VOLUME 77, NUMBER 7 PHYSICAL REVIEW LETTERS 12 AcusT 1996

Tachyonlike Excitations in Inverted Two-Level Media
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Electromagnetic fields dressed imyertedtwo-level atoms become tachyonlike excitations with group
velocities which are faster than infinite, or negative. Such excitations describe $table mode®sf
the medium when it is weakly probed off resonance. The launching of these tachyonlike excitations is
discussed, along with a proposed experiment to observe them. Their existence does not violate Einstein
causality. [S0031-9007(96)00891-5]

PACS numbers: 42.50.Md, 03.30.+p, 42.50.Fx, 31.15.Lc

Special relativity prohibits a particle of positive or zero and form a SF pulse. Unlike previous treatments [8], we
mass from ever possessing a speed exceeding that of ligfttcus here on the transient linear response of the system to
in the vacuum. However, there is nothing in the theorya weak probe, well before the onset of the SF pulse. This
to prevent a particle from having amaginaryrest mass, response will be shown to be stable, if the spectrum of
and, correspondingly, a speed thatisvays largerthan the probe is restricted to an appropriate spectral range, in
¢ [1]. Yet the very existence of such particles, calledcontrast to broadband probes implicitly considered in [9].
“tachyons” [2], has been doubted or even deemed unphysbespite certain similarities, there is a notable difference
cal, on the grounds that signals carried superluminalljpetween tachyonic propagation and superluminal propa-
by tachyons would violate causality [3]. Furthermore,gation in steady-staténverted media [10]. In the latter
experimental searches for tachyons have so far yieldedase, constant pumping of the medium produces a steady
nothing [4,5]. Nevertheless, certain models have beepopulation inversion, which leads to the elimination of all
suggested for tachyons. In one of these models, a chaimansientcoherences. By contrast, here the inversion is
of spring-coupled, inverted pendula near their unstablsuddenly produced, and all damping is neglected, so that
equilibria can give rise to collective modes whose disperone must take full account of all transient coherences
sion relations correspond to &ffectivelyimaginary mass which produce undamped collective modes of propagation.
and faster-than- (i.e., superluminal) group velocities [6].  The semiclassical Maxwell-Bloch equations describing
In another closely related model, the Frenkel-Kontorovgpropagation in this medium with an arbitrary initial in-
equation for dislocations also leads to tachyonic behavioversion, under the near-resonance, no-damping, rotating-
[7]. These mechanical models leave open the basic quesrave, slowly-varying-envelope, and forward-propagation
tion of whether such collective modes are observalikn  approximations, yield the well-known McCall-Hahn equa-
in principle, let alone in a realistic experiment. tion, which arose in connection with SIT [11-13], for the

In this Letter we point out that tachyonic collective pulse are& of the electric field envelopé
modes should indeed be observable, without implying 920
causality violation. We propose here an experiment in
which they can be launched and detected by conventional 9ZoT
optical techniques in one of the most thoroughly studiedHere the pulse are@, which is also the tipping angle of
systems of nonlinear optics, namely, a metastable systethe Bloch vector on the Bloch sphere, is defined by
of inverted two-level atoms. The same cooperativity ;
regime required for superfluorescence (SF) or self-induced 0(z,1) = (M/’i)f oz, 1) dt’, (2)
transparency (SIT) in this system would, under certain —o
circumstances, allow the stable propagation of a tachyonig, peing the transition dipole moment, and
wave packet with a superluminal group velocity. We

= wsing. Q)

sho_vv herg that thg char_acterlstlc signature of a tachyonic Z=—wyzjc=1z/cr.,
excitation is its unique dispersion relation. 2

Consider a mirrorless system df two-level atoms per 1 3)
unit volume uniformly distributed over a length along T = > w,(t —z/c)=(t — z/c)/7c

the z axis, in their inverted states at= 0. The decay of
such a system will be initiated by random acts of sponare, respectively, the dimensionless propagation dis-
taneous emission, but will gradually become cooperativéance and retarded time scaled by an effective plasma
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frequency [11] 0=Ltge+ %(chz — W), (11)

5 \1/2 2
2 (4mNe 4
Wp = T m f) 4 The same dispersion relations are obtained from the small-

o _ ‘ _ 6 limit of the McCall-Hahn equation in the laboratory
which is the inverse of ., the Arrechi-Courtens coopera- coordinateg andt,

tion time [12], wheref = 2mwo|u|*/He? is the oscillator

e 2 2
strength of the two-level transition. In the McCall-Hahn 970 + 70 (l Ww2>0 -0 (12)
equationw represents the fractional initial population in- ar? azot 4 P
version. In particularw = +1 or w = —1 corresponds upon substitution of Eq. (9) into Eq. (12). Heke= k —

to a system with completely inverted or completely unin-; ' and = w — w, are defined with respect to the bare

verted atoms, respectively. o resonance atko, o). In what follows we take advantage

sine-Gordon equation resonance and slowly-varying-envelope approximations,

920 920 ) over a range much broader than,, since it must satisfy
¥z gyz _ dwsind (®)  only|Q| < wy [11-13].
0X oY . .
_ _ _ _ _ The branches of Eq. (11) with = =1 are plotted in
by introducing the variableX andY, which are linearly Fig. 1. For the uninverted case = —1, we recover
related toZ and7 by the well-known polaritonic dispersion relations, but for
1 1 the inverted casev = +1, we obtain new tachyonic
X = E(Z +7T)= 7 wpt, dispersion relations, which are the central results of this
Letter. Just as the polaritonic solutions are physical, we
_ 1 1 Z believe that the tachyonic ones should also be physical,
Y=—(Z-T)=—w,|— —1). (6) . . e ; !
2 4 ¢ since the inversiow is a continuous parameter which can

vary smoothly from—1 to +1, with nothing physically
discontinuous happening at = 0. These relations have
the form of hyperbolas with asymptotés = 0 and(Q) =
Kc, the latter corresponding to modes with a limiting
group velocity ofc. In the tachyonic case, a gap opens
up between—K. and +K., at the points where the
discriminant in Eq. (11) vanishes. These points (Fig. 1
%0  9%6 for w = 1) with coordinatesA+ = (*K., =Q.), where
e 572 4wl =0, @)
depending on the sign of the inversien
The dispersion relation for weak excitations of the
medium now possesses a diagonalized form. Let us
introduce the plane-wave ansafiz= expligY — ivX), o
which, after substitution into Eq. (7), yields the relation -
between the dimensionless wave numhbgrand the @ '
dimensionless frequenay i

v? = q® — 4w. (8)

Thus X is proportional to the time variable, and Y
represents the average of the local positiorand the
retarded position — ¢/c.

For small tipping angles such that gir= 0, this equa-
tion becomes linear, coinciding with either the tardyonic
(w < 0) or the tachyonidw > 0) Klein-Gordon equation

1
Ke=w'Po,/c, Qo=—wlw,. (13

Apart from constants of proportionality, this equation has | ___-.----= -

the form of the relativistic energy-momentum relation Wo e 77 ‘_'7":"":_"_'._' B
E? = p%c? + m?c*, except that for positive inversions AL}y T
(w > 0), the invariant rest mass is imaginary, which is A ,
the signature of tachyons [14]. ! ® A
Using Eq. (6) to transform the plane-wave ansatz to the /. : 4/\
laboratory space and time variableand: G N
0 = expliKz — iQ1), (9) . .
. . . 0
we obtain from Eg. (8) the quadratic equation R ) _
. FIG. 1. Polaritonic dispersion relations (dash-dotted curves;
2 1 2 w = —1) and tachyonic ones (thick solid curves;= 1) from
Q KeQ + 4 W = 0, (10) Eq. (11). Inset (a): The probe pulse spectrum is projected

_ _ _ _ _ horizontally onto the tachyonic curve. Inset (b): Vertical
whose solution gives the dispersion relation projection for the alternative method [18].
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demarcate the boundaries of the gap of instability, andvhich determine the propagation of delta-function source
correspond to points of infinite slopes or group velocitiesterms, are independent of the nonlineasing term. In
The complex solutions inside the gap correspond tdhe nonlinear case as well, superluminal solutions are
unstable modes. By contrast, the tachyonic solutionpossible, particularlyr solitons [17]. Yet such nonlinear
outside the gap are purely real, correspondingtible superluminal effects are again due to pulse reshaping, i.e.,
propagating modes of the system. Physically, thesearly tail amplification. The front velocity is sti, as
modes represent conditions for equality of stimulatedevidenced by SF pulse propagation [15,16].
emission and absorption, namely, gain-free (and loss-free) We now propose an experiment that could verify the
propagation. They are the optical analogs of zero-forcexistence of these tachyonlike excitations. For concrete-
solutions in the mechanical model [6], which correspondnhess, we consider a situation in which a strong pump
to balancing the gravity force on inverted pendula by thepulse, directegherpendiculartto the medium axig, causes
restoring spring force. sudden and uniform population inversion of the medium

Does the existence of the above tachyonlike solutionsits = 0. This inversion is followed by the injection along
violate Einstein causality? They represent in facaasal the z axis of a weak probe pulse whose spectrum is de-
pulse-reshaping process, in which the early tail of auned from resonance by aroufiy = %a)p. The result-
pulse undergoes amplification due to virtual stimulatedng tachyonic wave packet is determined by tiogizontal
emission by the inverted atoms, followed by the virtual(constant-frequency) projection of the pulse spectrum onto
stimulated absorption of the peak of the pulse by thesene tachyonic dispersion curve [Fig. 1, inset (a)] centered
atoms. Consequently, the pulse is reshaped in such a wayearA ., where the group velocity is practically infinite
that its peak is displaced forwards in time, i.e., the pulsé>>c) [18].
envelope isadvancedyather tharretarded,and thus the  The following conditions have to be satisfied in the ex-
group velocity becomes faster than The causality of periment: (i) It is important to filter out of the probe
this pulse-reshaping process is revealed when we considpulse all frequencies detuned from resonance by much
a pulse with a sharp front, corresponding to the firstiess than()., down to the level of the spontaneous emis-
appearance of a nonzero response of the medium to &jion noise; otherwise the probe can actually stimulate the
impulsive excitation. This front, as shown below, alwaysinstabilities. The spontaneous emission noise corresponds
movesexactlyat the vacuum speed of light, and the restto pulse aread, = N ~!/2, N being the total number
of the field produced by the inverted medium can nevebf atoms (typicallyd, ~ 10~® — 1073) [15]. Hence, the
outrace it. probe pulse are@ must be restricted t@ =< 6, in the

In a more formal analysis of this causality problem, weinstability band|Q)| < €., whereas outside this band it
consider the response to a weak delta-function impulsenust satisfyl > 6 > 6,, to ensure a good signal-to-
moving atc through the inverted medium. The resulting noise ratio. (ii) The probe-pulse duratiop,n. must not

electric field envelope is given by exceedry = 4c¢/Lw?, which is the SF radiation time
Lz, 1) o« Y%t — z/c) 2 for a pencil-shaped sample of length [15]. Condi-
x Il(w1/2wp[(z/c) (t — 2/)]/)O( — z/¢), tions (i) and (ii) guarantee that the spontaneous emission

(14) noise be kept much smaller thahoutside the instabil-

] -~ ] . ity band well after the probe has traversed the sample,
where I, is the modified first-order Bessel function. sjnce the delay time for SF amplification [15,19]ris =
Einstein causality _is not violated _due to the presence|o-100) x 7. (i) We should try to fulfill Rayleigh’s
of the © step function. However, instead of oscillatory criterion for resolving the peak of a superluminally ad-
solutions, as in the uninverted medium [11], we NOWyanced tachyonic pulse relative to that of a “twin” pulse
have exponentially growing solutions, which indicate theyhich has propagated through a lendttin the vacuum,
presence of instability in the system. Such an instability,y cross-correlation measurements. (iv) On the other

arises because this impulsive excitation contains Fourigiand. we wish to avoid adverse dispersion effects on the
components inside the gap, where there exists exponentigd;nerluminal pulse, which implieS,ope = @', Tosum
gain from the inverted atoms. Thus we see that Qp, we must satisfy the inequalities [15] P

superposition of stable and unstable modes conspires in . .
just such a way as to ensure that causality is not violated, ~ ©@p = Tprobe ~ L/c <7 K 7p =T, (16)

as was noted earlier in [6]. whereT5, the inhomogeneous lifetime, is typically shorter
When the tipping angle becomes large, this linear than the homogeneous (dephasing) lifetifae

analysis breaks down, and one must use the nonlinear, Specifically, we consider the hydrogen fluoride (HF)
large-angle oscillatory solutions of the full sine-Gordongas system used by Skribanowigt al.[16] to ob-
equation [11-13,15,16]. Einstein causality is still pre-serve SF on the84 um far-infrared J/ = 3 — 2 rota-
served on account of the fact that the characteristics afonal transition of the HF molecule. This transition was
the McCall-Hahn equation, pumped by a pulsed HF laser operating on #ie um

Z o 7 = const, T <t — z/c = const, (15) near-infraredP;(4) vibrational line. The gas was at a

1256



VOLUME 77, NUMBER 7 PHYSICAL REVIEW LETTERS 12 AcusT 1996

pressure of 4.5 mTorr in a sample cell of length= 1 m. Conf. Proc. No. 16 (AIP, New York, 1973), p. 49; V.S.
Doppler broadening introduced an inhomogeneous life-  Barashenkov, irﬁfhilosoph!cal Problems of the Hypothesis
time of 75 = 330 ns in this system. To observe tachy- of Faster-than-light Particles(Nauka, Moscow, 1986)

onlike excitations in this same system, we detune (e.g., . P- > .
by a corner-cube whisker-diode modulator) a probe pulse[4] \I;SIS-I Danbulrgsrt] aI.,RPhysblgeezvéslgAlgS?S(1970), D.F.
from a84 um HF laser to near thd, point. The probe artiettet al,, Phys. Rev. DL8, (1978).

pulse can be prevented from exciting instabilities by pass—[s] zggg)lman and E. Recami, Found. Phys. Leif. 127

ing_ it first through an absorption cell [2(_)] (_)f HF gas, [6] Y. Aharonov, A. Komar, and L. Susskind, Phys. R&82,
which absorbs down to spontaneous emission levels all * 1400 (1969).

near-resonant frequencies which could stimulate SF, and7] s.|. Ben-Abraham, Phys. Rev. Lef4, 1245 (1970).

then passing it through the population-inverted HF gas[8] R. Bonifacio and L. A. Lugiato, irDissipative Systems in
cell to launch the stabla ; tachyonic mode. We choose Quantum Opticsedited by R. Bonifacio (Springer-Verlag,
the probe pulse duration to bge = L/c = 3.3 ns. Berlin, 1982) p. 1.

All the inequalities in Eq. (16) are then indeed satisfied, [9] W. Crisp, Phys. Rev. AL, 1604 (1970). o
since in this system [16(]);1 =19ns,7zx = 4.7ns,and [101 R.Y. Qh|ao_, Phys. Rev. 48, R34 (1993); R.Y. Chiao, in
the observedrp, = 740 ns. It is then clearly possible Amazing Light: A Volume Dedicated to Charles Hard
to transmit a tachyonic probe through the population- ~ oWnes on his 80th Birthdayedited by R.Y. Chiao

inverted system and resolve its superluminal peak ad- Eﬁgrl?r?er'verlag’ New York, 1996), p. 91, and references

vancement (by Rayleigh’s criterion relative to its “twin”), [11] D.C. Burnham and R.Y. Chiao, Phys. Rei88 667
long before the system can produce appreciable spon- (1969). '

taneous emission noise [19]. Repeated cross-correlatiqn2] T.T. Arrechi and E. Courtens, Phys. Rev. 2 1730
measurements at different probe detunifijyan repro- (1970).
duce both tachyonic branches of Fig. 1. [13] S.I. McCall and E.L. Hahn, Phys. Rev. Lett8, 908

To conclude, our analysis predicts a novel propaga- (1967); G.L. Lamb, Rev. Mod. Phyd43, 99 (1971).
tion regime in inverted media. Our estimates imply the[14] The square of the rest mass can be expressed as the
possibility of performing an experiment in which collec- invariant ¢,q* = ¢* — v* = 4w < —m?, where ¢, =
tive modes with group velocities much larger thaand (9.0,0,) |ls/2the generalized four-momentum, and where
unique dispersion relations could be observed, thereby " — (—w)hw,/2c*. This invariance holds for non-

rendering physical reality to the hitherto elusive concept ~ -OreMiz transformations such as the one frd, 7)
g phy y P to (X,Y), provided that the metric tensor is real and
of the tachyon.

. . . .. nonsingular, as it is here. Hence the boundary between
The present analysis is semiclassical, yet we anticipate  tardyons and tachyons is invariantly given iy = 0.

that these dressed-state modes of the system would The phase of the plane-wave ansatz is also an invariant.
become upon quantization stable optical tachyons, i.e[15] Q.H.F. Vrehen and H. M. Gibbs, iDissipative Systems in
tachyonic quasiparticles or elementary excitations which  Quantum Opticsedited by R. Bonifacio (Springer-Verlag,
are just as physical as polaritons. Just as a polariton Berlin, 1982), p. 111.
is viewed as a subluminal quasiparticle consisting of d16] N. Skribanowitz, I.P. Herman, J.C. MacGillivray, and
photon dressed by uninverted atoms, an optical tachyon  M.S. Feld, Phys. Rev. Let80, 309 (1973).
could then be thought of as a photon dressed by inverteld?] M. Nakazawa, K. Suzuki, Y. Kimura, and H. Kubota,
two-level atoms to become a superluminal quasiparticle. Phys. Rev. A5, R2682 (1992). L
R.Y.C. acknowledges the support of the ONR under[18] In an _alternatlv_e mc_athod, a weak probe pulse is injected
. deep into the interior of the mediurbefore the pump
Gra}nt N_O' NOOOJ_'49610034' the ngerhoff Fe“OWSh'p pulse suddenly, but uniformly, inverts the mediunv at
during his sabbatical leave at the Weizmann Institute, and (| this case each wave-number component of the probe
an Alexander-von-Humboldt-Stiftung Award during his is unchanged during the inversion process because of the
stay at the Max-Planck-Institut fir Quantenoptik. G.K. is translational symmetry of the medium. Only the stable
a holder of the G. W. Dunne Professorial Chair. We thank  tachyonic modes of propagation are launched, provided
E. L. Bolda, J. C. Garrison, A. M. Steinberg, Y. Silberberg, that the probe’s wave-number spectrum does not overlap

H. Walther, and A. Zeilinger for helpful discussions. the gap. This method yields theertical (constant-wave-
vector) projection of the pulse spectrum onto the tachyonic
dispersion curve in Fig. 1, inset (b).
[19] The width of the SF pulse can be estimated-agrz7p

[1] la. P. Terletskii, Dokl. Akad. Nauk SSR33 329 (1960) [I.P. Gabitov, V.E. Zakharov, and A.V. Mikhailov, Sov.
[Sov. Phys. Dokl5, 782 (1961)]; O. M. P. Bilaniuk, V.K. Phys. JETF59, 703 (1984)].
Deshpande, and E. C. G. Sudarshan, Am. J. P3§s718 [20] E.L. Bolda, J.C. Garrison, and R.Y. Chiao, Phys. Rev.
(1962). A 49, 2938 (1994). Another filter for preventing insta-
[2] G. Feinberg, Phys. Rew59 1089 (1967). bilities is a periodic 1D structure with a photonic band
[8] R.G. Newton, Sciencel67, 1569 (1970); inCausality gap matched to the instability gap [A. Kozhekin and
and Physical Theoriesedited by W.B. Roinick, AIP G. Kurizki, Phys. Rev. Lett74, 5020 (1995)].

1257



