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Electromagnetically induced generation, gain in delayed wave mixing,
and measuring coherent states using quantum-interference windows
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A three-level atom interacting with classical electromagnetic fields is coherently excited by a two-photon
transition near resonance and subsequently makes a second transition driven at resonance by a weak ir field at
the noise level. Our calculation predicts generation of an electromagnetic field at a third frequency in the uv
from zero field. Calculations show a gain of the uv radiation with propagation through the medium, though the
populations of the two levels involved are never inverted. Other calculations produce a pulsed amplifier,
two-photon optical nutation, and free induction memory. An effective susceptibility is defined and its imagi-
nary part is found to be a good indicator of mode specific absorption and emission by the atomic state, and its
real part a good indicator of dispersion. These calculations exemplify the possibility of coherent control over
an atomic vapor and the production of a superradient macroscopic ensemble of states in the retarded frame for
realistic parameter$S1050-29478)08808-9

PACS numbgs): 42.50.Gy, 42.65.Sf, 32.80.Bx, 32.80.Qk

[. INTRODUCTION tems[3]. Recently, increasingly accurate experimental tech-
nigues, improved theoretical insight, and enhanced computa-

The effect of the coherence of electromagnetic fields ortional capabilities have sharpened interest in the effects of
the production of coherent states of a macroscopic ensemb@antum interference of multilevel atoms on pump and probe
of three-level atoms is investigated numerically. The firstelectromagnetic fields. This has lead to the identification of
calculation shows the role of coherence in a closed threevarious subtle quantal phenomena such as dark states, lasing
level atomic infrared pulse amplifier with a two-photon Without inversion (LWI), electromagnetically induced
pump where the energy is stored in the medium and th&ansparancy(EIT), and suppression of stimulated hyper-
amplification is mediated by the off-diagonal elements of theRaman generatioj4—-8|. In other applications coherent
density matrix. A second calculation uses the same threestates are studied to find the beneficial effects of collisions in
level system prepared by the two-photon pump, which sublaser-cooled samples, Bose-Einstein condenséB&c), the
sequently interacts with two additional near-resonance fieldgroduction of entangled states, and coherent control of Ryd-
and demonstrates the role of the atomic coherence duringerg state§9-13. Closely related to the work presented
such a sequence of interactions. Electromagnetically inducel@erein on the nonlinear interaction of strong electromagnetic
generation of an ultraviolet field from zero is shown to befields with coherent atomic states are the third-harmonic-
possible due to the prepared atomic coherdiee a quan- generation experiments with delayed excitation pu[des,
tum interference The remaining atomic coherence imposedoptical accumulated echo with weak pump pulkEs], and
by the coherent electromagnetic fields, which remains aftefour-wave-mixing processes with time-delayed strong pump
all interactions have ceased on this nonlinear medium, i§ulses(16,17. These examples show that the quantum inter-
investigated. The experimental parameters for a practicdprence due to a coherent population of eigenstates with en-
case studied in our laboratory suggest that superradiation RfgY transitions in the optical frequency regime has now de-
possible in the final ensemble of atoms. This coherence ofeloped from spectroscopic fundamental observations,
atoms could possibly be applied to produce practical nonlinallowing us to derive basic quantum-mechanical phenomena
ear devices. about atomic populations, applications of collision kinemat-

Quantum interferences between various atomic state patficS, and even a tool for the construction of sophisticated mac-
ways for excitation or decay through coherently populatedOScopic quantum devices.
atomic eigenstates are a well-known source for angular and
tem_ppral cross-section correlations in gtomic Qnd nuclear Il. MOTIVATION
collision spectroscopy, manifested as variations in the corre-
lated signal. Such interferences have been observed using In our experiments we are interested in the creation and
coincidence techniques in various kinds of electron-, atom-propagation of different electromagnetic field modes at fre-
and ion-atom collisions, techniques that were developed iiguencies internally generated by the meditiB,19. Here
v-v correlation experiments in nuclear physics. The degreave calculate the interaction of a three-level atom with three
of coherence of the atomic states is usually evident in nonelassical electromagnetic fields as indicated in Fig. 1. The
zero off-diagonal density-matrix elements, depending on théevels of the sodium atom and relevant electromagnetic fields
choice of basig1,2]. Off-diagonal density-matrix elements are selected to provide realistic calculations for our experi-
play also a critical role in the original two-level atomic Rabi ments (1)=|3S,,»), |2)=|5Sy), and|3)=[4Py;53). In
model, a simple application of the dynamics of a coherenthe experiment, the ground state is coupled via a two-photon
atomic population driven by an external electromagnetidransition to staté2). The two excited statel®) and|3) are
field, and in propagating pulses through open two-level syseoupled to each other by an electric-dipole transition via ir
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3
E(zt)=3u> [eq(zt)e @)+ c.c],
q=1

7 with kq=kq2 in the medium. The three complex fields
g4(z,t) with frequencieswy, with 20;=w,+ w3, are re-

£, garded as slowly varying in amplitudenvelopg and phase

A &, I within a period and a wavelength of the carrier wasi®wly

varying envelope approximatiggn hence rapid time and

space dependences are contained only in exponentials. The

Hamiltonian in the Schinger pictureH=H_+V(t)®, a

combination of the atomic Hamiltonian and the dipole atom-
FIG. 1. Qualitative positioning of the energies of the three-levelfield interaction, may be introduced into the equation for the

atomic system with three electromagnetic fiebgsonsidered. The eayglution of the density operatodp/dt=—i/A[H,p]

detuningsd;, as indicated, are positive. +dpr/at with collisional phase relaxation and population

radiation and the excited staf®) is coupled back to the transfer phenomenologically included in the last term. The

ground statél) by an electric-dipole transition via uv radia- €MPoral change of an amplitude is slower than the time

tion. The numerical values relevant to the system are givedVen Dy the inverse of any detuning to any intermediate

in Table | in the Appendix. In the phenomena studied hereState. This leads to the adiabatic elimination of the interme-

the fields are large and the frequencies are close to th@ate|3Pu23:2 state in the two-photon system, except for its

atomic resonances. Therefore, the usual nonlinear theory {Pntribution to an effective two-photon coupling constant
terms of a perturbative susceptibility is not usef0D,21]. Kz _ ) _ i
Our study adopts an approach appropriate for strong electro- 10 transform to a convenient interaction picture, we
magnetic fields and an optically dense matter field by com€hoose the zeroth-order Hamiltonidty=(Ey+ 27w, 5;
bining Maxwell's equations for classical fields with the T#®sds)d; (N0 summation convention The density-
equations for the quantum-mechanical density matrix, an exNatrix and coupling-matrix elements transform by appropri-
tension of the optical Bloch equations for three-level atomgt€ Phase rotation canceling the phase rotations of the nega-
and three fields. tive rotating terms. After integration of the equations over a
When all particles are identical and noninteracting, theP€riod of the rapidly oscillating terms, we are left with only
N-particle state can be reduced to a coherent-state on&€MS varying slowly in time rotating-wave approximation
particle formalism, which we will use throughout the calcu- (RWA):
lations. The reverse is also valid in our case. The coherentdp,/dt=T"3p33— 1/ (V1021 V13031— p12V21— P13V31)

electromagnetic field causes coherent atomic excitation of (1a
the |nd|V|dan atoms and_ thi-particle density matrix at a dpool At=—T oppo— i/ (Varp10F Vozpzo— paN1a— prVan),
given location can be written as a product of the calculated (1b)
one-particle density matrices. The requirements for this are .

the following. (i) Velocities of the atoms are small enough so dpaa/dt=T"2pzo— 3pss— /7 (Vap1s

that during the observation time atoms are approximately at +V3op23— p31V13— P32V 23), (10

one position.(ii) Atomic population decay times and times

between inelastic collisions are large compared to the experi- dp2r/dt=—(v21t141) port1/A(p2aVar—Vaapsy)

mental observation timesiii ) Elastic two-atom interactions +ilhV1(p2o— p11)s (1d)

or multiple-particle interactions, wall effects, and collisions dpos/dt=—(yas+iAy) pogtilfi(pyViz—Varp1a)

with inert buffer gas particles lead to a coherent dephasing .

time long compared to the interaction time scale and can be +ilhV s p22~ pag), (e

neglected. _ _ _ _ dpsr/dt=—(ya1Ti1A3)pa1t+i/fi(p3Vo1—Vazp21)
After introducing the slowly varying amplitude approxi- AV ay pas—p1y)- (1f)

mation for electromagnetic fields, the resulting 15-
dimensional set of simultaneous first-order differential equaThe  coupling  strengths are  given by Ky
tions for real functions is solved numerically for transient:(1/%)2471[M2,M‘1/(w2__wl)] [22], V1= Kleflz, Vap
behavior of the fields and density matrix for a realistic se-__ | 183/‘2’ andj\/zl3= _/':2382/2- w, s the laser frequency
quence of incident fields and initial conditions of the atoms., 4 tﬁe de',[unings AA = 0o — 201 A= e w1 . and
The coupled atomic density-matrix—Maxwell equations are 1ol oL C2 t23 L

As;=w3,— w3. Conservation of energy requires that

solved in one spatial dimension, allowing reshaping of the_ wy+ w3 and hence tesh;=A,+ A [23].

pump pullse an(?( |nter|r|1.al generation of new flt_aIQS. -lf—.h? solu- The coupling of the atom to the electromagnetic field is
t'r?n Is relevant or ccf) flmatedd beamsbor describing fields %Ngescribed by the Maxwell equations for the field amplitudes
the symmetry axis of focused pump beams. gq. We transform to the retarded frame for forward-
propagating waves where=t—z/c and {=z. Maxwell's
equations using the slowly varying envelope approximation
becomedeq/df=i(K4/280) Py, with q=1,2,3 ande, the
Assuming a homogeneously broadened system, an elepermittivity of free space. The modes of polarizatieg are
tromagnetic field linearly polarized alongis given by given by off-resonance and resonant contributions

Ill. PROPAGATION EQUATIONS
AND NUMERICAL PROCEDURE
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[22,24,28. This model neglects the slowly varying, linear, behavior of the electromagnetic field versiisat fixed 7,
background susceptibility due to nonresonant states in théhough it does require a complete solution valid in the neigh-
atomic vapor. The dominant contribution for the field modeborhood of{.

g1 Is the polarization caused by the single-frequency off-
resonance polarizability, which is bilinear, antilinear in the
amplitude of the pump mode of the field, and linear in the
density-matrix elementP;=—4NKyip,e7, with N the
atomic density. The dominant contributions to the fiedds A. Preparation of the coherent state, optical nutation,
andeg are the polarizations caused by the resonant polariz- and free induction memory

abilities, which are only linear in the off-diagonal density-  Figyres 2a) and 2b) show the consequence of sending

maitrix elementsP,=2Npu3ppo3 and P3=2Npu13p3:, Where  gpjy the strong Gaussian truncated pump pulse atwith
the electric-dipole elements are assumed real. The equatioggtuningA, switched off at 2 ns into the medium. In Fig.

IV. THREE-LEVEL ATOMS INTERACTING WITH A
SEQUENCE OF PULSES OF VARIOUS FREQUENCIES

for the fields are then 2(a) we show the pump pulse,(7) propagated through
de119=ik1(N/eg)(—2K1po1eT), (2a)  4.375 cm of the medium. By subtracting the initial Gaussian
, pulse shape of the amplitude and magnifying the difference,
de2/9{=ika(Nleo) t3apas, b the figure shows an oscillation in amplitude near the peak of
de313¢=ik3(Nleg) 13031, (2c0  the pulse whose frequency and amplitude increase with in-

creasing pulse power. The amplitude of this oscillation ex-

where the off-diagonal density-matrix elements provide co-actly reproduces the shape of the amplitude of the initial
herent sources and sinks for the three radiation fields. ipump pulse. These increases in frequency and amplitude and
equations for the density matrix, derivatives with respeet to the congruency in shape of its envelope with the initial pump
shall replace derivatives ky pulse are unique consequences of the two-photon coupling

The coupled equationd) and(2) are successively solved between stateld) and|2). These occur because the polariza-
for each position/ by integrating overr via the Runge- tion in the source of Maxwell’'s equatid@a) is proportional
Kutta-Fehlberg fifth-order method with adaptive temporalto the pump fielde] as well as the off-diagonal matrix ele-
step size. The boundary conditions are given by the fieldsnentp,,. This behavior is distinctly different from that of
sent into the face of the mediu¢i=0) and determined by an one-photon coupling, which would show only an increasing
initial condition where the atoms are in the ground state forfrequency but a constant amplitude. This oscillation results
each{ at 7=0. In our numerical calculations the truncated from an interference between the propagating electromag-
Gaussian electric field; has its center at=2 ns, a real netic field and the field caused by the polarizatiomatand
amplitude of 210’ V/m, a rms width of 1 ns, and a pulse is an example of two-photon optical nutation.
duration of 2 ns. The ir field, is chosen to have two tem- Figure 2b) shows the complex density-matrix element
poral shapesti) a hyperbolic-secant pulse with its center at p,, that indicates the coherence between the ground [dfate
=4 ns, a real amplitude of 210° V/m, and full width at and the exited staté?). While the preparatory truncated
half maximum of 2.634 ns andi) a noise field that has a Gaussian pump pulse grows, it creates an oscillatory behav-
constant amplitude of 1.3810°2 V/m. The uv fielde; is  ior increasing in frequency of the imaginary part@f and
taken to have the initial values @f a noise field that has a develops a positive average value of the real part with an
constant amplitude of 5:810°2 V/m or (i) zero-amplitude oscillation superimposed. The oscillatory frequency corre-
field. For timesr<2 ns the fields, ande; have zero am- sponds to the generalized Rabi frequen€y =(|Q|?
plitude. The number density of the medium K=8.7 +A?%)2 which increases with increasing amplitude of the
X 10 m3. . pumpe? until it is truncated at 2 nf26]. Our calculation of

From the polarizatiorP(z(,).t({,7))=24Pq({,7)e"'“e"  the effective susceptibility fog, has three regions of nega-
we may define a slowly varying effective susceptibility for tive imaginary values in the first 2 ns that correspond exactly
each modeq as a function of { and 7, x4(¢,7) to the three regions where the power in the field increased
=Py(¢,7)/[e0eq(¢,7)]. Introducing this effective suscepti- compared to its initial pump power, the local maxima visible
bility into the equations for the slowly varying envelope andin Fig. 2(a).

integrating yields Figure Zb) shows a strong oscillating off-diagonal ele-
ment after the pump pulse is switched off. After 2 ns the
£q=Cyq exp[ (,Dg+i(kq/2)f qugl, 3 system is left in a coherently excited state in general de-
scribed by
0 L 1 elle+A(r=2)]
whereC, and arep, are real. Hence the modulus is given by p(z,7)=1 oiloAG2) .

legl=exp{—(k{/2)S Im(xp)dZ} and the phase ag,= ]
+(kq/2)J Re(xy)dl. When g, goes through zero, a phase
contribution = must be added or subtracted. The imaginaryThis is consistent with a zero phase differencerat2 ns.

part of the effective susceptibility describes absorption of thelhe large oscillations in Fig.(B) describe the phase rotation
electromagnetic field if it is positive and amplification if it is on this basis and does not reflect population changes. Al-
negative. The real part causes advancement or retardation tfough the pump pulse is turned off, the observed frequency
the phase relative to propagation through vacuum, a dispecorresponds exactly to the detuning of the pump pulse fre-
sive effect. Introduction of the effective susceptibility pro- quency from that of the two-photon atomic resonance. This
vides a convenient and efficient means for describing theffect is a memory of the coherent pump pulse stored in the
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& FIG. 2. (a) Half-Gaussian pump pulse with
M 81,max:2><107 V/m propagated through the ac-

2 tive medium with a density of N=8.7

: X 10'° atoms/ni to z=4.375 cm. Interference os-
tesd b cillations are visible on top of the propagated
pump pulse. After subtraction of the incident

044 pulse and enhancing for graphing appropriately,
Re(pz) the oscillations are clear with an increasing fre-

P

quency and an amplitude envelope that is congru-
VAVAVp ent to the original pump pulséb) Off-diagonal
Im(pz) density-matrix element of stat¢s) and|2). The
pump pulse induces fast oscillations in real and
imaginary parts while it is nonzero, but when
turned off (> 2 ns) the oscillatory behavior per-

o

0.4+

measurement of the free induction memory. The

= c sists, although with a lower frequency. The cal-
§ 30 1 culation indicates that the atoms occupy a coher-
s 25 ent state. This oscillation represents two-photon
2 optical nutation ¢<2ns) and free induction
% 20 + memory (>2 ns) with their characteristic fre-
;::. quencies, the generalized two-photon Rabi fre-
=2 15 1 quency and detuning, respectivekg) Possible
£

£

&

g

-9

10 uv field e5 at z=3.3 um, shown as the smallest
5+ amplitude in this graph, shows beats with the
- - > generated intensity through tH#)-|2) polariza-
0 y ' ‘ tion coupled with the ir field:,. When the fields
0 2 4 6 8 propagate further in the medium, as shown by the
< (ns) larger amplitudes corresponding te=9.8, 16.3,

and 20 um, the beat oscillation amplitude in-

creases above the initial level and gain is ex-
pected.(d) A three-level closed-system calcula-
tion of propagating field amplitude for the field

e,. A weak hyperbolic-secant pulss, is sent

~ 0.5
- 8 into the sodium and amplifie=0, 12.5, 37.5,
2 50, and 62.5um.
Zo
&
-0.5

© (ns)

atomic coherence of the medium and is the free inductiorthe same detuned frequency as the pump field. Calculations
decay of the atomic polarization. Since the times for popushow this effect by switching the pump down to low power
lation decay to other states and collision dephasing are mudi27]. Interference between the weak propagating field and
longer than the time scale of the calculation, as shown by ththe polarization produces an oscillation in field intensity at
figures, we shall refer to this effect as free induction memorythe generalized Rabi frequency. The field does not destroy
of the polarization. the polarization appreciably in the calculated time window.
This oscillation can be understood as the coupling of the
coherence matrix element with the amplitude of the pump
field via p,1e7 . In the experiment the quantum-mechanical
The free induction memory may be “read out” without phase between the population of upper state and ground state
significantly destroying it by a weak electromagnetic field ofcan be calculated by extrapolating the measured oscillations

B. Interference measurements
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to the moment at which the Gaussian pulse is switched offFig. 3(a) we show the populations of the three states oscil-
This method may be an advantage over a direct method béating with the generalized Rabi frequencies. The electric-
cause the frequency of the optical nutation, during the crefield amplitudes are normalized and shown for reference.
ation of this coherence for times shorter than 2 ns, can be The calculations for times below 2 ns also show the popu-
many orders of magnitude greater than the detuning. lation oscillations inpy; and p,, due to interferences of the
It is also possible to read out the free induction memorydressed atomic stat¢s) and|—) of the normal Rabi model
by introducing a noise field with zero detuning on {Bg|3) built by symmetric and antisymmetric co_mbmanons of t_he
transition and a third field near tH8)-]1) transition. In that Pare atomic statgg) and|2) [18]. The special feature here is

case the oscillations are not directly observed with the sedhat the atomic population is moved back and forth by a
ond resonant field ,, but are induced onto the third fieid. two-photon transition and thus the calculation describes the

; A ooy P ; f absorption and reemission of two simultaneous
This oscillation in the third field is shown in Fi and js Process o . .
clear at all times for a short distance into thegr('r(idium. Thephotons of frequency, . The population of the excited state

same figure shows how gain tends to obscure the free indu¢2 would have reached zero on each oscillation if the fre-

! . , juency of fielde, had been exactly on the two-photon reso-
tion memory as fields propagate more deeply into the Me7ance for stateld) and |2)
dium. ;

Calculations show that, as the pump pulse propagates, in-
version of the population is created and the nonlinear polar-
C. A closed-system, three-level propagating pulse amplifier  jzation amplifies a second field,, which becomes large
After the Gaussian pump pulse for tisg field, a weak enough to create a Rabi oscillation for.the population of
pulses,, shaped as a hyperbolic secant centered at 4 ns, %atele) and|3). This reverses the populations seen near 3 ns

i , ) it ; Fig. 3(@. Between 3 and 3.7 ns the population |8f
sent into the medium at the ir transition. Figur@2shows " ™'Y . . .
both the truncated pump pulsg propagatec? t(r)(ezome dis- 'Ncreases over that_ ¢2>. while the amplitude of the2 field
tance into the medium and the weak hyperbolic-secant puls%ISO increases, indicating a storage of energy in the electro-

|e,| propagated to several distances, significantly enhance@agnet'c field. Thus the energy stored in the atomic system

due to the induced polarization of the atomic medium. TheS transferred to the electromagnetic field. From 3.7 to 4.4 ns

propagatinge, pulse experiences an amplification of thethe reverse takes place. As the electromagnetic field loses

o . . energy, it is stored back into the atomic system. Calculations
pulse power and .180. phase chgnges in the amplitude. qu larger distances show that these Rabi oscillations become
pulse shape fog, in Fig. 2(d) qualitively resembles that for

the open two-level continuously and incoherently pumpedmre frequent and Shif.t to earlier times as the pulse propa-
pulse amplifier studied by Icsevgi and La8j as shown in gates through the medium.

their Fig. 27. The pulse area, or phage [Q dt, and inte-
grated energies as a function of the distance in the medium
were also calculated. The pulse area smoothly increases to-

E. Off-diagonal elements of the density matrix:
Population beats, 180° phase flips

wards 2.8, somewhat short af which is expected but still Comparing Fig. 8) with Fig. 3(b), the maxima in the
with a positive slope, and the integrated pulse energy showsecond electromagnetic field, coincide with extra beats in
that the system has a linear gain in power. p»1 and the latter differs from Fig.(B) because of the pres-

The amplification in our three-level amplifier can be un-ence ofe,. The evolution of the,; matrix element is given
derstood as follows. As before, a coherent field pump pulsén Fig. 3(c), showing zeros in the absolute value near the
creates an atomic coherent state of the free-field eigenstat@saxima of thee, field. These zeros occur because the
|1) and[2). In addition, an inversion between stat@sand  matrix element goes through a minimum at that time where
|3) builds during the preparatory pump pulb€pa,— p3d) the remaining small amount in Fig.(a is the incoherent
>0]. Both persist after the pump pulse is truncated. Injeccontribution to that state due to population decay from state
tion of a probe pulse with amplitude, makesV,; large,  |2). This incoherent contribution can easily be recognized at
allowing a growth ofp,3 mainly through the ternV,x(p,,  the two minima visible at 3.5 and 6.5 ns, although its growth
—p33) in Eq. (1e) as long as the inversion between std®s is slowed down somewhat because statds not populated
and|3) persists. Thus the Maxwell equation for the fieldd  to such high values during the intermediate times as in the
[Eg. (2b)] has the off-diagonal density matrix elementas  first 3.5 ns. Thus the nodes 5 in Fig. 3(c) represent the
a source that creates a contribution to the probe field that camodes of the evolution of the coherent part only of the super-
sometimes amplify and sometimes attenuate its amplitudposed population of the bare eigenstd@®sand |3).
leading to the constructive and destructive interference as the In Fig. 3(d) we show a combination of real and imaginary
pulse energy grows while traveling through the medium.  parts ofps;, the real and imaginary parts of the amplitude of

relevant field modes;, and its field envelopdes|. The
D. Atomic state population and electromagnetic field dynamics ~ ““chasing” of the various components, 90° out of phase, are
an indication of the large atomic coherence that is induced

Figures $a)—3(d)_ show the full quantal interaction of 4 and remains present during the interaction and generation of
three-level atom with a sequence of two pulses and a th'@]e field

field at a noise level. The same truncated Gaussian pulse
prepared the initial coherent state. A second pulse,awith
a hyperbolic-secant envelope with its maximum at 4t
shown and a third noise field ab; are turned on at 2 ns.
The full quantal dynamics of atomic state and fields are A negative value of the imaginary part of the effective
shown after propagating 19.58m through the medium. In  susceptibility Imf,) indicates an increase of the modulus

F. Effective susceptibilities: Absorption by atoms, dispersion,
and gain for fields
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FIG. 3. Complete three-level atom calculation
08 1 el ted interacting with a sequence of two pulses: a half-
Re(pz) b Gaussian pulse; and a subsequent hyperbolic-
&o4 1 secant pulses, [with &;m,(z=0)=2000 V/m),
’ : and the third field at the noise level. All fields
1 m(py) have their maximum rescaled to unity to empha-
0 A /\ﬂ N\ size their qualitative behavior compared to the
VY \J 4 density-matrix elementse y,=6768 V/m and
€3 ma—3337 V/m). (a) Populations and field am-
0.4 plitudes.(b)—(d) Real and imaginary components
of py1, pa3, andpsz; compared with field ampli-
& ~ tudes.(d) The phase rotation of the; amplitude
0g L e has the same angular frequency as the detuning of
8 ! leal the two photon pump; . For the meaning of the
c .
arrows above the figure see the tegtdenotes
- gain, a attenuation; the plus sign inversion, the
< 04 minus sign a normal population distribution, and
) gwi gain without inversion £=19.53um).
Re(pz)
0
0.2
0.5
&
0
-0.5
-1

t(ns)

|sq(g,r)| for increasing{=z at the same retarded time sence of dispersion and only a negative imaginary part be-
t=t—2z/c as described by E(3). The realization that the tween 2 and 8 ns. Therefore, the field gains energy and the
effective susceptibility is linked to changes in the field am-modulus of this amplitude grows @sncreases. We show the
plitude with increasing positiod at the same time and not ~ amplitudes for increasing distancés Fig. 4(b), as the field
with increasingr at the same is essential in interpreting its propagates through the medium. The power in the third field
significance. €3 is increasing in{ even when the field is decreasing in
The atomic effective susceptibility for the modg is  retarded time in Fig. @). This is not a contradiction because
shown in Fig. 4d). It has zero real part, indicating the ab- the atoms emit light into the retarded time frame and the
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FIG. 4. (a) Effective susceptibility,y; (z=19.53um). (b) uv FIG. 5. (a) Effective susceptibility,y, (z=19.53m). (b) ir

field amplitude|es| for increasing distancez& 4.88, 9.77, 14.70, field amplitude|s,| for increasing distancez& 4.88, 9.77, 14.70,
19.53, and 24.4@m correlates with increasing amplitudes| may- 19.53, and 24.4@m correlates with increasing amplitudes| ma»)-

energy moves with the wave while the atom stays behind aj(a). Thus the energy stored in the radial motion of the elec-
the same positiorz. During 93.5% of the calculated time trons inside the atoms is converted to the field in two modes
interval for which thee field has gain, the populations of simultaneously. The gain process is unlike a parametric pro-
states|1) and 3) are not inverted as indicated by combining cess or a Raman laser, where the energy is instantaneously
the first and third line segments above Figa)3 Thuses  converted from one field to the other, but results from a
undergoes gain without inversion. transfer of energy from the atoms to the field as discussed in
The advantage of introducing the effective susceptibilitieg2g 29
is more evident in the complicated behavior for the second The effect on the free induction memory of introducing a
field e, as shown in Fig. &). Two regions of emission with  faster dephasing rate between the states was studied. For a
negative Imfg,) are separated by a region with positive collision rate of 0.5 ns' our calculations show a rapid de-
Im(x2) and again no dispersidiRe(y,)=0] is found for this  crease inlpy;| and decay of the effective susceptibility and
mode over most of the region. An instantaneous reversal dfeld amplitude over the 2—8 ns time interval compared to
susceptibility near 4.74 ns corresponds with a nearly zergrigs. 4a) and 4b).
value of the field amplitude where it makesrphase change  Qur system differs from others on matter-field mixing
and indicates the atom changes from absorptive to emissiya4—16 in three aspects. First, we solve the coupled matter-
for this mode. Upon closer scrutiny near 4.74 ns, \Re(s
found to rise to a small but finite value over about 10 ps, !
which is responsible for ther phase change of the field,.
Similarly, the two zeros in the susceptibility with positive
slope indicate moments at which the atom transforms from
emissive to absorptive for the fieled,. Again, this can be
compared with Fig. &) for the fields. During 31.3% of the
time interval 2—8 ns, there is gain in the fiedd without
having inversion between staté® and |2), which follows
from combining the second and fourth line segments above
Fig. 3(a). Combining all segments shows 26.9% of the time
interval both fields have gain, while none of the level pairs of
the three-level atomic states are inverted. These calculation

& (10 V/m)

Im(e;) Re(es)

show that, during a coherent process, an atom with a norma 0 2 4 6 3
population can cause gain without inversion a sizable frac- < (ns)
tion of the time. FIG. 6. Electromagnetically induced generation of the uv field

The gain occurs because a matter wave carrying energye.) by an ir field (,) subsequent to a pump field. Shown is the
as described by the density-matrix equati@h is produced exponential growth of the uv field from zero as a function of the
in the medium and mixes with the ir light wave to generateretarded time for different positionsz£4.88, 9.77, 14.56, 19.53,
and amplify uv light. The energy for the amplification pro- and 24.41um) and the real and imaginary components for one
cess comes from the atomic system, as was shown in Fig24.41 um).
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field equations and therefore calculate effects of propagatiopresent to start the generation and the uv light is generated
in the forward direction. Second, our matter wave is a coherwithout population inversion for the corresponding levels. It
ent atomic wave but not a polarization wave. The matteis also not traditional four-wave mixing since no visible
wave consists of a pure atomicSES radial motion as the pump field is present simultaneously.

atom swells and shrinks, maintaining its spheroidal symme-

try. Thus the individual atoms do not obtain a static or dy- VI. COHERENCE OF THE FINAL STATE

namic dipole moment for thél)-[2) transition during their o, single-particle density matrices allow the calculation
evolution and no macroscopic polarization is generated iRy 5 syperradient state for a large number of atoms. Under
the matter wave of the medium for this transition. Neverthe-,[he assumptions discussed in Sec. Il, without loss of gener-
less, transition dipoles fof2)-[3) and [3)-/1) still produce ality we can construct th&l-particle density operator from
corresponding macroscopic dipole waves.[IiY] an S-S ¢ single-atom matrices calculated in the previous sections.

wave is also considered, but partially overlapping pulses arghis gperator in terms of our calculated matrices in the in-
studied, whereas our preparatory fiedd is completely (araction picture is then

turned off whene, arrives. Third, a difference-wave mixing

: . 33
between an atomic matter wave and an electromagnetic WaveR(N)“): S p@ e p™ iV 4l
is being investigated. Ifil4—-16, sum-frequency generation i PigisPioiy Pigiylt a2 v a2 -
is studied.

Each atom is in the ground stat® before the preparatory

pulse reaches it and has a quantal phase rotation based on its
V. ELECTROMAGNETICALLY INDUCED GENERATION energy and a fixed absolute phase contribution. The

We have calculated generation of an electromagnetic fiel\-Particle density operator of the initial ground-state system
from zero. The atomic state is prepared again by a truncatef@’ atoms at a positioq is thusR(N) = |11---1)(11---1]. If
Gaussian pulse and the fiedd is inserted at the noise level We send & pulse through the atomic system for the two-
while &5 is kept zero until the pump pulse is turned off. photon transition, e.ach atom \_/vould make the_ transition to
Figure 6 shows the generated electromagnetic figldThe ~ 12)=|5S). The final density operator isR(N)")
creation of fieldss has its source in the off-diagonal teg, = 122 *+2){22 -2| describing a superradiating state that al-
via Eg. (20), which itself obtains a nonzero value by the 0WS an anisotropic radiation pattef80]. .
action of the term—iVayp, in Eq. (1f). This generation ofa  1he medium may be left with a free induction memory
field results from an electromagnetic wave mixing with thethat translates into a posmon—dep_end_ent index of refraction.
prepared free induction memory discussed before. In Fig. 60r the pulse amplifier as shown in Figd2 we found that
we show the exponential growth of the modulus of the gen? well calculable p_hase rotation exists after a sequence of
erated field at the onset as a function of retarded time fofWO Pulses passed it. The refraction written onto the medium
different positions and the real and imaginary parts of thecould next be used for the scattering of relatlvely weak elec-
amplitude for the largest propagation distance. Our calcula"omagnetic waves at different frequencies.
tions also show an exponential amplification of the modulus
as a function of position in the medium, which is the char-
acteristic of a true amplifier. The corresponding effective e thank Professor G. A. Rebka, Jr., Professor R. Inguva,
susceptibilities show a strong amplification for the field  and Dr. A. B. Ritchie for their interest, encouragement, and
and a weaker gain for the fiekd;. helpful comments.

The uv light generated is not spontaneous emission be- APPENDIX
cause the intensity depends on the square of the atomic den-
sity and the electromagnetic fields are classical. It is also not The numerical values used in our calculations are summa-
stimulated emission because no uv photons have to bezed in the following tablgTable .
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TABLE I. Numerical values used in our calculations.

[ if|2 r, Yii Reo”
ij n A(hm) (au) | ij|® (m C) (us™)  (us)  Aq(ading (nsh)
21 1 553S 6.4 A=4 0.5
23 2  554p° 34125 592 5018810°%® 12.7F  7.9% A,=0 0.5
31 3 4P-3S 330.24 0.235 1.992210 %° 3.08 154 Az=4 0.5
24 55-3P 615.85 0.528 4.476110 %*° 7.2
41 3P-3S 589.19 2.51 2.5%10°2%° 62.9

&/alues from Miles and Harri§31]. The two-photon coupling constant k&,;= —6.1617x 10 30 C m?/V.

No differences were observed in the results when positive or negative dipole matrix elements were used for
4P-3S and 55-4P [32,31]. Positive values are used throughout.

®Only when applicable. The calculated collision dephasing time is longer than the pulse duration when buffer
gas pressures of less than 20 Torr are used in our experiment.

‘Statistical averaging of fine-structure multiplet level energies is usgd: (4E,+ 2E,,,)/6.

9A(5S,3P), A(5S,4P), A(4P,3S), andA(4P,3D) are combined from atomic transition probabilities given

in [33] to generate the decay and the dephasing rates according to the forywas, Ay, and y;;
=(I'i/2+T'/2)+ Ry . The values of thd", and y;; presented in the table are fB=0.
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