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Comment on “Photonic tunneling time in frustrated total internal reflection”
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This is a comment on Stahlhofen’s papBhys. Rev. 262, 012112(2000]. It is shown by stationary-phase
theory that the Goos-Hehen shift in frustrated total internal reflecti@fTIR) is not independent of the group
delay(or phase time in the literatuxeThe group delay involves the contribution of Goosrelaen shift and is
always larger than zero in FTIR. It is also shown that the group delay in the two-dimengi»abptical
FTIR can be written in the same form as that of the group delay in the 1D quantum tunneling in the sense that
the group delay is the derivative of the total phase shift with respect to the angular frequency.
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In a recent paper, Stahlhofgh] investigated the photonic daldb
tunneling time in frustrated total internal reflectioRTIR). yi=X;tanf— ok 16" 2
y

Apart from brief discussions on the effect of nonspecular
deformations of the transmitted beam, he concluded, by not-
ing that the group de|aYa|SO known as phase time in the And the motion equation of the incident pulse is determined
literature “allows for vanishing and negative barrier tra- by d¢i/dw=0, so that
versal times,” that the group delay approach “is not an ap-
propriate tool to determine the tunneling time in FTIR.” In da Ik Jky
addition, he claimed that “the unphysical prediction of the ti:£+ 90 5 50
phase time is caused by the neglect of the GoaseHan
shift, which provides an independent time scale for the tun-
neling time in the form of a dwell time.” Suppose the electric field of the Fourier component of

In this note, we will point out by the stationary-phase transmitted pulse is
theory that the group delay in the two-dimensioraD)
FTIR involves the contribution of the Goos-highen shift. In
other words, the time scale based on the GooseHan shift
is not independent of the group delay. The total group delay _
in FTIR is always larger than zero. At the same time, we willwhere F=|F|el”. Then the total phase of the transmitted
show that the group delay in the 2D optical FTIR can bewave is
written in the same form as that of the group delay in the 1D
quantum tunneling. . . Y= v+ Ky(x—2) +kyy— ot.

As is shown in Fig. 1, two prisms of the same refractive
index n are separated by an air gap of thicknass\ light ) ) _
pulse comes from the left to the prism-air interface at anThe locusy,=yi(x,) of transmitted pulse is determined by
incidence anglé that is beyond the critical angle sit(1n).  d%:/d6=0 to be
Without loss of generality, we consider TE polarization. Let
the electric field of the Fourier component of the incident dylae
pulse be yi=(X—a)tanf— ok, 130" )

Yi - 3

E(x)=Fel*&-elkyz  x>a, 4

E(x)=Aek*2, x<0, (1)

(the time-dependent convention is chosen to Y,
where A=|Ale!%, « is the phase of complex amplitudkg
IZ=(kX,ky)=(k cosh,ksinf), k=nky, kg is the wave num-
ber of light in vacuum, ana is the angular frequency. The
total phase of the incident wave being

the locusy;=y;(x;) of the incident pulse is determingd]
by dy;106=0, so that

a

FIG. 1. Schematic diagram of frustrated total internal reflection
*Email address: c-fli@online.sh.cn of light beam.
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and the motion equation of transmitted pulse is determined dplao
by di/dw=0 to be S:—m. (14
tt=a—7+ 5_kx(xt_a)+ a_kyyt. (6) Itis noted that¢ defined above is not the phase shift of
Jw Jw Jdw

transmitted wave at poiita, —(dy/36)/(k,/36)] relative

) i to the incident wave at poift0, —(da/d6)/(dk,/36)]. In
It is seen from Eqs(2) and(5) that the lateral shift of trans- fact, such a phase shift is, as can be seen from @gand
mitted pulse ak,= a relative to the incident pulse &=0 is (4),

given by
= ¢+k,s.
AHy—a)ldb = drky

Ik, 190 () With this phase shift and noting the fact that the spatial lat-
eral shiftsis not an explicit function of angular frequeney
And the time delay of transmitted pulse at poip@,  the time delay(8) of transmitted pulse can be written as
—(dyl96)/(k,/96)] relative to the incident pulse at point
[0, —(dald6)/(dk,/6)] s given, as can be seen from Egs. _ ‘9_¢t
(3) and(6), by dw

T (15

Hy—a) dky The same reasoning will give for the lateral shift and time
= e a0 (8 delay of reflected pulse
Similarly, let the electric field of the Fourier component of g'=— 9196 (16)
reflected pulse be k130’
E,(x)=Be ik&elkyz  x<0, 9 ,_ 99

: (17)
Jw
whereB=|B|e/?. Then the total phase of reflected wave is
respectively, wherep' = B— « is the phase of complex re-
= B—kx+ky—ot. flection coefficient ¢’ =arg(B/A), and ¢,=¢'+ks' is
. ) the phase shift of reflected wave at pointo,
The locusy, =y(x) of the reflected pulse is determined by —(9p136)I(dk,/96)] relative to the incident wave at point

dip196=0 to be [0, —(dald6)l(dk,]a6)]
From above discussions, we see that in the 2D optical
y, = —X, tanf— M, (10) tunneling, the phase shifts of reflected and transmitted waves
dky 190 relative to the incident wave depend on their lateral shifts.

_ _ } _ Equationg15) and(17) show that the group time delay is the
and the motion equation of reflected pulse is determined byartial derivative of the total phase shift with respect to the
Y 1dw=0 to be angular frequency. Such a conclusion in the 2D optical tun-

neling situation is the same as in the 1D quantum tunneling
t :ﬁ_ ‘9_k><x +5_kyy (11) situation[3,4].
" do" de’" In Stahlhofen’s discussions, the group time delay of trans-

mitted pulse in 2D situation is defined as
According to Eqgs(2) and(10), we see that the shift of the

reflected pulse relative to the incident pulse at interface 2]
=0is Tszﬁ- (18
b d(B—a)ldb (12) This definition looks like the same as that of the group delay
dky /36 in the 1D quantum tunnelinfg],
And according to Egs(3) and (11), the time delay of the 9oy
reflected pulse relative to the incident pulse at interface Tq= g (19)
=0is

whereE is the energy of the incident particle. But they are
. (B~ a) N aky | 13  Physically different. The group time delay9) is [3,4] the
0 (13 derivative of the phase shifb, across the barrier, whereas
the ¢ in Eq. (18) is not equal to the phase shift;, as
Denotingy— « by ¢, which means the phase of the com- discussed above. Furthermore, the asymptotic behaviay of
plex transmission coefficient=arg(F/A), we have for the in the opaque limia— = is also different from that of,,. In
lateral shift of transmitted pulse the 1D quantum tunneling through a square potential barrier,

7=

Jw Jw
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Tq approaches a nonzero constantaas« [2,3], while 7,
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where f2=sinffxa+sir’25, k= (kj—kg)“ is the decaying

approaches zero in the same limit as was shown by Stahtonstant of the evanescent wave in the air gap, and

hofen.

According to Eq.(8), the group time delay consists of
two parts, 7 and the lateral-shift contribution;= 7
+(9k,/dw)s. Although 74 allows for vanishing and negative
values as is shown by Stahlhofen, the total group deléy

=tan («/k,). Since ky>ko when the incidence angle is
larger than the critical angle sik(1/n), Eq. (20) shows that
7 is larger than zero. Equatio®1) shows that whernka
>1, we have|(dk,/dw)s/5/>1. That is to say, the Goos-
Hanchen shift plays the main role in the total group delay.

always larger than zero and is dominated by the lateral-shift At last, let us mention that recent optical experiments per-
contribution in the opaque limit. In fact, detailed calculation formed by Wanget al.[5] measured negative group delays of

gives, neglecting the@ dependence of refractive index

2a

3 ,Sinh 2«a
 kof?

Y 2ka

T

— k3 cos 25 cog 5) (20)

and

(9ky/dw)s _ k2

sinh 2«a/l2ka
(—— l) , (21

cos 25 cos S

Y
Ts K2

light pulse traveling through an anomalous dispersive me-
dium. And the negative group delay of particles passing
through a potential we[l6] is tested by a microwave analogy
experimen{7]. So the negative feature of group delay may
not deny its applicability.
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