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We report here the observations that exhibit the existence of matter wave phenomena with wavelength in the
macrodomain of a few centimeters, for electrons moving along a magnetic field from an electron gun to a
collector plate situated behind a grounded grid. These are in accordance with the predictions of a quantumlike
theory for charged particles in the classical macrodomain, given by one of the diRhérsvarma, Phys. Rev.

A 31, 3951(1985] with a recent generalizatiofR. K. Varma, Phys. Rev. B4, 036608(2001)]. The beats
correspond to two closely spaced “frequencies” in the system, with the beat frequency given, in accordance
with the characteristics of a wave phenomena, by the difference between the two frequencies. The beats ride as
a modulation over a discrete energy band structure obtained with only one frequency present. The frequency
here corresponds to the distance between the electron gun and the detector plate as it characterizes the variation
in the energy band structure as the electron energy is swept. The second “frequency” corresponds to the
gun-grid distance. These observations of the beats of matter waves in this experiment, with characteristics in
accordance with the wave algorithm, then establish unambiguously the existence of macroscopic matter waves
for electrons propagating along a magnetic field.
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I. INTRODUCTION quency in the magnetic fielB], and(u() is the “adiabatic
potential” that describes the reduced motion of the particle
In a recent paper one of the authdk&rma[1]) has de- along the magnetic field whep is an adiabatic invariant
rived a set of Schminger-like equations for charged par- (see, for instance, Northrdi3]).
ticles propagating along a magnetic field. Just like the QM- |t will be seen thatu appears in the role of in these
Schralinger equation, these are equations for the probabilityschralinger-like equationg1]. As discussed in Ref[1],

amplitudes¥(n), quantum mechanicallyy. is identified asu=v#, with v

i oW (n) 2 2% (n) >1, being a large Landau level quantum number in the cor-
bl :_(ﬁ> ———+(pQ)¥(n), n=1243,., respondence limitu is then an action with a macroscopic
n ot nj ox magnitude, being typically.~10%%, in the typical labora-

(1) tory situations(For an electron energ§=1 keV, and mag-
along with the expression for the probability density givennetic fieldB=100G, x~10"*®ergs, which is~10°%). Of
by course,u is not any fundamental constant like then the
Schralinger wave equation, and is actually identified as the
. initial value at injection in an experiment.
Px,t)= ; P () ¥(n), 2) In view of the macroscopic magnitude of the actjorEqg.

(1) along with the connectiof®?) for the probability density,
and are obtained in Rgf1] in the correspondence limit start- predict the existence of matter wave phenomena with mac-
ing from the QM-Schrdinger equation in its path integral roscopic wavelength,,~10°—10°A=1-10cm.
representation. Consequently they apply in the classical me- From Eq.(1) the wave function for a free particle has the
chanical parameter domain or the clasical macrodomain anidrm W (1)=exp(pX/w), for the mode numben=1. How-
their amplitude character flows directly from that of Schro ever, since the injected may have a small spreatk around
dinger wave equation. They are one dimensional in the coa meanu, an integration of?’(1) over this distribution yields
ordinate x along the magnetic field line. These equationsan effective wave function of the form eifix/v]. This im-
were also obtained earlier by Varnpd] from the classical plies a wavelength of the form,, =27, /€, which is in-
Liouville equation as its Hilbert-space representation, andiependent ofi, and of macroscopic dimensions. For a mag-
the matter wave phenomena predicted therefrom in the magwetic field B~100G, and an electron velocityw
rodomain. Though this derivation is quite interesting and in-~10°cms %, Ay~4 cm. This is clearly of macroscopic
structive, the advantage of the quantum mechanical derivanagnitude as against the magnitude of typical de Broglie
tion is that the amplitude character of the derived equationgvavelength of a few angstrom. There is, however, also a
has an unreserved validity. more direct quantum mechanical demonstration of the mac-

The w in these equations is the gyroaction for the chargedoscopic form of the wave function, exfix/v,). It is given
particles motion around the magnetic field lings  here in the Appendix to afford a greater conviction.
= 1/2m:)f/Q [v, is the component of the velocity perpen-  The existence of matter waves with wavelength of mac-
dicular to the magnetic fieldQl=eB/mc is the gyrofre- roscopic dimensions-5 cm for the charged particles along
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magnetic fields, as predicted by these equations is a rathe Ma?ﬂeld Coil Electron Gun
novel and extraordinary proposition. Such matter waves with
macroscopic wavelengths have not been proposed prior t %@@@%%%%
the considerations and consequences arising out of the thec H T W
ries of Refs[1], [2]. An experimental check of these predic- | L
tions should be quite fascinating to perform. ! =
Experiments have been carried out eaffli8ron the trans-
mission of electrons along magnetic field with the sweeping g EEEEEEBEB
of the potential on the biased grid of the detector, as the Plate-Grid
electrons of a given energy from an electron gun traverse tc detector system
the detector along the magnetic field. The observed plate and
grid currents as a function of the bias voltage on the detector FIG. 1. Schematic diagram of the experimental device.
grid exhibited a series of sharply defined maxima and
minima that were entirely contrary to the expectation fromthe required beat frequency would thus constitute a crucial
the Lorentz equation of motion, according to which one ex-test of the validity of the matter wave picture in the macro-
pects to obtain a standard “retarding potential analyzer"domain as propounded in the above mentioned thEbg}.
(RPA) response. These observed maxima and minima were We describe in the next sectig®ec. 1) the experiment
concluded to be indicative of the existence of matter waveand present its results that exhibit the existence of beats. In
phenomena alluded to above. Sec. Ill, we present an analysis of the experimental data, and
However, it turns out that the experimental methodologyin Sec. IV the wave algorithm based on the thefhy?] as
used in these experiments was a little more complex thaapplied to the present experiment. This shows how in this
necessary, resulting in more than one beam a primary andexperiment the beat frequency, as the difference between the
secondary onédarising from secondary electrgnBecause two closely spaced frequencies would follow only when, fol-
of this circumstance the observed maxima and minima lentbwing the standard wave picture, the intensity is related to
themselves to the possibility of an alternative interpretatiorthe square of the amplitude.
[5] as has also been suggested by Ito and Yosf6dlawho
have observed maxima and minima simillarly to our o.bser\(a— Il. THE EXPERIMENT
tions [4], but have advanced an alterative mechanism, in-
volving basically the properties of the particle trajectories. It The experiment is carried out by studying the transmis-
must be added, however, that by the authors’ own concludingion characteristics of a stream of charged parti¢édsc-
remarks[6], the numerical simulation based on their pro-trong along a magnetic field from an electron gun to a de-
posed mechanism is unable to reproduce the depth of thiector plate. The stream is taken to be of such a low intensity
modulation observed by them. So it seems reasonable to-nA) that it can be regarded as consisting of only indi-
identify the modulation in their experiment a manifestationvidual particles without any interparticle collisions or collec-
of interference maxima and minima, in accordance with thdive effects.(For an energy of electrort~ 1 keV a nanoam-
wave property. pere current corresponds to a linear electron number density
From the above discussion it is clear that while the ex-of approximately 10 cm®, and volume number density
perimentg 4] carried out so far to check the existence of the~n,~10?cm 3, taking the diameter of the electron stream
matter waves in the macrodomdjior charged particles in a to be~2 mm. This is quite a low number density that makes
magnetic field do indicate their manifestation, it is impera- the interparticle collisions inconsequential and collective ef-
tive to produce a much tighter experimental evidence in fafects absent
vor of the matter wave manifestation, which would have no The experimental chamber consists of a glass cylinder
possibility of being reproduced in terms of the classical par{length 85 cm, diameter 11 omwhich is evacuated to
ticle dynamics in the magnetic field. ~4x10 % Torr. The magnetic field is produced by a set of
One such wave property is the beat phenomena in wavesolenoid coils fed by a low-voltage high-current power sup-
It is well known that in a wave phenomena, the beat fre-ply, and can be varied, if desired, by varying the current in
guencywg is given by the difference between the two beat-the coils. The electrons are injected almost parallel to the
ing frequencieswg= w;— w5, Wherewg<w,, w,. This fol-  magnetic field(very small pitch angleS<5°) from an elec-
lows for the intensity of the superposed waves, which istron gun placed at one end of the chamber. At the other end
obtained as the magnitude squared of the superposed ampk-placed a detector, a flat grounded stainless $§&®Iplate,
tudes. This is an essential and characteristic wave property. Behind a grounded SS gridFig. 1]. The plate is kept at a
demonstration of this property for a phenomenon would unfixed distance from the gun anode, but the grid is made mov-
ambiguously establish its credence as a wave phenomenomble with the help of a Wilson feedthrough. The plate-gun
We wish to present in this paper experimental evidencalistance can also be varied if desired.
for the existence of beats with the system under consider- The experiment is carried out by sweeping the cathode
ation, which are shown to have a “frequency” which is equal voltage of the electron gun, so as to vary the electron energy,
to the difference between the two closely spaced “frequenand recording both the plate and the grid currents as a func-
cies.” We shall see later what is meant by a frequency in theion of the cathode voltag@lectron energy The experiment
context of the experiment. The observation of “beats” with is repeated after varying the distance between the plate and
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FIG. 3. Plate and grid current plots as a function of cathode

(b) voltage (electron energy in e)for gun-grid distance. ;=45 cm,

(a) magnetic fieldB=69 g, (b) B=135 g.

that this dependence is in accordance with the wave algo-
. rithm.
3 We next consider Fig. 3, which compares the plots ob-
Z tained for two different magnetic field valueB=69 G and
5 135 G, but the same plate-grid separation of 6 cm, and the
© same plate-gun distande,=51 cm, which is fixed at this
© value for all the plots. We again notice an increase in the

number of beats with an increase in the magnetic field from
FIG. 2. Plate and grid current plots as a function of cathodeg9 G to 135 G.

voltage(electron energy in eMor plate-grid separation L&) 2 cm, As one continues to increase the plate-grid separation, one
(b) 4 cm, (c) 6 cm; magnetic field 69 g and gun-plate distaige  gets more and more beats. Fig. 5 represents another illustra-
=51 cmin all cases tive plot for plate-grid separatior) =11 cm (gun-grid dis-

tanceL,=40cm, andL,=51cm with a magnetic field3

the grid, keeping the distance between the plate and the gun125G. We see a profusion of beats in this case, both be-
fixed at 51 cm. The plate-grid distance is changed by intercause of the larger value @, as well as of the magnetic
vals ranging between 2—10 cm. The plate and grid currentfield.
flowing to the ground are measured by recording the poten- It is clear from the above observations that the beat fre-
tial drop across a 470(k resistor and deducing the current quency is determined by the difference between the gun-
therefrom. plate distancé., and the gun-grid distandg, . We shall see

It may be emphasized that the methodology of this experiin Sec. IV, that the frequency of the main oscillations over
ment is different from that used in the earlier experimi@ijt  which the beats ride as modulation is determined by the gun-
where, as was mentioned earlier, a biased grid was used thplate distancel,. The presence of grid provides another
produced a secondary stream as its bias voltage was sweplistance. 4, between the gun and grid. The beat frequency is
The present experiment is much simpler as both the plate artien found to correspond to the difference of two frequencies
the grid are grounded here and no secondary stream is posharacterized by the two distances andL .
sible. As one continues to increase the plate-grid distance, and

Figures 2a)—2(c) exhibit the plate and grid currents as a the grid crosses the midway mark between the gun and plate
function of the electron energy for the plate-grid distances, ZL4=26 cm), one no longer has the condition appropriate for
cm, 4 cm, and 6 cm, respectively, but for the same magnetibeats(which requires thak ;=L ), and the character of the
field value, 69 G. Taking the plot of Fig(@ for the mini-  plots changes entirely. Fig. 6 gives the plots foy
mum plate-grid distance of 2 cm, as a reference, we notice & 10 cm. As expected, one no longer has the beats, but rather
rather striking beatlike modification of the curve progres-a superportion of two frequencies corresponding to the two
sively with increasing separations, 4 cm and 6 cm of the gridistances., andL: the higher-frequency variation riding
from the plate. We notice the increase in the number of beatsver the low-frequency variation, the former characterized
with increasing separation within the same sweep of the eledy L, and the latter by 4.
tron energy 0—500 eV. This points to an increase in the fre- Finally, one must point out the rather striking complete
quency of the beats with respect to electron energy sweepnticorrelation between the variations of the plate and the
with increase in the plate-grid separation. We shall see lategrid currents. This is due to the constraint that there can be
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-1/2
E(eV) form for the positions of the maxima.
FIG. 4. Plate current plot transformed as a functiogot’?; &, First consider the maxima of Fig.(@, which with D
the electron energy in elctron volts fot the plot of Fig. 3. =(Lp—Lg)=2cm<L, (51 cm exhibit no beats over the

range of the energy swedp—500 e\. The maxima should
no transport of electrons across the magnetic field, and thgorrespond to the distandg,=51cm, and described by the
current along the magnetic field must be conserved. Conséelation
guently any variation of current on the plate must be com-
pensated for by an equal and opposite grid current. Hence the QLp=2mlyy, 1=123.... (©)
anticorrelated grid current.
To check this, we give in Table I, the energy values corre-
sponding to the maxima of the plate current, and the corre-
sponding values of the quantity¥)(27v) for the magnetic

Having made some qualitative observations about the ndi€ld used, 69 G. If this quantity for the various positions of
ture of the plots, we present now a quantitative analysis of€ maxima is to fit the relatio(8), then it must be an inte-
these plots, to determine the positions of the maxima 9ral multiple of an appropriate common factor. In the next
minima) in the plate and grid currents with respect to thecolumn, the qlosest such integers are |dent|f|eq. Using these
electron energy and their dependence on the magnetic fiel{€ calculate in each case the valuelgfas required by the
B, and the appropriate distance, in case of the basic relatlor_1(3). In this way, we determine the measure_o?c a dis-
higher-frequency variation in the various ploishich are fance in the experm_\ent t.hat has played a determining role.
modulated by the beatand the differenc®=L,— L, for These values are given in the last column of Table I, and
the beats. their average valué 4.4=50.8cm is given in the footnote.

If we recall the form of the wave function for the macro- This is to be compared with the actual value fixed in the
scopic matter waval = exp(kx) with k=Q/v,, obtained in  experiment, namelyl.,=51cm, and is in excellent agree-
Sec. I(and also obtained independently in the Appedix ment with it. This shows that the peaks of the plots of Fig.
suggests, for the positions of the interference maxima, in th@(@ are indeed well described by the relati@®), with L,
energy domain a relation of the fornf2L=2mlv(l being the gun-plate distance.
=1,2,3...), with the appropriaté. Later in Sec. IV we Next, we want to point out that for a given magnetic field,
present a detailed discussion to obtain relations of this fornthe frequency of oscillation of the wave function wigh vz
for the interference maxima as well as for the beats. We shals proportional to the distande,. Considered with respect
analyze the plots of Figs. 2—6 to look for relation of this to the variation of€ (rather than~ '), as is done in the

IIl. ANALYSIS OF THE EXPERIMENTAL DATA

TABLE |. Energy peak positions;, “quantum number” identified,, the plate-gun distanck yeq,
deduced from the relatiof)L 4.q=27/v, corresponding to the curve of Fig(&. B=ambient magnetic
field, Q=eB/mc, the gyrofrequency and, the electron beam velocity.

. _|(27Tv> L _|(27TU>
& k=027 dedl 0 &  k=Q/2m dedl 0
Peak No. (eV) (cm™} I (cm) Peak No. (eV)  (cm™}) I (cm)

1 246.7 0.1975 10 50.6 6 110.0 0.2954 15 50.8
2 206.7 0.2158 11 51.0 7 96.7 0.3153 16 50.7
3 173.3 0.2356 12 50.9 8 85.6 0.3348 17 50.8
4 146.7 0.2561 13 50.8 9 76.6 0.3534 18 50.9
5 126.7 0.2756 14 50.8 10 69.0 0.372 19 51.1

Magpnetic fieldB=69 g, L,=51, and averagk yeq=50.8 cm.
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TABLE II. Energy peak positions, of beat maximajl, the Cathode Voltage (V)
quantum number identified for the particular beat in FigD3the -I— 2 ’ e '
grid-plate distance as required by the relatibf)=2=lv; B = -
=ambient magnetic field{)=eB/mc, the gyrofrequencyy, the

600 800

electron beam velocityp—average oD values.

Beat k=Q/27 _ [2m S
i} D=I|——] (cm) b
No. & (eV) (cm™) | Q =
1 55.0 0.820 5 6.1 3

2 83.3 0.6682 4 6.0

3 141.7 0.5103 3 5.83

4 283.0 0.358 2 5.58

Magnetic fieldB=135g,D=6 cm, and averagE: 5.9cm.

FIG. 6. Plate and grid current plot for the gun-grid distahge
experiment, the distancé, still characterizes the “fre- =10 cm, and magnetic fielB=69.02 g.
quency” of oscillation, but on an inverse stretched scale.
Making use of this identificatiorifrequency of oscillation —quency, that what we have observed in these experiments is
with the distance.,), we now analyze the plot of Fig.(18) indeed a manifestation of matter wave phenomena in the
for B=135G andD =6 cm that exhibits the beats, to see if macrodomain of a few centimeters. This, it must be empha-
the position of the maxima of the beats can be described b§ized, is an extraordinary result because matter waves have
a relation of the above form. In Table Il we tabulate thebeen observed in the macrodomain with all the appropriate
positions of the beat maxima in energy and the values of theharacteristics. Before we discuss the wave algorithm as ap-
quantity (2/2v) in the same way as was done in Table |, Plied to this system in the next section, we shall present an
for the plot of Fig. Za). The last column gives for each case, analysis of Fig. 6, which corresponds to widely different val-

the value of the distand® which corresponds to the relation. ues of the distances, andL, and, therefore, of the corre-
sponding frequencies. Figure 6 correspondd te-=51cm,

OD=2xlv (1=1,23...). (4) Lg=_1O cm. As expe(_:t_ed, there are no beat_s now, but merely
a simple superposition of two frequencies, the higher-
frequency oscillation corresponding to,=51cm, riding

The average value dD so obtained from the experimental D .
over the low-frequency variation corresponding tq

data[with the use of the relatiod)] D=5.9cm is given in - _ 10 m we shall see in the next section how this too comes
the footnote. We see that this value is indeed close to thﬁbout.
difference (,— L) of the two distancek, andL 4, namely, We shall analyze here only the low frequency to see what

(Lp—Lg)=6cm used in this particular rufplot of Fig.  ya1ue ofL do the maxima of the oscillation yield if they are
3(b)]. It shows that the beat frequency deduced from the plof, it in 4 relation of the formQL=2lv. Following the
does correspond to the frequency characterized by the diffeg, e hrocedure as before, we tabulate in Table 11l the vari-
ence (,—L,), that is the difference of two “frequencies” g quantities as indicated there, calculating the valuds of

present in the system, characterized by the distabgesnd in each case. given in the last column. The avelasalue
Ly, just as it happens in any wave phenomena. 9 ’ 9

It may be specifically emphasized that the beat frequencf these calculatetl values,L =10.1cm shows that it does
being equal to the difference between the two prevailing fre-
guencies in the system is a specific consequence of the wave

formalism, whereby the intensity or the probability currentis g E 111 Energy peak positior, of the slowly varying part

Ok?ta'”ed asa magnm_‘de squared_ of the sum of the MO anyz Fig, 5.1, the quantum number identified for the peakg; the
plitudes of the interfering waves with the two frequencies. INanode-grid distance as required by the relatig) =27lv; Q
fact, it will be shown in the next section how it comes about_ .5/« the gyrofrequencyB, the ambient magnetic field,,
in the present situation. On the other hand, the sum of tweg, averf;lge value df ’ 9
oscillating particle sources with closely spaced frequencies e

w1 and w, will also produce beats, but with only half the

frequency of the differencew,=1/2(w;— w,), rather than Lzl%w

with (w;— w,) as with waves. It may, therefore, be men- i —
tioned that the observation of beats with the right frequency & (V) Q/2mv (em™) ! (cm) Lg (cm)
constitutes a crucial test for the existence of the wave pic- 38.33 0.50 5 10.0

ture, since there will be little room now for the possibility of  gg.0 0.40 4 10.0 10.1
understanding these results in terms of the classical particle 15 g 0.302 3 9.9

picture as was suggestgs,6] for the earlier results. 256.7 0.19 2 105

We thus arrive at a very important conclusion through the —
confirmation of the existence of beats with the right fre-Magnetic fieldB=69.2g,L,=10cm, and Averagé =10.1cm.
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Cathode \ ode Grid Plate wherea is the coefficient of the forward scattering amplitude
at the grid, that of the forward scattering amplitude at the
plate surface, ang is the amplitude of the direct unscattered

Lg .o . .
f wave arriving at the point. It would be desirable to have an
p Lp ) idea about the relative magnitudes of the various coefficients
- a, B, andy. But at the moment we do not have that infor-
l mation. However, what is important at present is the devel-
= f | opment of the wave algorithm to check the experimental
Tt agnetio fild ines = observations against it even if qualitatively. We emphasize

that these observations represent paradigm according to
FIG. 7. Schematics of the experimental arrangment indicatingvhich, as mentioned already, there exist matter wave mani-
the various relevant distancas,, L, etc. festations in the macrodomain for charged particles propa-
gating along magnetic field.
If 44 is the amplitude for the absorption of the wave at the
grid, then from the conservation of total probability current
in this one-dimensional case, we have

correspond to the gun-grid distantg=10cm, which was
chosen to be so for this particular rdrig. 6). We, therefore,
conclude that the low frequency in this limiL {<L ) cor-
responds to the gun-grid distancg. |¢g|z+|¢p|z=1' 6)
where |y,|? is proportional to the probability current re-
corded by the plate, and clearly transmitted past the grid.

Since the transmitted current must have a significant forward
2.

IV. THE WAVE ALGORITHM FOR THE PRESENT
EXPERIMENT

We now present the wave algorithm that follows from thescattered component, we write approximatedy: a,|,,
Schalinger-like formalism of Refs[1], [2]. We shall apply We then have
this formalism to the above experiment and shall show how 2k (X—Lo) iK(x—L) x
the experimental results can be understood in terms of the Yp= ao| | € v+ pe P yeT @)
former.

We recall from Sec. (as well as from the Appendithat
the wave fu_nction .for the progre;sive macroscopic matter |¢p|2=[1—2aoycoskLg—2aoﬁ cosk(Lp—Lg)]‘l
wave associated with electron motion along a magnetic field
is given, for the mode numbar=1, by ¥ (1)=exp(kx), X[ y?+ B2+ 2By coskL,], 8)
wherek=Q/v, andv the electron velocity parallel to the
magnetic field(the subscript “parallel” is dropped Other ~ Where we have neglecteef|,|* as being small compared
waves corresponding to the mode numiper2,3,..., may to the rest of the terms.
also be present, for which the wave function ¥s(n) 'Expanding the denominator in the expressighwe ob-
=exp(nkx), but the moden=1 is the most dominant. We tain
shall discuss later that the experimental curves do imply the
existence of the other modes through the presence of highe

whence taking magnitude squared, we get

Wol?~(B?+7?) + 2By coskLy+2aq( y*+ B?)[ y coskLy

harmonics in their periodic variation. We shall, however, + B cosk(L,— L) ]+ 4By coskL, [y coskL
. - ; p~ Lo oPY plY g
consider only them=1 mode at the present time.
Consider now the experimental arrangement as shown + B cosk(L,—Lg)]

schematically in Fig. 7. Electrons from an electron solce

24 2 2, 2
are injected with a velocity almost parallel to the magnetic ~B+ v +2BycoskLy+ 2a,y( 7+ y7)coskLg

field. P and G denote the plate and grid respectivéhoth +2a,8( 82+ 2v2)cosk(L,— L)
grounded, at distances., andL, from the source. Lex be P
the field point within the plate just behind the plate surface, +2a,y*B cosk(L,+Lg)

where the “detection” is assumed to occur. The total wave
amplitude atx is comprized of a sum of three contributions:
(i) one corresponding to the particles arriving directly from

+4a,B%ycosk(L,—Lg)coskL,, (9)

where we have changed the ¢hgcosklLy term into
1/ cosk(L,—Lg)+cosk(L, +Lg)]. There are then various

id act d for th h d.ekinds of terms. The presence of the term kigsarises only
grid acts as a secondary source for them, the correspon 'qgrough the coefficient® or vy, which represent the scatter-
wave amplitude beingx exflik(x—Lg)] and(iii) a third one ing off the plate surfacé~ ) and the coefficient of the un-

from particles arriving after being scattered off the plate SUrgcattered wave amplitude-). All the other terms involve

Iﬁce, their amﬁJ.I:tlédegitkewisg t;ejn? Exﬁ'ikéxt_hl_p)]i Ihus a,, that is the coefficient of the wave amplitude scattered off
e wave amplitude at (a point just behin € piate sur yhe grid. We see that while the first four terms of Ef)

face is represent variation with respect kowith “frequencies,” re-
_ _ _ spectively,L,, Lg, (Ly—Lg) and L,+Lg), the last term
Pp(X) = ae'® Lo 4 gelk(x~Lo) 4 yelkx, (5)  represents a modulation with the frequenty € L) of the
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variation with respect td& with the frequencyL,. The fre-  where the last term represent the modulation of the oscillat-
quency (,—L,) represents a beat frequency between théng term cokL,, with the beat frequencyl(,—L).
two frequencied , andL 4 present in the system as these two ~ The analysis of the plots in Fig. 3 as presented in Table I,
distances. It may be emphasized that the beat frequenshows that the beat frequency is indeed characterized by the
equal to the differencel(,— L) arises as a consequence of difference {,—Lg), precisely what is required by the ex-
the wave algorithm whereby the intensity is obtained agression(11). Since the latter expression for the probability
|zpp|2, (modules squared of the wave amplitugg at the  current at the plate is derived assuming the wave algorithm
platg. We consider three case@) L,~L4; (L,—Lg)=A with the wave numberk=Q/v, [the various orders|
<Lp, (B) Lp=Lgy; A/Lp=<0.2(say, and(C) Ly<L,. =5,4,3,2 identified in Table Il that correspond to the relation
Case(A): Lg~L,; L,—Lg=A<L,. If we consider the Kk(L,—Lg)=2wI, describing the maxima in E¢10)] it fol-

limiting case when the grid is very close to the plate, so thatows that the observed beat structure does conform to a wave
(Lp—Lg)=A<L,, then we get behavior with the wavelength=27v/(). We also note the

fast variation co&L,, which is modulated by cd§L,—L,),

and which is characterized by the lendth in the expres-

2_ p2 2 2 2
|Wpl*= B+ 7"+ 2a0BL B°+27°] sion, also agrees with the observations.
+[2By+2a,¥(382+ ¥?)]coskL,, We note from here that in terms of the variation with the
wave numbek, the lengthd ,, and L,—L,) act as a “fre-
+2a,By° cos XL (100  quencies.” So if the various Figs(®-2(c) and 3a,b are

replotted as a function of %2, which is proportional tc,
[k=Q(2&m) 2], rather than what they af@s a function

This gives a variation wittk(=€/27v) of |,|?, which is . ; : X :
characterized by the “frequency” determined essentially byOf €), then the various maxima, including the beat maxima

the gun-plate distande, and corresponds to the plot of Fig. WOUld be f_oun_d to be equally _spaced, With _the interpeak
X P e interval being inversely proportional to the distaricg or
2(a), with the value ofL,=51cm, and the magnetic field . .
= ; P . : L,—Lgy), the latter one in the case of beats, while the
B=69 G. Using these values, the various energy peaks in the P ¢

plot of Fig. 2a) have been characterized through the relationOr\r;\]/zrr:g:/éhgor:::'nulsr:tter:;etrfeonrcteh?al)g:n; i?gﬁ&lr']l'lhmea.re-
QL,=27lv by the “quantum numbersl. These are pre- ] P

sented in Table | corresponding to the different peaks aglotted curve that is obtained after digitizing the plot of Fig.

: (b) manually and converting the data points in terms of
allowed energy values. It is thus seen that the observed €012 |aads to the plot of Fig. 4. As expected, we do find the
ergy peakd*allowed” values) do correspond to the relation maxi,ma including those of the beats equidist,ant on&h#?
QL,=27lv, which is obtained using the wave algorithm scale
with the Wavialength\=2m)/9. For the value 0B=69G Case(C): Ly<L,. We next consider the case when the
and energy=200eV (say, A~4.6cm. Thus the electrons gun-grid distance., is much less thaih.,. In this case we

X . g g p-
of energy 200 eV, behave like an effective de Broglie “keobtain
wave of wavelengtih~4.6 cm in a magnetic field of 69 G,
which is of a rather macroscopic dimensions and is indepen- |, 12— 524 421 2 8y coskL
dent of the Planck quantum. P P
It may further be noticed that, the grid and plate currents +2ao(y*+ B?)[ y coskLy+ B cosk(L,—Lg)]
are found to be anticorrelated in all cases. This, as remarked

already, is a reflection of the total current conservation along +4a,fycoskLy[ ycoskLy+ B Cosk(Ly—Lg)]

the _magngti_c field as expressed by the rela'giﬁ_h Any ~182+72+2a0327(1+0052(|_p)
maxima-minima that the plate current may exhibit as a con-
sequence of the interference effects, must be compensated +2a,(y?+ B?) y coskL

for in the form of complementary grid current that we find to
be the case in all the plots of Figs. 2, 3, and 6. In our earlier
experiment[4] such a complementary current appeared o

: e see that in this limitl{(g<L,),|#,|? is a sum of three
e e 2 e 1 and pate cunents here, because of Wi, gong 5 i coslL, A Cos L. The st
E\ted P ' P y together yield a fast variation cék, riding over a slow

) _ B . variation cokLy, precisely the kind of variation exhibited by
: Case(B): LP;. Ly (1 I.‘Q/LP)_ 0<0.2 (sgy). Th'S. Cas€  ihe plot of Fig. 5. The term going as cde.2 represents only
is the one that is appropriate for beats. Using the mequallt)é second harmonic of cétk,, which may well be present in
6<1, expressior9) gives in this case o P . :
the variation of periodicity characterized by the distahge
Again the plot of Fig. 6 is well represented by the expres-

+[2By+2a,B(3y*+ B?)]coskL,,. (12

|l 2=(B%+ ¥) +[2By+2a,y(3B8%+ ¥%)] sion of the form(12), which is obtained from the wave al-
) gorithm based on the formalism of Ref4], [2] in the limit
XcoskLp+2aoBy”cos KL, Ly<L,. Thus taken all the caséa), (B), and(C) together,
+2ao,8(,82+272)cosk(Lp— Ly) the wave algorithm given here appears to describe the plots

of Figs. 2, 3, 4, and 6. It must also be mentioned that it has
+2a,By(2B+ y)cosk(L,—Lg)coskL,, (11) not been found possible for the authors to find any other
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explanation for these plots in terms of the equation ofexpectations of the classical Lorentz equation of motion that
motion-initial value paradignireferred to as the “standard governs the dynamics of charged particles in the classical
paradigm”). We refer to the discussion in R¢#] to rule out  macrodomain. The question naturally presents itself as to
any possible plasma physical explanation, essentially bewhat the relationship is between the dynamics determined by
cause of the very low beam currefitnA) used and high the Lorentz equation, and the one governed by the Egs.
vacuum (5x10 ' Torr) employed. and (2), which have predicted these effects. This will be
taken up in a subsequent study.
One may ask another interesting question. Is the observa-
V. SUMMARY AND DISCUSSION tion of macroscopic matter waves as demonstrated above en-

We have presented in this paper experimental observdirely peculiar to the system of charged particles in a mag-
tions on the “beats” as a conclusive evidence for the exisNetic field? The answer is, rather interestingly, in the
tence of matter wave phenomena in the macrodomain, fdtegative. In fact, the authafvarma has pointed ouf7]
electrons moving along a magnetic field. The “beat fre-Other possible physical systenisuch as atoms and mol-
quency” agrees entirely with the expectation of the wave€cules in their highly-excited internal statesvhich could
formalism, being equal to the difference of the cIosereXh'b't matter waves in the macrodomains and mesod-
spaced frequencies of the two interfering waves. The “fre-0mains.
guencies” correspond here to gun-plate and gun-grid dis-
tancesl , andLy, respectively, and the “beats” have been APPENDIX: A QUANTUM MECHANICAL JUSTIFICATION
found in the experiments to have the frequency correspond- OF THE NON-PLANCKIAN MACROSCOPIC MATTER
ing to the differencel(,—L). WAVE BEHAVIOR OF ELECTRONS

The earlier experimenit4] had also exhibited the exis- ALONG A MAGNETIC FIELD
tence of discrete energy band structures that were shown o o .
there to be a manifestation of matter wave phenomena. The A charged particle in a magnetic field in the classical me-
frequency of variation of the plate current was characterize@hanical domain corresponds in quantum mechanics to the
by just one distance in the experiment, the gun-plate digparticle in a Landau level with a large quantum number. If
tance. However, as was mentioned in Sec. IlI, these observé&» represent the energy of a Landau level, so that
tions do permit some room for the possibility of being ex-
plained [5,6], in terms of the classical charged particle
trajectories, even though the authors of Réi. have them-
selves noted their proposed mechanism to be not entirely
adequate to explain the depth of the observed modulation. where()=eB/mc s the gyrofrequency in the magnetic field

The importance of the observations of beats with the righ, then »>1 corresponds to the classical limit, anfl = x
frequency(equal to the difference of the frequencies of thedefines the gyroaction that appears in E2).of the formal-
two interfering waves, which is determined by a wave for-jsm of Ref.[1]. Let y, represent the Landau eigenfunctions
malism), lies in the fact, that these beatwith this fre-  that are essentially the harmonic oscillator wave functions.
quency are a definite indicator of the wave formalism being consider now the propagation of an electron beam along a
at play to govern the dynamics of the electrons. Such beatgagnetic field in such a set of Landau levels with 1. Let
cannot be explained in terms of the particle picture. there be a scatterer in the path of the electron beam such as a

We thus conclude that taken together the results obtaineginall obstacle, like the wires in a grid that the electron beam
earlier[4] on the existence of discrete energy band structurefay pass through. The anode of the electron gun through
in the transmission of electrons along a magnetic field, angyhich the electron beam passes in the process of acceleration
those reported in this paper on the existence of beats modnhay also act as a scatterer. The scattering, assumed to be
lating this band structure, constitute a convincing evidenceyastic, may kick the electron from the Landau leveb v
for the existence of a probability wave in the macrodomainin, wherev=>n>1. If H be the perturbation Hamiltonian

associated with the motion of electrons along a magneligat describes the scattering, then the transition amplitude for

field. ;
The probability matter wave has the wave function of thethIS process

form ¥ (1)=exg2mix/\], with N\=27v/Q, v being the
electron veloci_ty along the magnetic field, and as shown in agz<v_n|ﬁ| ,,):f dé x,—nHx,, (A2)
Sec. 1V, the discrete energy band structure as well as the
“beats” are a consequence of one-dimensional interference
effects with the wave function of the above form, and with a¢ being the coordinate normal to the magnetic fielde|f
wavelength typically\ ~5 cm, which is clearly in the mac- represents the complete wave function of the particle in a
rodomain. These are extraordinary results by any accounftagnetic field including the plane wave along the magnetic
because matter waves with such macroscopic wave lengttigld (assumed homogenegusve have
(~5 cm) have not been either conceived or observed before, )
even if in the limited context of charged particle dynamics @, = x,(§)e'", (A3)
along a magnetic field.

Needless to say, these results are clearly contrary to thehere

E,= +1
_VE

14

rQ, (A1)
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KV:%[zm(E— vh Q)Y (A4)

wherex is the coordinate along the magnetic field, dds
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is the velocity along the magnetic field. The transition am-
plitude 8" is then given by

IB(Vr‘I): agei(nﬂlv)x' (A?)

the total energy of the particle. The transition amplitude in-

cluding the eigenfunction along the field

,35;”)5<v—n,KV—n|H|V-KV>

= j dé ¢} n(&He,

— as}n)ei(K,,*KV,n)X.

(A5)

Now making use of the assumptiorn< v, we expandx,_,
aroundk,, using the expressiofA4), we get

nQ

Kk 2 —l2
g —(E—vm)} =—,
m v

»—n=N ™ =n{)

K,— K

14

(AB)

where

v=

2 1/2
—(E—vhﬂ)} ,
m

so that it corresponds to a wave with the wave number

nQ
Kn=—,

v

(A8)

which for n=1, gives essentially the wavelengthq
=2mv/Q) and is clearly independent éf It is, therefore, this
transition amplitude(A7) that is responsible for the non-
Planckian wave behavior for the motion along the magnetic
field that have been reported here as well as earlier in Ref.
[4].

Note thatn=2 in Eq. (A7) would correspond to the
higher harmonics of the fundamental wave corresponding to
n=1. An examination of the plots of the various Figs. 2-5
would reveal that higher harmonics must be present. These
higher harmonics, it may be pointed out, correspond to the
Eq. (1) for higher values of the modes(n=2). Thus the
formalism of Refs[1,2] does contain the higher harmonics
as well.
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