromagnetic mass of the magnetic energy stored 
in the field. Since e is a constant, the vacuum force will only exist when mo 
changes with time, tha t  is when magnetic energy is radiated into the field, 
or absorbed from the field by a conducting body. The amount of field energy 
U, that  must at any time be associated with the vacuum reaction force is 

(4) U, = ~n. c~. 

This is the famous mass-energy relation of special relativity. 

(~) W.H.K.  PANOFSKY and M. PHILLIPS : (TZ~8~a~ EZ~C~ri~ty ~ d  . ~ f ~ 8 ~  (A4dison- 
Wesley, Reading, Mass., 1962). 
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I f  F o is at  all t imes the  simultaneous reaction force to the Lorentz  force 
FT. when the  la t ter  accelerates a metallic conductor  object of real  mass m from 

zero velocity to the  velocity u, then  momentum conservation is expressed b y  

(5) mu ~ f p  dv ~ m~ e .  

The last equat ion implies t ha t  Newton's th i rd  law is obeyed and the  electro- 

magnetic  mass mo is dynamically equivalent  to real mass. The field energy 
which has to be radia ted or absorbed by  the  conductor  body to  comply with 
eq. (5) is 

(6) Y~ = m.e ~ = mac.  

X)APPAS (2) invented an impulse pendulum exper iment  to check whether  this 
amount  of energy did actually exist  in the  field of infinite extent .  He  found 

this could not  be the  case because the  amount  of field energy specified by  
eq. (6) was far  greater  t han  the  amount  of energy available f rom his source. 
The Pappas exper iment  is a var ia t ion of Amp6re's original hairpin experi- 
ment  (3,~). I t  challenges the field-energy momentum concept only in so far  
as metallic conductors are concerned. The authors repeated Pappas '  experi- 
ment  with a different energy source and made  quant i ta t ive  measurements.  

In  our case the  energy available for Joule heat ing and conversion to  kinetic 
and electromagnetic energy was accurately known, because it was drawn from 

previously charged capacitors. W e  measured the  mechanical  momentum of 
the  pendulum and the  magni tude  and shape of the  current  pulse to  evaluate 
energy exchanges and see to what  ex ten t  the  pendulum swing was consistent 
with the  relativistic and the  Ampdrc electrodynamics (8.~). 

Figure 1 is a simplified diagram of the exper imental  circuit used by  PAPPAS. 

A B C D E 2  was a horizontal,  rectangular,  copper circuit and B and E were two 
mercury  cups. The port ion B C D E  formed the impulse pendulum hanging 
from the  laboratory  ceiling. The remainder  of the  circuit was fixed to  the  
laboratory frame and contained a ba t t e ry  and a switch in branch A2 .  When 
the  switch was closed, an instantaneous current  i would flow around the  copper 
circuit  and the  pendulum was observed to  swing in the  direction x indicated 
in fig. 1. This swing in te r rupted  current  flow in the  mercury  cups. 

(2) P . T .  PAPPAS: -N'UOVO Cimvnfo B, 76, 189 (1983). 
(a) P. GRANEAU: _~rat~,e (London), 295, 311 (1982). 
(~) A.M. HILLAS and P. GRA~EAU: ~rat~re (London), 302, 271 (1983). 
(6) P. GRA~EAU: J. AppL Phys., 53, 6648 (1982). 
(e) P. GRAWEAU: Phys. Lett. A, 97, 253 (1983). 
(7) P. GRA~AU: I.EEE Trans. Mag., ~ G - 2 0 ,  444 (1984). 
(a) F . F .  CL~V~LANV: Philos. Mag., 21, 416 (1936). 
(') P. GRAWEAU: ~Vuovo (?imcn~o B, 78, 213 (1983). 

3 - 1 l  N u o v o  C i m e n t o  D .  
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Fig. 1. - Pappas' impulse pendulum circuit. 
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By field theory, the force responsible for producing the pendulum motion 
is the magnetic component of the Lorentz force on branch CD. This force 
arises, via the Biot-Savart law, from interactions of current-element pairs 
governed by the Grassmann formulae 

(7) 

(8) 

A F .  = (po/4~)(i~/r~,.) d m •  (dn • 1,), 

AF~ = (po/~)(i~/r~,.) dn  • (din • 1~), 

where i. dm is a current element in branch CD and i.  dn is a current element 
anywhere else in the remainder of the circuit. Because of the inverse square 
law contained in eq. (7), most of the acceleration force on the pendulum arises 
from the magnetic field of current elements in the legs BC and DE,  that  is in 
the manner indicated in fig. 1 by A2T~ '. 

According to field theory as taught today, A2', and similar contributions 
to the pendulum acceleration force should be counteracted by a vacuum reac- 
tion force indicated by A~', in fig. 1. The latter force will ensure compliance 
with ~Tewton's third law and linear-momentum conservation. The vacuum 
reaction force would either decelerate incoming energy which is then converted 
to Joule heat, or it could accelerate energy which is being radiated from the 
metal element din. The incoming energy would be transmitted from the bat- 
tery through space by the Poynting vector mechanism, while the outgoing 
energy radiated from dm must first reach the element somehow through the 
metallic conductor. Both energy streams have to be added together to arrive 
at the energy subtracted from the bat tery or other source. The vacuum reac- 
tion force acts on the space occupied by the metal element din. If  it acted on 
the metal itself, it would cancel the pendulum acceleration force. 
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The rate of change of current in the pendulum experiments is insufficient 

to produce a significant amount of energy reflection on din. I t  will further 
be assumed that  no electromagnetic mass is being created in midspace, away 
from the metal, which might somehow contribute to momentum conservation. 
As the field energy travels with constant velocity c, all of the vacuum re- 
action force AF'~ must then arise at the location of din. We nevertheless 
extend the integration in eq. (2) over all space to eliminate all possible Maxwell 

stresses. 
At some finite time t after the current has been switched on, the mechanical 

impulse imparted to the pendulum by the Lorentz force should be equal to 

the mechanical momentum aquired by  the pendulum. Furthermore, for mo- 
mentum conservation, this mechanical momentum should be equal to the 
field energy momentum change. Hence we may write 

d, = o f (d , , l d , ,  d , :  o f , d o . l d , ) d ,  : , , . ,  ---- ,,,.o, 
e o e 

where 

(10) ~,. = Z J~ (A.~,~) 

with the summation over m extending throughout the circuit brunch CD and 
the summation over n covering the remainder of the circuit. Since m, u and e 

are known, we may use eq. (9) to calculate me, the electromagnetic mass, in 
the field which must be furnished by the bat tery or other energy source. The 

total  amount of energy that  must have been subtracted from the source up 
to the time t is specified by eq. (4). This is the minimum energy of eq. (6) re- 
quired by field theory to accelerate the pendulum and cover the Joule heating 
in the branch CD of the circuit. 

The Pappas experiment permits a comparison to be made of 

1) the Lorentz force impulse with the mechanical momentum acquired 
by the pendulum, and 

2) the minimum required field energy of eq. (6) with the energy available 
from the power source. 

PAPPAS concluded that ,  in the t ime available, his bat tery would have sup- 
plied much less energy than was required by eq. (6) and that  t h e  Lorentz 
force on the circuit branch CD was, therefore, unlikely to be the force accel- 
erating the pendulum. He pointed out that  his experiment favors the older 
Ampdre force law which explains the pendulum motion by l~ewtonian repulsion 
between the fixed and moving parts of the circuit. 
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2 .  - ]~IIT experiment. 

Figure 2 shows the experimental set-up of the eleetrodynamic impulse 
pendulum used by the authors. The ~ harpin )~ was made of a copper strip 
0.5 in. high and 0.05 in. thick. The strip formed two i m long sides and 
one 30 em short side of an open rectangle. The pendulum conductor was 
mounted on a rigid frame (not shown in fig. 2) of insulating material. The 
assembly weighed 0.815 kg. The pendulum was suspended from the laboratory 
ceiling by four 2.56 m long cotton threads. The horizontal displacement of the 
pendulum was measured with the cardboard slide C resting lightly on a fiat- 

table top. 
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Fig. 2. - Electrodynamic hairpin pendulum. A) Hairpin pendulum (dielectric frame 
not shown), B) pendulum suspension on cotton threads, G) cardboard slide, D) fiat 
table top, E) arc gaps in air, -~) current rails on dielectrio frame, G) metal stand, 
H) dielectric stand, S) mechanical high-voltage switch, J) capacitor bank (8 ~F, 
100 kV), 2i:) charging set (200 kV), /;) Rogowski coil for pulse current measurement. 

The pulse current was derived from an 8 ~F high-voltage capacitor bank 
which could withstand voltage reversals up to • ku The discharge was 
initiated by dropping the mechanical switch S. Two parallel current rails ~,  
of the same copper strip of which the pendulum was made, brought the current 
to the hairpin via two, 1ram long, are gaps in air. The rails were mounted 
on a rigid frame and two heavy stands, weighed down with lead (not shown 
in fig. 2), to absorb the recoil impulse, predicted by the Ampere law, with 

minimum of deflection. The rails were carefully aligned with the horizontal 
legs of the hairpin pendulum. 



THE ELECTROMAON~,TIC IMPULSE PENDULUM AI~TD MOM:RNTUM CONSERVATION 3~ 

To perform a momentum experiment~ the capacitor bank was charged to 

a voltage between 30 and 80 kV. The switch was then dropped~ causing arcing 

across the short gaps between current rails and pendulum legs. The damped 
oscillatory current pulse was recorded with the aid of the l~ogowski coil L of 
fig. 2 and an oscilloscope. The current pulse did cause the pendulum to swing 
away from the current rails and move the cardboard slide through a distance s~ 
subsequently measured with a ruler. The duration of the current pulse was a 
fraction of a millisecond. Mmost all the pendulum displacement occurred 
after the current had ceased to flow. 

The maximum linear momentum~ mu~ imparted to the pendulum by the 
capacitor discharge may be calculated from the pendulum length R = 2.56 m~ 
its mass m = 0.815 kg and the measured cardboard slide displacement s. 
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Fig. 3. - Pendulum parameters. 

With the aid of fig. 3 it can be seen that  

(11) ~gh = � 8 9  or u = V2-;--~, 

where g is the acceleration due to gravity, u the maximum horizontal velocity 
tha t  would be attained in the limit when the impulse duration tends to zero 
and h is the maximum verticallift  of the pendulum. The height h may be derived 
from the two simultaneous equations 

(12) 

(13) 

T h e  solution is 

(14) 

h = / ~ ( 1  - -  cos  O),  

s ~ R s i n  O. 

h = ~ ( 1 -  V ' l -  (8/~) ~) ,-, 8"/2 ~ .  
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The approximat ion  is accurate to  three  significant figures and may be used in 
eq. (11) to  calculate u. 

The e lec t rodynamic  impulse impar ted  to  the  pendulum b y  the  Lorentz  
force 2~. ~ lO-Tki 2 m a y  be wr i t t en  as 

(15) P ,  -~ 10 -7 k j i  ~ dt,  
0 

where i is t he  ins tantaneous current  and k (I~[A~) must  be de termined f rom 

the  geomet ry  of the  circuit .  A typ ica l  discharge oscillogram is reproduced 
in fig. 4. I t  shows t ha t  the  ins tantaneous current  is of the  form 

(16) i = [ -  t/T] Z0 sin 

ill,I ll llAI^^ 
IllllIVIVV "" 
Ill 

Fig. 4. - Discharge current oscillogram for 2 ~F and 60 kV. y ---- 15 kA[V and 0.5 V]cm, 
x ~ 0 .1  m s / e m .  

where T is t he  t ime  constant  with which the  oscillation decays. The full  am- 

pl i tude Io would be reached if the  circuit  contained negligible resistance. I t  is 
possible to  in tegra te  eq. (16), as requi red  by  (15)i and obta in  

(17) P,---- 1 0 - ' k l l ( ( T / 4 ) -  (I/T)/[(2IT)' + (2o~)~]) 

with co ---- 2~] being the  rad iaa  frequency.  As far  as the pendulum exper iments  
were concerned,  the  second t e r m  of eq. (17) was negligible. Hence  the  electro- 
magnet ic  impulse was t aken  to  be 

(18) /) ,  = 10 -TkI~(T/4). 

The magnitudes of Io and T were measured on the  pulse current  records. 
The electric arcs bridging the  1 mm long gaps between current  rails and 

pendulum logs produced a small amount  of mol ten copper which s t reamed 
away f rom the  gaps, in bo th  directions, along the  copper strips. The evidence 
of droplet  s t reaming became u~mistakable  af ter  t he  heaviest  discharge currents .  
The arc pressure must  have  been responsible for  generat ing some of the  pen- 
dulum momentum,  over  and above the  cont r ibut ion  made  b y  the  Lorentz  
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force. As the arc pressure must have been symmetrical between rails and 
pendulum, it would not require to be balanced by a vacuum reaction force. 

Approximately 100 discharge shots were carried out at various voltages 
and capacitance values. A typical set of results is reproduced in table I. 
This was obtained with the full 8 ~F capacitance of the bank and, therefore, 
involved the largest currents and pendulum displacements. As long as the 
capacitance and circuit configuration were not changed between shots, the 
ringing frequency f, the circuit inductance L, the surge impedance Zo = %/Z~, 
the time constant T and the effective damping resistance R all remained con- 
stant. Their magnitudes were derived from the current oscillograms. For the 
series of discharge pulses to which table I refers, these parameters came to 

] = 15.7 kHz,  Z = 12.8 ~ I ,  Zo -~ 1.26 ~ ,  

T ---- 0.27 ms, R = 9~.8 m ~ .  

The observed pendulum momenta listed in table I varied from just over 
0.03 to 0.18 kg-m/s. The kinetic energies (0.5mu 2) associated with these mo- 
menta tram out to be less than one Joule, while the energy stored in the capac- 
itors, U~, was as high as 25.6 kJ. Hence very little of the spent energy is being 
converted to kinetic energy. When the Joule heat generated in the circuit 
is subtracted from the originally stored energy only up to 2.5 kJ  remain. This 
immediately suggests that  most of the field momentum change is associated 
with incoming energy being stopped and converted to Joule heat. 

I t  must take a certain amount of energy to establish the three arcs at the 
switch and the two gaps E of fig. 2. This energy is sometimes called the latent 
heat of arc formation because it eventually appears as heat when the arc ions 
recombine. The latent heat of arc formation could conceivably account for 
several kJ, indicating that  little may be available for radiation in the field. 

I t  is instructive to evaluate the Lorentz force on the pendulum bridge 
and integrate it with respect to time to obtain the impulse which should be 
balanced by a change in field energy momentum. A suitable finite element 
method for computing the constant k in eq. (18) has been outlined in ref. (6). 
There an identical copper strip bent into a rectangular circuit of the same 
dimensions as the pendulum was resolved into ten parallel filaments of square 
cross-section. Each filament was then subdivided into cubic current elements. 
The computer solution gave k ~ 9.27 N/A  ~. This applied to uniform current 
distribution over the strip cross-section. At the frequency of 15.7 kHz, to 
which the results of table I refer, the current distribution will have been very 
nonuniform, with strong concentrations near the strip edges. If  it is assumed 
that  all the current flows in the two edge filaments, the constant in eq. (18) 
comes to k = 11.0 N/A  ~. Therefore, the Lorentz force appears to increase 
with frequency. A lower limit of this force is obtained by taking the 9.27 figure. 
Impulse values for this lower limit are listed in table I. 
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I t  will be noted that  the calculated electrodynamic impulses P~ are greater 
than the measured linear pendulum momenta. The ratio of the two quantities 
is approximately 1.4. l~o field-theoretic explanation of this discrepancy can 
be offered. In determining the field energy U~ listed in table I, the measured 
mu-momenta were substituted into eq. (6). Table I also contains the energies 
Uo stored in the capacitors. The ratio U,/Uo will be seen to vary between 1400 
and 2000. The shortfall in available energy to satisfy field momentum con- 
servation far outweighs all possible experimental errors. I t  supports the claim 
by PAPPAS that  the Lorentz force is not balanced by an equal and opposite 
reaction force in the vacuum field. 

To obtain an idea of the magnitude of the Lorentz force on the pendulum 
in the direction of its swing, we recognize that  it would attain the maximum 
value of 

(19) 2'~,~, -~ 9.27.10-'I~ 

at the peak of the first half-cycle, but for the small exponential decrement 
due to damping. 2~m~. is also listed in table I. The figures make it clear that,  
if the Lorentz force is indeed the motive force, the pendulum should feel a very 
sharp tug at its leading edge. The are pressure is expected to be small compared 
to this sudden jerk. 

3. - Momentum conservation with longitudinal Ampere forces. 

Satisfactory Loreatz force explanations of certain experiments concerning 
wire fragmentation (e,,) and liquid metal jets (3) have not been forthcoming. 
The cleetrodynamie impulse pendulum is an addition to this list. Whether or 
not field energy momentum is a physical reality has direct technological impact 
on the developments of railguns (s). In all the cases in which the Lorentz force 
has been found inadequate, the original Aznp~re force law correctly predicts 
the relevant experimental effects. This is hardly surprising because Awm~v, 
deduced his law from experiments with metallic circuits and, so long as it is 
applied to metallic circuits, it should be infallible. 

The mutual AmpSrc repulsion (positive) or attraction (negative) force 
A2~,~ between a pair of current elements imdm and i, dn, separated by the 
distance r~,., may be written as 

(20) Z~m,. -~ -- (/~o/dz)i,~ i.(dm.dn/r~,.)(2 cos e -  3 cos ~ cos fl), 

where e is the angle of inclination between the elements, and ~ and fl are the 
angles which the elements make with the distance vector rm,,. 
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When the  two elements lie in the  same s t ra ight  line, point  in the  same 
direction and car ry  the  same current  i, eq. (20) reduces to  

(21) A/"m,,, ---- (,Uo/4~) i~(dm'dn/r~,.). 

This produces repulsion between each current  rai l  and the  por t ion  of the  
pendulum aligned with the  rail. I t  is a strong force which in the  Axapbre electro- 
dynamics provides the  major  impetus of propelling the  pendulum. Equa-  

t ion  (20) adds to  this a small amount  for the  interact ion of the  rails with the  
pedulum bridge, and subtracts  a l i t t le  due to  the  a t t rac t ion  of each rail  and the  
pendulum leg on the  other  side. On account of the  mechanical  decoupling 
by  the  are gaps, the  to ta l  Axnp~re repulsion between rails and pendulum can 
be obta ined by  integrat ion of eq. (20). The finite e lement  me thod  with t en  
parallel  filaments of cubic elements will yield v i r tual ly  the  same result.  The 
numerical  technique gave the  value of k ~ 9.24 N/2r ~. This applies to  uni form 
current  distr ibution over  the  conductor  cross-section. I t  is r emarkab ly  similar 
to  the  corresponding k = 9.27 N/A ~ obta ined with the  Lorentz-force formula.  

I t  has been known for m a n y  years  t ha t  the  calculated Lorentz  and Ampere  
forces on the  sides of a rectangular circuit  are almost ident ical  (s). They  differ, 

however,  with regard to  how and where t h e y  act  on the  conductor  mater ial .  
Lorentz  forces are always t ransverse to  the  current  s t ream lines and would 
invar iably  be in conflict with Newton's  th i rd  law unless there  exist  balancing 
vacuum react ion forces. Ampere  forces produce a s trong tensile component  
along current  s t ream lines and have all the i r  react ion forces in the  conductor  
material .  For  t ransfer  of the  electronic Lorentz  force to  the  meta l  ions one 
has to  re ly  on the  work funct ion at the  conductor  surface. This mechanism 
cannot  explain Ampere  tension (T). Axap~re forces seem to act d i rect ly  on the  
meta l  latt ice.  Fur the rmore ,  in the  case of an unsymmet r ica l  circuit,  say a 
r ight-angled 3 :4 :5  triangle,  the  two formulae do not  agree on the  force exer ted  
on any  of the  sides. Even  more perplexing is the  fact  t h a t  the  Lorentz  force 
on the  t r iangular  circuit  as a whole then  no longer comes to  zero (9). 

Since the  Ampere force interact ion of eve ry  pair  of mater ia l  current  elements 
obeys Newton's  th i rd  law, the  equal i ty  of action and react ion be tween any  
two parts  of a metallic circuit follows automatical ly.  I t  mere ly  reaffirms t h a t  
the  Ampere eleetrodynamies is a Newtonian theo ry  which ascribes no physical  

propert ies  to  e m p t y  space. 
I t  will be appreciated t h a t  Amp~re's law claims the  pendulum is being 

pushed f rom the  rear  ra ther  t h a n  being pulled f rom the  front .  Hence  the  
hairpin legs m ay  buckle and bend. They  are expected to  store some elastic 
energy which results in vibrat ions ra the r  t h a n  l inear mechanical  momentum.  
More elastic energy is l ikely to  be stored in the  current  rails ~ of fig. 2. Hence  
in the  2~np~re eleetrodynamics it  seems quite normal  t h a t  not  all of the  im- 
pulse P~ should be conver ted  to  momen tum mu, unless the  appara tus  had  
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been made infinitely rigid. In the initial experiments neither the pendulum 
nor the rails were reinforced with dielectric structures. This resulted in non- 
reproducible pendulum swings. Although the reinforcement had a considerable 
stabilizing effect, the equipment was by no means infinitely rigid. This is how 
the Axap~re electrodynamics explains why mu was smaller than P~. 

In conclusion, it was found that  A~mp~re's force law makes the electro- 
dynamic impulse applied to the hairpin pendulum compatible with momentum 
conservation and it allows for some of the impulse to be converted to vibrations 
rather than linear momentum. 

4 .  - D i s c u s s i o n .  

The Lorentz force was specifically designed to account for the dynamics 
of electrons and ions in vacuum. I t  became a cornerstone of the special theory 
of relativity and with it achieved great triumphs in the field of particle accel- 
eration. The Ampere formula, on the other hand, was found to be incapable 
of dealing with ionic motions outside the metal lattice. Since the Lorentz 
force correctly predicted the reaction forces between separate closed metallic 
circuits, it was thought to incorporate the Aznpbre electrodynamics and the 
latter topic virtually disappeared from modern writings on electromagnetism. 

Curiously, the success of the Lorentz force with metallic circuits was due 
to a component of it which is also contained in the Ampere law. This can be 
shown as follows. The Lorentz interaction between two current elements is 
given by eq. (7) and (8). I t  is neither a repulsion nor an attraction and, there- 
fore, has to be expressed by two equations. The triple vector product of these 
equations may be split into two parts: 

(22) 

(23) 

AFm= (/4/dzt)(i~iJr~,,)(dndm cos am -- l~dm.dn cos e), 

A F  : (ixJdzt)(imi/r~,,)(dmdn cos ~n -- 1 ,am.an cos e). 

Equations (22) and (23) have a common second term which stands for repulsion 
or attraction. Wm~TA~E~ (lo) and others have shown that  Ampere law and 
eq. (22) and (23) give the same force exerted on a current element by a separate 
closed current and that  this common force is 

- (ffo/4=)imi.f(cos dm.dn. 
n 

(lo) E. WRITTA~V.R: A History o] the Theories o] the Aether and Electricity, Vol. 1 
(Nelson, London, 1951), 13. 84. 
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I t  proves  the  first t e r m  of eqs. (22) and  (23) vanishes  under  t he  in tegra t ion  

a round a closed circuit.  Precisely this  vanish ing  t e r m  is responsible  for the  

d isagreement  of the  Lorentz  force wi th  Newton ' s  th i rd  law. Therefore~ when  

comput ing  only the  react ion forces between dosed  metal l ic  circuits~ the  Loren tz  

force theory  sheds its re la t ivis t ic  t r immings  and  becomes a Newton ian  theory .  

This does~ however ,  not  app ly  to the  forces genera ted  inside an  isolated circuit~ 

as~ for exampl% the  impulse  pendu lum circuit.  Then  only Ampere  law remains  

compat ib le  wi th  New~on~s th i rd  law and  m o m e n t u m  conservat ion.  

These findings have  i m p o r t a n t  prac t ica l  consequences.  The accelera t ion 

force of a ra i lgun (5), for instance~ can a m o u n t  to  m a n y  tons.  I f  the  recoil  

force resides in the  rails~ as required b y  Ampbre  law~ t h e n  the  rails m u s t  

be  designed to  have  the  appropr i a t e  buckl ing s t rength .  Should the  recoil be  

fel t  b y  the  field~ t h e y  would never  be  subjected to  buckling.  An even  more  

tanta l iz ing  s i tua t ion  arises when the  t o t a l  Loren tz  force on an unsymmet r i c a l  

isolated eircuit~ due to its own current~ r emains  finite. Would  a circuit  of this  

k ind  be  able to  act  as a space engin% using e lect r ic i ty  f rom a solar b a t t e r y  

and  eject ing weightless e lec t romagnet ic  mass  f rom the  spaceship? 

�9 R I A S S U N T O  (*) 

Esperimenti ampiamente quantitativi di Pappas hanno indicate the l'impulso assc- 
gnato ad un pendolo ad impulse elettrodinamico non b bflanciato da un cambio d'impulso 
uguale e opposto dell'energia del campo come riehiesto daUa teoria speeiale della rela- 
tivit~t. Gli autori ahnno ripetuto l'esperimento di Pappas usando correnti eli scarico 
da una riserva di eapacitori the eontiene una quantits nora di encrgia immagazzinata. 
Risulta ehe, per la eonservazione del memento, l'energia del europe magnetieo richiesta 
sarebbe da 1000 a 2000 volte grando come l'energia ehe b in realt~ immagazzinata nei 
capaeitori. Nella seconda parte del lavoro gli esperimenti ecl peadolo sono interpretati 
sulle basi delle leggi di forza di Ampere. Si mostra chc la  forza di Ampere esereitata 
sul pendolo ~ quasi esattamente uguale alla forza di Lorentz, ma essa si verifiea in pa t t i  
differenti del eonduttore del pendolo. Inoltre, la forza di reaziono di kmpbre non sta 
nel eampo, ma nella parte stazionaria del eireui~o ehe fornisee eorrente al pendolo. 
Quindi nell'elettrodinamiea di Ampbre l'impulso b conservato in maniera definita. 
I risultati sperimentali e dell'analisi confermano il lavoro di Pappas. Da questo studio 

emerso un nuovo ed importante fatto sperimentale. I1 memento impartito al pondolo 
appare essere speeificativamente pfft piccolo dell'impulse meceanieo calcolato fornito 
dalle leggi eli forza di Lorentz ed Ampere. La distribuzione di forze di Ampere offre 
una spiegazione di questa osservazione in termini di distorsione elastiea della struttura 
del pendolo. La distribuzione di forze dl Lorentz potrebbe non produrre ques~a distor- 
sione. 

(*) T~'aduz~one a eura  del la  l~edazione.  
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~ I e K T p 0 M ~ ] ~  HMnyHbcm, n] MgJITilHIr H coxpasesae HMnymbca. 

PeamMe (*). - -  Ko~m~ecTBenrmie 3KctIepu-MeaTI, t Ham~aca noxaa~mamT, ~TO HMnysmc, 
H e p e ~ a n n ~  aYIeKTpOMarHrlTHOMy I4M~yJlhCnOMy MaJtTHKt(y, He roM~eac~pyeTca pammmt 
H HpOTHaOriOriOT, fm:~Vi rI3MeHeHaeM ~Mny~1,ca rtoJ~t, KaE ~TO cJIe~IyeT ~I3 c n e ~ a a a b n o ~  
Teoprm OTItOCHTeYlbttOCTH. ABTOpI, I ~OBTOpH/III OKc~epnMeUT 1-latmaca, ncno~mays pa3pa~ 
5aTapeH KOn~eHCaTOpOa, roTopa~  Co)Iepw, I4T aaaecTaoe KOTIHqeCTBO 3a~acermo~ oHepFl~[. 

Oita3smaeTc~, Rro ~SL~ coxpaxmHns riMnysmca Tpe6yeMa~t a H e p r ~  MaFtLr4THOFO IIOJIil 
aoazxna  B 1000-2000 pa3 npeaocxo~aTS 3Heprnm, dpaxTlt~tec/crt 3anaceHaylo a ron~IeHca- 
TOpaX. Bo BTOpO~ ~IaCTH CTaTB~i 3rcrtepmvleHTFI C MaffrnJaqgOM ~nTepnpeTnpymrca  a 
TepMHnax 3axoHa ; ~  crtrmi AMr~epa. Hoitaa~maeTc~, qTO CHI/a AM~epa, ;leficTaymnla~ 
Ha MagTHHK, oita3BIBaeTCg TO~IHO TagO~ ~e ,  KaK c a a a  5Ioperma, n o  BO3nHItaeT B pa3n~IX 
�9 IaCTHX HpOBO~HHKa Ma~ITHI~Ka. KpoMe TOFO, cHHa p e a ~ u a a  AMnepa n p a H a ~ e m a T  He 
IIO~O, a CTaI~OHapHOi~ ~aCTH ItOHTypa, KOTOp~ HO~BO~HT TOit It Ma~ITHHKy. CyIe~o- 
BaTe~HO, 3HeitTpO~]~ItIaM~IeCKHI~ HMIIyJIBC AM~epa coxpaaaerc~ .  ~KCIIepHMeHTaJIbHbIe 
rI TeOpeTh~ecKHe pe3yYl~TaT~I HO~TSephX~arOT pa6oTy YIammca. I/I3 r rpoBe~e~H~ Hcc~e- 
)~oBart~ HOYlyqerI HOB~r~ H BamH~Ifi 9itctlepmvleHTaylB~i~ pe3y~,TaT. O6Hapy~eHO, qTO 
mvm3,n~c, ~epe~a~rm~ Mas Oita3BIBaeTc~ 3na~u~re~sno ~te~mme, ~eM Bsr~ccaerrtmn~ 
MexaHh-~ecmaIt mvmyymc, on-pe~eH~cMb~ 3a~oHaMH ~ C ~  A ~ n e p a  a YIopeHua. Pacnpe-  
~eneaHe ca~mr AMnepa ~Ipe~HaraeT 06~ICHeHHe 3TOFO ~aKTa C IIOMOIHBIO yl /pyro~ ~e- 
r cTpyKTypBI Ma~THtlita. PacHpe~enenHe C H ~  Yloperraa He Mo~KeT C03~aBaT/~ 
TaKOfl ~ec~OpMa~m~ 

(*) Flepeaec)exo pec)am/uea. 


