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Experimental evidence of tunneling as a stochastic process
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A model for tunneling based on stochastic processes proves to be capable of interpreting the results of two
experiments at the microwave scale. The first of these consisted of measuring the penetration time in a
subcutoff waveguide; the second one, in measuring the shift of a beam in a frustrated total reflection. Said shift
which is a measurement of the traversal time of the barrier. In both cases, a peak in the real-time component
was evidenced, as predicted by the theoretical model.
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Tunneling processes are interesting also in connectiothe Feynman'’s transition elemefn&. By applying these, we
with superluminal aspects, even if cases of the absence ofn obtain a contribution to the tunneling time of the type
dispersion, which is always present in tunneling, give morg(L/v)exp(—S/A); that is, a result according to which the
evident and clearer resulfg]. Avoiding for the moment a real time duration is provided by the semiclassical time
consideration of these aspects, we shall now reconsider tHé/v) attenuated by the factor exp&/f), with S, as the
question of tunneling time in relation to an already- classical action. In typical cases, wil of the order of a
formulated stochastic modéR], in order to demonstrate few units of, this factor is of the order of 1G—~10"°, and
some interesting new aspects. According to the pioneering con'trlbu.tlon of a few picoseconds is cpmpatlble Wlth' semi-
work by Kac[3], then developed by DeWitt-Morette and classical times of the order of 10ps, as in Josephson junc-

Foong[4] and subsequently applied to tunnelifj, a sto- tio_ns [6]. In t_his work, the conclusion has been drawn that
chastic model for tunneling processes has been successfullylS cont_rlbutlon shogld b.e ad_ded to the one evaluated by the
ochastic model which, in this case, turned out to be on the

applied in order to interpret experiments with Josephso same scale of picoseconds. On the contrary, in the light of
junctions[6] and optical tunneling in the microwave range the present work, we have to believe that the two contribu-

[2,7]. However, in all previous experimental demonstranons,tions; namely the one given by the stochastic model and the

the \_/ariable ranges were not sufficienf[ly extended so as Bne evaluated by the transition elements, are reall\stme
obtain a clear demonstration of the validity of the stochastiC.q it |n fact even within the framewor,k of the transition

mo_del. Here, on the_ contrary, the extension of the field Olelements, we arrived at a result of the tyfsee the last

variables was sufficient to give unambiguous proof of theparagrapln

theoretical predictions. Another aspect is represented by the

existence and the detection of a sort of resonance which is imc? (L2

peculiar to this kind of approach: based on a stochastic mo- (= o o\v/

tion of the “particle” inside the forbidden region of the bar- ] ) o )

rier, this approach can be also related to highly irregulathich according to the prescription by Gavestial.[9], i.e.,

paths in quantum mechanics predicted by Feynman anBY identifyingimc®/% with a, becomes

Hibbs[8]. 2

The salient results of the stochastic model can be schema- (t)r=a

tized as follows: the average tunneling time is a complex

quantity expressed, fdr/v tending to zero, agsee the last exactly as the real part in E¢L). This result tends to put the

paragraph stochastic model in a different light, one that is not limited
by the presence of dissipatiofalways present in macro-

(1) scopic systems but that is also capable of interpreting situ-
ations in which the dissipation is absent or negligible.

This, however, is not the only result of the present work.
whereL/v is the semiclassical time that represents the imagiAnother and perhaps more important result, one that is pe-
nary part,a is the friction coefficient that enters the telegra- culiar to the stochastic approach, was obtained when the
pher’s equation, and is “responsible” for the real part, whichrange of the variable/v is not limited tosmallvalues, but is
is zero ifa=0 and depends quadratically av. However, extended, depending on the parameteto large values of
if ais zero, do we have to believe that a real part of thelL/v. In this way, we found that real time as a function of
tunneling time does not exist? This is certainly not the casel. /v shows the unexpected presence of a geek Fig. 1a)].
since any dephasing through the boundaries of the barriefhis is situated approximately at a value lof so that the
can contribute to real timéphase-time modgl An alterna-  semiclassical timé./v is nearly equal to théime a *. Be-
tive approach for evaluating this duration is represented byind this peak, the curve continues with a nearly quadratic
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2000 T T T ] law. This behavior, i.e., the presence of a peak in the real
i ‘ : | : part of the traversal time, supports the hypothesis of a kind
1500 | of resonance, which is also confirmed by the curve of the
5 [ imaginary part of the time. In fact, this curve shows a typical
g shapdsee Fig. 1b)], with a zero in correspondence with the
é 1000 position of the above-mentioned peak, which is a character-
» istic of resonancefl0]. The origin of this resonance is not
B g0 [ completely clear: we note that its occurrence, lfép ~a !
[ could be interpreted by rewriting this condition at~v,
I : , and hypothesizing in that it occurs, producingtaong in-
0 e crease in real time, when the semiclassigalaginary ve-
@) 0 2 4 iem © 8 1 Jocity v becomes comparable with the quantty, that has
velocity dimensions and acts in the sense of slowing down
1000 T ! the motion, thus increasing the traversal time of the barrier.
o 9.},@_)__9@_»9.@5_ 92_.59_1-_4_; __________________________ More important than the theoretical interpretation is the ex-
§ S0 [ ' : j perimental test of this behavior. Two experiments were per-
§ [z : : Q formed in the microwave ranggvavelengthA=3 cm) and
5 OF A N A P Py ] consisted, one in measuring the penetration time in a barrier
£ : : § : ] constituted by a rectangular waveguide excited below the
& -500 | ) S VR W S Sl P ] cutoff frequency, the other in measuring the lateral shift of a
§ : ’ : : ] microwave beam in the case of frustrated total reflection.
© 1000 | In the first experiment the signéhe pulse modulation of
i : ; : ; the carriey was taken simultaneously before the input of the
B barrier (where the waveguide was filled by a dielectric, te-
®) 0 2 4 | om) 6 8 10 flon, so that the frequency of the carrier walsovethe cut-

off) and inside the barrier at a variable positibisee the

FIG. 1. Real parta) of the penetration time as a function of the INset in Fig. 2. The two signals were sent to a dual channel
position | inside the barriefinfinitely long) computed for several Oscilloscope(Tektronix TDS 680B suitable for measuring
values of the frequency below the cutoff one at 10 GHz and for a the temporal delay between the two Signals with sufficient
fixed value of the dissipative constamt2 (ns) ’. The positon accuracy. Reliable measurements required the use of fre-
of the peak(whose amplitude is equal to&8/ns) is nearly coinci- quencies near the cutoff one=9.494 GHz) and a pen-
dent withl=v/a, so by loweringa it tends to increase, while it etration depth in the barrier of a few centimeters, in order to
decreases with increasirag So, the possibility to detect this peak have an acceptable attenuation of the waves. The measure-
depends on a suitable choice of the parameter valdeand B ments were performed at several values of the frequency
indicate the points of stationarity in the cur&@) same aga) for  carrier ranging between 9.46 and 9.28 GHz, and were com-
the imaginary part. pared with the curve of the real part of the traversal time.

This was computed, for a given frequeney which deter-

1200 —— L /\
[—I::Iwaveguide
7
1000 —— - %//”{4///%
termination
/ \ FIG. 2. Penetration time result§small
2 800 crosses, triangles, and C|rcles.refer tg different se-
~ oscllloscops ries of measurementsas obtained with the ex-
_%‘ | perimental setup shown in the inset. The carrier
2 600 AA frequency wasv=9.33 GHz, the cutoff fre-
° % O quencyvy=9.494 GHz. The upper curve refers
o x X x Q\ to a=2.25 (ns)'!; the lower curve is obtained
400 5 \\ by including an imaginary part, namelya
%Sx \ =2.25-i0.5 (ns) ™.
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mined the velocity through the relatian=c v (vy/v)2—1, 100 | | |
with v, as the effective cutoff frequency given by, rovable w2
=\V +a2 2/ 2 b i i d{ prism 7/'\
N 02 ve/cs, by selecting the value foa, which best 80 EN 7 ts .
described the experimental data. Launcher o [—Peceiver
In extreme cases;=9.46 and 9.28 GHz, the results ob- =T & \¢'~/

increasing withl, the description of which by the stochastic

model required values fax of the order of 1 (ns)* or less.

More interesting were the cases at intermediate frequencie 40 e

(9.39 and 9.33 GHz which exhibited more complicated be- /¥ k //

havior, with the presence of a more or less pronounced peal  ,, /k

as predicted by the theoretical model in some céses Fig. / : \}-/ "

1). In Fig. 2 we report the results obtained far J _/%

=9.33 GHz showing a clear increase in the delay up to o%

values ofl around 2.5 cm. However, for larger valueslof

the delay tends to decrease or, at least, to saturate. The r

sulting peak was however, not as accentuated as predicted k -20 0

the above theory, but rather was damped as if a damping

coefficient were present in the resonar(ee phenomenon

analogous to the lowering of the coefficie@tof a resonant FIG. 3. Traversal time results as a function of the gap witith

circuit or cavity[11]). By taking into account that in tunnel- petween two paraffin prisms. The experimental setup is shown in

ing cases, thalissipativeparametera represents an imagi- the inset. The microwave beam at 9.33 GHz, in conditions of frus-

nary dissipation, i.e., natissipative but rathemeactive itis  trated total internal reflection, exhibits a shifs, in the transmitted

plausible to introduce a truly dissipative effect by including apart through the gap, which is related to the traversal time. The

suitable imaginary part in paramet&rso thata—a+ib. In  curves correspond to the real part of the tunneling time as given by

this way, we obtained more damped peaks in the curves dfie theoretical model foa=35 (ns) ! (solid ling), and a=35

the real part of the time, as shown in Fig. 2, where the lower-i2.5 (ns) * (shaded ling

curve is obtained foa=2.25-i0.5 (ns) .

The second experiment consisted of measuring the shift ofng 35 (nsy. A small imaginary part, sayb=

a beam traversing a gap of a few centimeters between two. 2 5 (nsy !, is also admissible.

paraffin prisms while total reflection takes place in the first |t seems, therefore, that by means of these experiments

prism and evanescent waves originate in the gap. This is afle have obtained a sufficiently clear demonstration of the

extension to the microvave range of an analogous experialidity of the stochastic model for tunneling, even indepen-

ment already made in the optical rar{ge]. With reference  dently of the existence of the peak in the curve of the delay

to the inset in Fig. 3, for an incidence angle60° (the  time. This peak, however, strongly supports the theoretical

critical angle is 42°) we have quantify, which is a measure  model, even if its implications are rather surprising. In fact,

of the traversal time, as twice displacemenfThe latter can  for certain values of, or d, the traversal time of the forbid-

be determined by measuring the shif$ of the beam while  den region tends tdecreasewhile the distancéncreases

the gap is varied from zero th Put into a formula, we have This unusual behavior deserves further investigation before

any definitive conclusion can be safely drawn. It is worth

D=26=2(dsini—As). (4 noting, however, that in the region of the resonance peak, the

- _ punctual velocity as given by the inverse of the derivative,
Once the shift is known, we can determine the traversal that is, the limiting values oAl/At in Figs. 2 and 3, supplies

tained showed a clear monotortiearly quadratichehavior, 60 //\\

delay (ps)

0.5 1 15 2 25 3
d (cm)

time as[12] velocities that are infinite in the two stationary poifits., A
and B in Fig. 1) and negative in the intermediate interval.
nD This behavior is reminiscent of the results recently demon-
T~ Csini’ ®)  strated by Wanget al. [16], with gain assisted superluminal
velocity in light propagation.
wheren is the refractive index of the prism@ our casen Equivalence of the stochastic model with one derived

—1.49) andc is the light velocity in vacuum. In Fig. 3 we from the transition elementsccording to the analysis of

report results of- versusd as they result from the measure- R€f- [2], the average of the traversal time of a classically
ments. We note that, in spite of a non-negligible uncertaintforbidden region can by evaluated as

[13] in determining of the duration of the process, the data

confirm the presence of the peak as predicted by the theoret- o

ical model. In Fig. 3, we report the curves as given by the mltg(lf,lt)dlt

theoretical model: see Eg&) and(7), where the velocity is (ty=

given, in this case, by =c//(sini)’n®>-1, [14,15. The fw g(ir it)dit '
value ofa that best fits the experimental data is between 30 '

(6)

—o0
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whereg(ir,it) is the distribution function of the stochastic wheree equalsAt and(1) is the propagator. The quantity
processes analytically continued to the imaginary time#/me has the dimensions of (velociff) the same as
When developed, Ed6) produces the following result: (Ax/e)?. Assuming that the operation of average does not
modify the dimension§17], we obtain the relation
r[2 sinar—ar]+ir[2 cosar— 1+ 2a°r?/3]

t)y= - - m
() (2 cosar—1)+2i(ar—sinar) s(1>=i%((Ax)2>, (9)
=Rgt)+i Im(t),
b v and by multiplying byc?—~v?, we obtain
wherer =L/v is the semiclassical time, andis the velocity 2/ Ax\2
in the forbidden regioribarriep. When the argument—0, e(1)=i m_< (_X) > (10)
Eq. (7) tends to the simple expressioh). The exact behav- h v '

ior for the real and imaginary part, however, is the one |, . : B B
shown in Fig. 1. which by assumings(1)=(t)g and Ax=L, becomes Eq.

. . . . . 2 .
We now want to see how it is possible to obtain a result(z)’ by |den.t|fy|ng, as pefore;mc /h<a, it becomes Eq.
similar to the real part of Eq1), namely Eq.(3), within a (3), as previously anticipated. Therefore, for small \_/alues of
completely different framework: that of transition elements.the argumentAx/v or L/v, the two approaches give the

On p. 174 of the Feynman and Hibbs bof@, Eq. (7.49 same result for the real part of the traversal time.
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